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1. Introduction

1. Introduction

1.1 Motivation

Climate change has recently become such a serious issue that it affects not only our personal
lives but also government policies. The catastrophes in 2021 such as the heavy rainfall in western
Germany (which killed 243 people and caused more than 10 billion euros of property damage),
and the disastrous large-scale forest fires in both Europe and America are related to this climate
change.*? This is not just a problem of the economy, industry, and agriculture for human beings
alone, but it is even a matter of “survival” for other living beings as well. For example, polar
bears are dying of melting icebergs in the Arctic Sea, and coral reefs in the ocean are dying from
overwhelming temperature increments as shown in Figure 1. According to the IPCC
(Intergovernmental Panel on Climate Change) report, 24% of living creatures on Earth will be
endangered if the global temperature rises by 2.2°C and 35% if it rises by 2.9°C.P°! If
people in modern society do not give up the inertia to the existing life patterns
accumulated since the industrial revolution, the possibility to halt this deadly temperature
increase (nearly 2 degrees of global average temperature increase compared to pre-industrial
times) occurring under the current conditions seems highly unlikely."* For this reason, various
civic movements mostly led by environmental activists such as Greta Thunberg (2019 Nobel
Peace Prize nominee) and various international treaties among countries (e.g. Kyoto protocol in
1997, Paris agreement in December, 2015) have recently been globally initiated.®” However,

there is skepticism regarding the effect of these efforts. The anxiety that there is not much time
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left to cope with the current climate change is spreading beyond the industry to the research

community.

1.0 MASA Goddard Institute for Space Studies

Hadley Center/Climatic Research Linit

MOAA Mational Center for Environmental Information
Japanese Meterological Agency
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Cowtan & Way

Temperature Anomaly (°C)
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Figure 1. Increase of annual global surface temperature calculated by six different analyses
through 2018. NASA stands for National Aeronautics and Space Administration, and NOAA
stands for National Oceanic and Atmospheric Administration. Copyright 2019, John Wiley and

Sons.[®!

It is generally accepted that the main reason for climate change and the rising global temperature
is the constantly increasing emission of greenhouse gases (e.g. CO,, CHa, NO,).™*? Greenhouse
gases trap the reflected solar radiation energy from the Earth’s surface and prevent it from
escaping out of Earth again. This excess heat captured by the atmosphere generates an additional
greenhouse effect despite the moderate albedo value (30.6%) of the Earth (albedo is a

meteorological term to express the reflectivity of solar energy; 0% when not reflected at all, 100%
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when fully reflected).*] In particular, the concentration of CO, in modern times (419.1 ppm in
2021) has significantly increased as compared to the concentration before the industrial
revolution (~270 ppm, Figure 2(a)).l%***! Although the impact of some other greenhouse gases
(i.e. CHy) is greater than that of carbon dioxide, CO, emissions are both directly and indirectly
correlated to the rapid development in transportation or manufacturing as a consequence of the
increased human activities.****'1 Annually, CO, is generated about 40 billion tons. When
taking a look at Germany as an example, with 770 million tons per year the country emits the
largest amount of CO, in the European Union and it ranks sixth (2.2%) among all countries in
the world emission.*®*% However, the energy-related CO, emission “per capita” is 9.71 tons per
year as shown in Figure 2(b), which is nearly more than double the global average of 4.38 tons
or that of China (4.57 tons per capita).**?* As a result, it needs cooperative global efforts at the
same time because reducing CO, emission is not the problem of one certain country or

community alone.
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Figure 2. (a) CO, concentration measured at Manua Loa Observatory in United States.
Copyright 2016, Springer Nature.*® (b) CO, emission per capita of European countries
classified by energy-related and non-energy-related emission. Copyright 2009, European

Environment Agency.*!
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As of 2021, 355 million tonnes of CO, was emitted in Germany, which is 11% larger amount
than that of 2020. More than 66% (235 million tonnes) of this emission is originated from the
power stations to generate electricity.*” The reason why an enormous amount of CO, is
generated from the power plants is that most of the current electricity production is based on the
combustion of fossil fuels. In terms of CO, generation, these combustion-based power plants
operating mainly by brown or black coal emit much as for instance compared to nuclear power
plants or regenerative energy systems.?2®! particularly, Germany is one of the major countries
for both brown coal production and consumption (168.2 million tons, or 17% of the world’s
brown coal consumption), and generates 14% of the total gross electricity by coal combustion in
2017.2%% As a consequence, it still produces nearly 40% of national electricity with emission-
intensive fossil fuels as shown in Figure 3, even though Germany tries to raise the renewable
power sources as a leading country in EU. In addition to greenhouse gas emissions, there are
many different reasons to reduce the use of fossil fuels. As can be seen from the massive power
outrage in China following the cutting of coal imports from Australia in 2021, and the energy
crisis in Europe caused by the reduced supply of natural gas from Russia due to the Ukraine war
in 2022, the concentrated reserves of fossil fuels in certain regions could destabilize the energy
security of importing countries and the price of the energy source. For example, Germany
imports 61% of coal, 97% of oil, and 83% of natural gas to obtain energy.”**! Furthermore,
during the mining process of fossil fuels, additional problems such as air pollution caused by
dust generation, exposure of heavy metals, groundwater pollution, depletion, and labor
exploitation cannot be overlooked. For this reason, the paradigm shift to eco-friendly energy

generation emerges already as a huge inevitable trend worldwide. For instance, German
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Chancellor Olaf Scholtz announced that the “complete ending plan” of brown coal-based power
generation is set as a goal until 2038.1%*?%1 Energy plays a vital role for modern human society to
thrive and the related energy demand thus gradually increases with the growth of the global
population, which is expected to rise to 9.8 billion by 2050.% Consequently, sustainable end
energy generation with less contamination must be achieved for the future of mankind and the
Earth, until the possible development of new zero-emission technology such as nuclear fusion

plants.

(a) | DISTRICT HEATING AND COOLING (b) percent

| DucEx
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Figure 3. (a) Global CO, emission classified by the energy-related sector in 2015. Most of the
CO, is generated by power plants.®™ (b) Energy sources for the electricity generation of

Germany from 2000 to 2016 announced by German Association of Energy and Water

Industries.?

The innumerable attention to the renewable energy market is recently skyrocketing globally, and
the renewable energy sources are expected to be about 40% of the total power generation in 2050
as displayed in Figure 4.1%3* China and India endow a lot to make solar photovoltaics the

largest domestic energy source, and the European Union put their effort to transform 80% of new
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energy capacities into renewable energies by 2030.**! However, there are still many hurdles to
adopting sustainable energy sources (power generation by solar, wind, tidal, or geothermal
power) on a nationwide scale. Typically, the non-uniform distribution of these sustainable energy
sources is pointed out as a key limitation such as sunlight availability for the photovoltaic system
as described in Figure 5(a).*¥ In addition, because the power generation using solar or wind
power decreases on cloudy days without wind, its availability is significantly influenced by the
weather conditions that change from time to time. As described in Figure 5(b), such unstable
fluctuation and time discrepancy of renewable energy production and thus need restrict the
practical application as an energy supply source on both a city and country-wide scale, which in
addition continuously requires a certain supply of energy.?**® For example, the peak energy
supply is usually reached at the midday of summer, but the peak energy demand reaches in the
evening during the winter, respectively). To solve this problem, an auxiliary energy storage
system (EES) capable of saving or using excess power generated from renewable energy sources
is essential to accomplish a flexible, reliable, and less carbon-emissive power system.!3%4:42 |n
other words, the development of efficient EESs is a cornerstone that can accelerate the
introduction of zero-emission energy generation. The development of EESs is also beneficial for
people dependent on the use of fossil fuels. In the case of electric vehicles, which are currently
seen as the future solution for individual transportation, CO, emission during operation can be
drastically reduced compared to conventional combustion engine automobiles. Due to
governmental policies and market needs, global carmakers are currently investing into the
electric vehicle market to respond to the demand against global climate change. For example,

Volkswagen Group plans to invest 15 billion euros over five years by 2024, while BMW Group
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plans to invest 30 billion euros in research and development (R&D) by 2025.11 In addition, the
price of electricity produced by renewable energy sources is currently already below the price for

electricity from fossil fuel resources.

Petrol &
diesel

E3ME-FTT power generation (PWh yr™")

Figure 4. Simulation-based energy-economy-carbon-cycle-climate model (E3ME-FTT)

projection for world electricity generation (in PWh yr units) until 2050 classified by power

generation type. Images are redrawn from reference. Copyright 2018, Springer Nature.™!

Rechargeable batteries are a key component for the application as mentioned above. Currently,
lithium-ion batteries (LIBs) and supercapacitors are utilized for most electrochemical energy
storage applications due to their high current efficiency and comparably low cost per stored
energy."? Nevertheless, there are challenges to adopting one system alone for all given
applications. For example, new concepts for alternative energy storage devices should be
developed instead of LIBs which have insufficient power density and suffer from limited long-
term stability. Supercapacitors, in turn, do not provide sufficient energy density for most

applications. An adequate combination of different electrochemical energy storage devices can
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be a promising strategy. One such example is lithium-ion capacitors in which a battery-type
electrode and a supercapacitor-type electrode are combined within one and the same device.
Within this thesis, materials chemistry is used for the further development of one of the new
alternative systems and to understand how optimized performance can be achieved by advanced
electrode materials, namely all-carbon hybrid composites with porous lithiophilic sites. Through
this, it will become possible to take one step closer to store and supply energy from renewable

sources and by that reducing greenhouse gas emission.

a 4 Average suitability for
photovoltaic systems
{ at NUTS3 level

Power, MW

0 In ., 100
Figure 5. (a) Regional distribution of suitability levels for the installation of large-sized
photovoltaic cells in Europe. From green to red, solar energy sufficiency is increased. Copyright
2016, Elsevier.?¥ (b) Renewable energy generated by wind (blue) and solar (red) power at Jarud
Banner point (43°50°-45°50"N, 119°14°-125°57’E) during 4 days with sunny weather. Copyright
2020, American Chemical Society.*"!
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1.2 State-of-the-art

1.2.1 Porous carbon materials

The chemical element carbon is one of the most remarkable ones in the periodic table because it
can exist in various forms with significantly different chemical bonding motives,
physicochemical properties, and structures as summarized in Figure 6. There is a long history
behind this element. Carbon was firstly synthesized in the universe by a nuclear fusion between
*He/*He atoms during the ‘Big-Bang’ or the formation of a star. Especially near the end of the
life of a star, a depletion of hydrogen as a main fuel for the nuclear fusion leads to the
accumulation of ®He and “He, triggering the formation of *2C along with other elements
including beryllium, oxygen, and iron (the most stable nuclei).'*>*®! The word “carbon’ is named
after the Latin word meaning ‘coal’, and it always existed along with the history of the human
beings as a form of food, clothes, and tools. The diversity of carbon compounds originates from
the moderate electronegativity (~2.5) and the four valence electrons of carbon atoms. For
instance, tetravalent valence electrons enable carbon to exist stably at different oxidation states
from -4 (e.g. CHy) to +4 (e.g. CO,). As there is a tendency for the formation of covalent bonds to
elements with a similar size and electronegativity and the possibility of sp, sp?, and sp*-
hybridization of carbon atoms,, the carbon atom can covalently connect to an enormous diversity
of atoms including H, Li, N, O, and Cl. This broad chemical functionality leads to a vast
diversity in terms of structures that carbon atoms can form.*"*®! Consequently, carbon-
backboned compounds can be found especially in organic molecules and macromolecules such
as natural and artificial polymers with various lengths and configurations. Carbon-based

inorganic materials also play a crucial role due to their often high abundancy, high
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chemical/thermal stability, good electrical conductivity, and tunable structure and morphology

[49,50]

which makes them attractive for versatile applications.

Figure 6. Different carbon allotropes: (a) diamond, (b) graphite, (c) londsdaleite, (d) fullerene, (e)
amorphous carbon, and (f) carbon nanotube (CNT). Images are redrawn from reference.
Copyright 2021, Elsevier.*!

Interestingly, carbon exists in various forms of allotropes based on the fundamental sp*-
hybridized graphite (layered hexagonal structure) and sp*-hybridized diamond (tetragonal cubic
structure).®*>¥ These allotropes consist of carbon entirely, but have different chemical bonding
structures resulting in differentiated physical and chemical properties. For example, diamond is a
transparent insulator (i.e. it has a wide bandgap energy) with outstanding hardness, while
graphite is a dark-colored soft electric conductor due to the presence of delocalized electrons in

the rt-resonance system.®? Even recently, different types of carbon allotropes with a nanometer-
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sized structure such as nano-diamond, fullerene, carbon nanotube (CNT), and graphene are being
discovered, synthesized, and investigated. Due to their outstanding and unique properties, carbon
nanomaterials attract considerable attention not only from the academic field but also from
industry. For example, fullerene (Cgp) is a O-dimensional *all-carbon soccer ball” with the
combined structure of pentagons and hexagons composed of 60 carbon atoms.®**¥ Fullerenes
and their derivatives (e.g. C7o or chemically functionalized fullerenes) can cage a guest metal or
molecules (e.g. water, lanthanum, or other fullerenes) into their internal hollow void. In
photovoltaics, fullerene-containing polymers are widely used because fullerenes effectively
capture excited electrons generated by solar radiation.®®>"! 1-dimensional CNT and 2-
dimensional graphene also show extraordinary properties. Both consist of sp?-hybridized carbon,
so they have outstanding anisotropic electric conductivity because of delocalized electrons in m-
orbitals.®*% Especially, graphene which is a single layer of graphite has ultra-high mechanical
strength, high transparency (2.3% of light absorbance per one layer), and magnificently large
specific surface area (~2630 m? g?) at the same time.[®? Dedicated to the fundamental
understanding of new findings from physical/chemical phenomena based in these carbon
allotropes, Nobel prizes in chemistry (1996, Fullerene) and physics (2010, Graphene) have been

awarded.

Based on the different long-range ordering, carbon materials also can be divided into crystalline
and amorphous carbon.®® Crystalline sp?carbon generally shows improved electrical
conductivity and physical properties than amorphous ones. Carbon materials with crystalline
structure thus have been utilized as catalysts and electrodes since the 1960s. However,

amorphous carbon is also essential thanks to the low synthetic cost, high potential of structural
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tuning, and various possibilities for chemical functionalization at defective microstructures.®°°!
Especially, as amorphous carbon can be prepared with high porosity and surface area, it has been
extensively adjusted in versatile fields such as gas adsorption, water purification, catalyst

supports, and electrochemical devices.>*¢"~"8]

When the carbon materials possess porosity in the structure, they are named porous carbon
materials. From a structural point of view, a pore can be defined as a cavity with a depth that is
larger than its width. Due to the large surface area and the enormous possibility of tuning the
pore architecture or chemical functionality, porous carbons attract a lot of attention over a wide
range of applications. As all other porous materials, carbons are also generally classified based
on technical report of IUPAC (International Union of Pure and Applied Chemistry) as three
different sorts depending on the pore size: macroporous (pores larger than 50 nm), mesoporous
(pores between 2 and 50 nm), and microporous (pores less than 2 nm).[" In case of micropores,
they can be further classified as super microporous (pores between 0.7 and 2 nm) and

ultramicroporous (pores less than 0.7 nm).

Nanostructured porous carbon exhibits unique properties which are not observed for the non-
porous counterparts. This is mainly resulting from the different local bindings originating from
the pore structure change and the interfacial properties.l’®) If these pores are even hierarchical (i.e.
a combination of pores of two or more different size regimes), the specific surface area of carbon
materials and the mass transport properties of carbons can be strengthened at the same time.!®"
Small pores in carbon materials in the size range of the molecules or ions to be adsorbed do
generally enhance the adsorption enthalpy of the guest species and in some cases also the

adsorption capacity.®® ! In conclusion, various approaches such as activation and templating

-19-
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have been developed and optimized for the synthesis of nanostructured carbon materials with
defined pore architectures.®® The pore formation by carbon activation is one of the well-
established techniques and makes use of physical (e.g. CO,, air, and steam at elevated
temperature) or chemical agents (zinc chloride, phosphoric acid, potassium hydroxide).[889-°1
Due to the low processing cost, it is beneficial to adopt in an industry-scale synthesis. However,
the limitations of physical activation (large energy consumption and low yield) and chemical
activation (excessive formation of functional groups and additional reaction steps) limit
industrial application to low-price applications.®>%! |n addition, the pore shape of activated
carbon is a major drawback because the materials generally have a relatively broad pore size
distribution often with a worm-like bottleneck morphology (i.e. they consist of poorly connected

pore systems), resulting in low mass transportation rate and unselective adsorption. The latter is a

particular disadvantage for size-exclusive filtration of specific target molecules.[**¢!

As an alternative approach, templating strategies are widely applied for the synthesis of designer
carbon materials in recent years as they can overcome some of the limits observed in the
activation method. In particular, the templating method allows precise pore size control with
high uniformity and facile manipulation of the desired pore shape.®**1 The whole process
generally follows three sequences similar to the bulk casting as shown in Figure 7.5%%! Firstly,
the carbon precursor and templates, which are “structure-directing” casting materials (such as
zeolites, mesoporous silica, silica nanoparticles, and anodized alumina membranes), are mixed
together to form a nanoscale composite material. This is followed by carbonization.™ Finally,
the template materials are removed chemically and a well-defined pore size distribution is

achieved. When the template is removed after the carbonization, the formerly occupied volume
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turns into pores in the structure. In this regard, the final pore architecture including the pore size
and pore volume is heavily dependent on and can be dictated by the structure and type of
templates. Among other methods for pore generation, the templating strategy provides highly
connected pore networks and the possibility to further functionalize the final carbon product for
various applications.l”>1°-1%1 |n other words, the design of specific pore systems and parameters
for carbon materials is easily tunable by templating for a targeted use.'® Because each
application requires different porosity architectures (total pore volume, specific surface area, and
pore size distribution), it is important to find particular conditions and a balance among them.
For instance, the total pore volume (Vo) Often influences the loading capacity of porous carbon
as a conductive host for catalysts or within electrodes.* Meanwhile, the high specific surface
area (SSA) is beneficial to surface-dependent applications such as supercapacitors,®*° and the
pore size distribution affects adsorption selectivity and mass transportation rate which is for
instance crucial to achieving improved rate capability for electrochemical energy storage
applications.l*® In conclusion, the manipulation of pore parameters as well as the understanding
of “performance-structure relationships” is significantly vital to figure out what the optimized
pore design is and to determine which pore generating strategies are most suitable for specific

applications.

The templating syntheses can be classified into three different main categories: soft-templating,
hard-templating, and salt-templating.’®! The soft-templating method utilizes soft template
materials like polymers, whereas hard-templating method generally adopts inorganic materials as
templates. The carbon precursors are then embedded in the soft-/hard-/salt-templates and

transformed into porous carbon after the sequential carbonization and removal of templates.
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Put clay onto Bake
Wood template Under air

Porous Carbon

Zeolite Y Template

For Microporous Carbon

Mesoporous Silica Template

For Mesoporous Carbon

Synthetic Silica Opal Template

For Macroporous Carbon

AAO Membrane Template

For Carbon Nanotube

Figure 7. (a) Principle of the synthesis for porous carbon materials using templating methods.
Porous carbon materials from the suitable templates containing (b) micropores, (c) mesopores, (d)
macropores and (e) fibrous structures, respectively. Image is redrawn from reference. Copyright

2006, John Wiley and Sons.
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Soft templating method adopt the self-assembly of amphiphilic molecules/polymers in solution
as depicted in Figure 8. During the self-assembly, the combination of comparably weak
intermolecular forces (e.g. dipole-dipole interaction, hydrogen bonding, dispersion force, and
electrostatic interaction between charged functional groups) are the major driving forces for the
process.['® After the formation of a non-rigid self-assembled structure, added carbon precursors
(e.g. sucrose) deposit onto the surface of the template and then undergo condensation or
crosslinking. The final carbonization leads to porous carbon materials after the removal of the
template by heat-treatment or dissolution. Consequently, the pore system and the pore geometry
of the produced carbon are easily tunable by changing the template structure or the ratio of the
template to the carbon precursor.” Well-known starting materials for soft templating that can
undergo the self-assembly in solution are surfactants like cetyltrimethylammonium bromide, or
block copolymers consisting of hydrophilic and hydrophobic blocks at the same time (e.g. the
block copolymer called P123).MY These molecules form ordered and thermodynamically stable
structures (e.g. micelles or lamellar structures) depending on concentration and temperature
conditions.2*3! The most notable material fabricated by this method is ordered mesoporous
MCM-41 (Mobil Composition of Matter) silica with hexagonally ordered pore structure.**
Even though the soft-templating strategy enables high reproducibility and precise control of pore
architecture with a relatively simple template removing process, the various applications of
resulting porous materials are limited due to the low specific surface area of usually less than

1000 m? g .19
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Figure 8. Schematic illustration of a soft-templating synthesis and transmission electron

microscopy image of fabricated SBA-15. Image is redrawn from reference. Copyright 2019,

Springer Nature.™!

Hard templating utilizes an existing pore structure of rigid templates which function as a mold
in “nanocasting”.®® The nanoscale porosity of the hard-template is used as space to immobilize
the carbon precursor material. Firstly, the pore network of the template is filled with carbon
precursor (infiltration). This is subsequently followed by carbonization and template removal
steps.M8117] That is, void cavities of the template infiltrated with precursors are transformed into
carbon. As a result, the pore morphology, pore connectivity, and pore size are directly
determined by the template because the final carbon product represents the inverse replica of the

cast."*® The most prominent ordered mesoporous carbon materials are prepared by silica-based

hard-templating methods: the 2-dimensional hexagonal ordered mesoporous carbons (CMK-3,
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the inverse copy of ordered mesoporous SBA-15 silica, Figure 9(a)),™**?! and 3-dimensional
cubic ordered mesoporous carbons (CMK-8, the inverse copy of ordered mesoporous KIT-6
silica, Figure 9(b)).['#1?21 SBA, KIT, and CMK stand for Santa Barbara Amorphous, Korea
Advanced Institute of Science and Technology (KAIST), and Carbon Mesostructured by KAIST,
respectively. Even though the pore design of these silica-templated mesoporous carbons is easily
adjustable, the insufficient infiltration to complicating nanopores and the harsh removing process
of silica (e.g. washing with hot concentrated NaOH aqueous solution, or with hydrofluoric acid
which is highly toxic) are pointed out as major drawbacks. In this sense, hard templates from
metal oxides such as zinc oxide (ZnO, which can be easily removed by acidic solution or heating
at high temperature) are suitable alternatives to silica-based templates. In detail, taking ZnO-
templated carbon as an example, ZnO undergoes a carbothermal reduction reaction with carbon

during the carbonization step. (Eq. 1)['%®*#

As the carbon pyrolysis temperature is higher than the boiling point of zinc, Zn is removed
through evaporation to the gas phase. Interestingly, released CO gas during the carbothermal
reaction also generates additional pores that are then interconnected with existing mesopores
produced by the ZnO template.™®) However, it is intricate to be applied in mass production due
to the costly and time-consuming procedures, even though hard-templating allows precise

control over the pore structure of carbon products.
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Figure 9. Schematic illustration of the hard-templating method for the synthesis of (a) CMK-3

fabricated from hexagonal SBA-15, and (b) CMK-8 fabricated from cubic KIT-6. Image is

redrawn from reference. Copyright 2011, Royal Society of Chemistry Publishing.[*?!

Salt templating adopts a medium of salts (e.g. molten salt, eutectic mixture, ionic liquid) as a
cast. Dissolved carbon precursors then accumulate around the salt to create highly porous carbon
materials after the poly-condensation and carbonization at elevated temperatures as depicted in
Figure 10."2*! For example, the combination of metal halides (such as LiCl/ZnCl,) with various
carbon precursors is widely used due to the high stability, melting point, recyclability, and water
solubility of these templates.'?®! Similarly, pyrolysis of glucose also can be carried out in an
eutectic LiICI/KCI mixture under inert atmosphere. Unlike soft- or hard-templating, the ions of
the salt template can be easily removed washing with a proper solvent. The synthesized porous

carbon materials remain after washing, and they usually have well-defined porosity with high
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surface area and chemical/structural functionality.®*'?®! This is beneficial especially for inducing
ultramicro-/micropores without harsh washing conditions of difficult template synthesis. As the
amount of templating agent (i.e. the ratio of salt vs. carbon precursors) and their chemical nature
distinctly alter the resulting carbon morphology and porosity, they can be adjusted easily to
achieve a specific pore architecture.'?”1 Additionally, the hierarchical pore structure can be
prepared from the salt-templating technique by hybridizing with other soft-/hard-templates or

activation processes.[***%!
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$ & ¢ Id“\.
T [ 4
- b 5}}4
A A
Pretreatment e > s

. Carbothermal
Pyrolysis Reduction
In-situ ZnO-NP In-situ template
formation removal

Figure 10. Schematic illustration of the salt-templating method using sucrose, zinc citrate, and

ZnO nanoparticles. Copyright 2016, Elsevier.***!

1.2.2 Lithiophilic nitrogen-containing porous carbon materials

One of the unique characteristics of carbon-based materials is that their chemical and surface
properties can span over a wide range depending on the nature of chemical bonds and functional

groups.!*>*%%1 As a carbon atom has medium electronegativity and four valance electrons, it can
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form covalent chemical bonds with a large range of different atoms. Doping of heteroatoms such
as B, N, O, F, S, and P is therefore on straightforward option for the further functionalization of
porous carbon materials.****"1 Among these various atoms, doping by nitrogen (N-doping)
often results in a remarkable change in performance compared to non-doped pristine carbon in
various applications including supercapacitor electrodes, supporting materials for catalysts, and
metal-free catalysts.['*®*°! This is because the electronic structure and the distribution of
electron density are influenced a lot after the insertion of nitrogen into the carbon matrix. As a
result, various techniques have been reported to introduce nitrogen-containing functional groups
for the fabrication of N-doped porous carbon. Examples of well-known methods include (1) the
post-treatment (mostly heat-treatment) of a mixture containing the as-synthesized porous carbon
and nitrogen-rich precursors (e.g. urea, melamine, nitric acid, methyl cyanide),****? (2) gas-
phase deposition by using reactive nitrogen-providing species (e.g. NH5 or cyanamide),***! and
(3) condensation or pyrolysis of nitrogen-containing sources to form the porous carbon
framework within a direct synthesis (e.g. various molecular precursors to C,N-carbon or simply

glucosamine to porous N-doped carbon),[42144-146]

However, the facile implementation of a well-defined pore structure and homogeneous
distribution and chemical binding motives of nitrogen species on the nanoscale is still pointed
out as a complicated task for the synthesis of advanced N-doped porous carbon. For example,
NHj3 deposition in method (2) may decrease the pore volume and surface area at the same time
caused by ammoxidation.”*! It triggers non-homogeneous nitrogen distribution, leading to
unstable doping and a wide variety of different properties within the N-doped carbons. On the

other hand, the combination of the synthesis of N-doped carbons with templating approaches
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consumes lots of time and needs many steps to achieve well-ordered N-rich porous carbon with
even pore size.[18] Taking these challenges into consideration, the use of simple heat-treatment
(1) with adjustable nitrogen-containing precursors can serve as a rather reliable and reproducible

preparation method for N-doped porous carbon materials.

Pyrrolic-N H
|

Pyridine N-oxide |

Figure 11. Possible binding sites for nitrogen heteroatoms on a graphitic carbon lattice: pyridinic
(red), pyrrolic (blue), graphitic (pink), and pyridinic N-oxide (black) sites. Copyright 2019, John
Wiley and Sons.**%]

From an atomic binding point of view at the molecular level, carbon atoms are substituted or
nitrogen atoms are inserted into the carbon framework, resulting in pyridinic, pyrrolic, and
graphitic nitrogen sites after the doping as depicted in Figure 11.1*°! The specific structure of the
nitrogen doping sites formed during the synthesis is largely dependent on the type of nitrogen
precursor and the nitrogen content. As the inherited properties of carbon (such as surface polarity,
wettability, electrical conductivity, acidity/basicity, chemical stability, and electrochemical
activity) are affected by the doping sites and degree of doping due to the change of

chemical/electronic structure, nitrogen-rich carbons are highly tunable and their properties can be
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varied corresponding to the doping method.*****? For instance, higher stability against the
oxidation reaction is reported for N-doped carbon materials compared to that of the pristine

carbon in many studies.™*!

Heteroatom doping also influences the interaction between the carbon and any guest species to
be adsorbed on its surface. Such strengthened binding based on nitrogen can be adopted for
electrochemical applications.>**>*! Considering lithium (Li) ions, the reversible charge transfer
of Li-ions on N-rich porous carbon can lead to improved dispersion and stabilization because
especially electron donating nitrogen sites play the role of “lithiophilic” anchoring points with
increased binding enthalpy between Li-ions and the surface of the carbon-based
material.[*>36:154155 Generating a high density of N-rich “lithiophilic” sites by chemical
functionalization is thus a powerful strategy to optimize the adsorption capacity towards lithium
atoms. However, there seems also an optimized density (“trade-off”) for the formation of
lithiophilic sites. It is a critical consideration that too high nitrogen contents (i.e. too high doping
ratio) can result in reduced structural stability of carbon matrix and severe changes in electron
density with notable influence on electronic conductivity and its Fermi level.**¢5] |n addition,
the particular nitrogen sites (pyridinic, pyrrolic, graphitic) in the carbon lattice also determines

the activity of N-rich carbon materials.

1.2.3 Lithium-ion batteries (LIBs)

Since the pioneering research on LIBs during the 1970s and their commercialization in the 1990s,

LIBs have dominated the rechargeable secondary battery market over any other energy storage
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devices. This reality was started from the prototype development in 1985, and related
commercialization was largely initiated and attempted by R&D projects from global companies
in the 1990s.%8 Even though few commercial products were successful at that time, they
triggered the development of further advanced energy storage devices based on a variety of
electrochemically active compounds including Li-sulfur,*¥ Li-air,**¥ and Na-ion batteries.!*®"!
Nowadays, LIBs are found not only in small portable devices but also in larger objects driven by
electric energy such as electric vehicles. The breakthrough has been achieved when the unstable
Li metal-based electrode (E°(Li/Li*) = -3.04 V vs. standard hydrogen reference electrode) has
been replaced to safer Li-intercalating carbon anodes with a prolonged lifespan, and the
transition metal oxides or sulfides have been utilized as cathode with high reversibility during the
continuous charge-discharge cycles.***% The most common electrode materials now for
commercial LIBs are lithiated graphite as anode, and carbon/LiCoO, composite as cathode,
respectively.['®>%! Recently, based on this huge leap in the energy storage field, the contribution
to the development of LIBs was recognized in Nobel Prize in Chemistry to John B. Goodenough,

M. Stanley Whittingham, and Akira Yoshino in 2019.

Anode Electrolyte Cathode

Figure 12. The cell structure of LIB during discharging. Copyright 2018, Springer Nature.!*"]
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The basic cell structure of LIBs consists of the cathode and anode materials, an electrolyte and a
separator between the electrodes as described in Figure 12. The fundamental reaction that occurs
in the cell is the reversible intercalation/deintercalation of Li-ions in the layered structures of the
electrode materials. For instance, the reversible intercalation between LiCoO,/LiosC00O; occurs
at the potential of 4.2 V vs. Li/Li".1**® Especially for graphite, this process provides prolonged
cycle life and improved safety compared to Li metal electrodes. On the other hand, the
intercalation of Li-ion in the carbon materials or graphite (theoretical capacity = 372 mAh g™ at
around 0.1-0.2 V vs. Li/Li") proceeds in various steps for the complex formation of different
intermediates such as LiCs, LiCys, LiCys, and LiC,7.[**® During the intercalation processes, a
passivating layer called SEI (Solid-Electrolyte Interphase, as described in Figure 13) is formed
on the electrode surface which limits reversible charging-discharging especially in the first
lithiation and de- lithiation cycles in the typically applied aprotic polar electrolyte containing Li
salt.*"%1" Once formed, the SEI layer increases the apparent stability of the electrolyte as well
as the electrode by a passivating effect. Some portion of charge and energy are thus consumed
due to the SEI layer formation at the electrode-electrolyte interface.*”? The energy that needs to
be irreversibly invested for the formation of the SEI layer increases with the total interface area.
As a result, an excessive amount of Li-ions is needed for the stable operation of LIBs, and
materials engineering is crucial to reduce the irreversible charge consumption for SEI layer. In
addition, a selection of the most suitable electrolyte (e.g. carbonate-based or ether-based

electrolyte) and salt (e.g. LiPFg) is also the key to improving the reversibility.[”*!
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Figure 13. Proposed process of SEI layer formation, indicating the layer follows the near-shore
aggregation mechanism. The reduced electrolyte molecules can accumulate and aggregate near
the interface. This formed deposit on the electrode surface leads to the complete formation of

SEI layer. Image is redrawn from reference. Copyright 2018, Springer Nature.[*"!

Even though the advantages of modern LIBs include high specific energy (250-280 Wh kg™) and
long cyclability (~10° cycles), there are still many troublesome points to overcome for this
technology such as low charging rate, low power density, and possible safety problems.'*"®! Most
of the cathodic materials utilized in commercial LIBs are inorganic materials (e.g. metal oxides
or phosphates) while diverse combinations are applied for anodic materials including various
carbon nanomaterials, Li metal, metal oxides, and Li alloys with Si or Sn.*’””) To achieve fast-
charging LIBs with enhanced specific power density for the next generation, improvement of the
reaction kinetics at each electrode is required. Three major methods are obvious for that purpose:
applying nanoparticles, surface modification, and fabrication of nanocomposites as shown in
Figure 14(a)."8 However, in the case of applying nanoparticles, the electrical conductivity
of electrodes may be reduced and low stability can result from the self-agglomeration caused by
large surface energy of the particles. On the other hand, surface modification such as coatings of
conductive layers coating (e.g. carbon layers or conductive polymer coatings) may block the

intercalation sites, resulting in decreased lithium storage capacity and thus energy density.**"!
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The fabrication of nanocomposites is one of the most promising routes to develop improved
LIBs. For instance, it already well known that core-shell structured nanohybrids show a
synergetic effect for phosphate cathode materials, and the graphene-based oxides/phosphates
decoration enhances high rate performance by forming well-dispersed composites at the
molecular level as shown in Figure 14(b)."8'8:18] |nterestingly, among other carbonaceous
materials, hierarchically porous carbon can support composites in many different perspectives. It
helps to improve the rate capability performance at a high current level by providing mass
transportation pathways (e.g. for Li* and counter-ions) and can serve as conductive layer,
sometimes even without high-temperature thermal treatment. If redox active sites are present, it
can even plays a significant role to increase the energy density by providing Li-storage sites
inside the pores.[*®***®1 The microstructure of carbon-based composite electrodes thus strongly

influences lithium storage performance.
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Figure 14. (a) Schematic illustration for composite consisting of porous silicon implanted in
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sulfur-doped porous carbon fiber (PSI@SPCF). Image is redrawn from reference. Copyright
2022, American Chemical Society.™™ (b) Schematic illustration for core-shell structured
LiFePO4/reduced graphene oxide composites as cathode in LIBs. LiFePO, in the composite is
coated with carbon derived from thermally treated polypyrrole polymer. Image is redrawn from

reference. Copyright 2014, John Wiley and Sons.[*8%
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Heteroatom doping (e.g. B, N, S, and P) of the electrode is another useful way to improve the
cell performance by increasing storage capacity through the generation of active sites and in
some cases electrical conductivity.[***372%°! This strengthens electrode-electrolyte interactions,
leading to enhanced kinetics of the electrochemical processes charging/discharging. However,
even by combining the formation of hierarchical pore structure and heteroatom doping at the
same time, it is intricate to overcome the problems of LIBs completely. To meet the new market
needs for future energy storage systems, LIBs alone can most likely not achieve high energy
density and power density at once. For this fulfillment, it is necessary to suggest novel
alternative energy storage systems such as the hybridization of LIBs with other energy storage

devices.

1.2.4 Electrochemical double layer capacitors (EDLCs)

In general, a capacitor is an energy storage device, consisting of two conductors (i.e., plate
electrodes or terminals) which are divided by an insulating material. The charge stored at the
surface of the conductive layer has the same number of charges at each electrode, but with a
different sign. Depending on the purpose and the targeting application, various designs and sizes

can be chosen.

In 1745, the first design of electricity-storing capacitors was proposed by Ewald Georg von
Kleist (Germany) and Pieter van Musschenbroek (The Netherlands) independently. This
invented design was named after the city ‘Leiden’, so it was called ‘Leyden jar’ as shown in

Figure 15.%%¢! The inner part and outer part of the glass jar were both covered with metal foil
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with the gap between each to prevent the contact which would lead to discharging or arcing of
the cell. The conductive metal foil functions as electrodes (anode/cathode), and the glass filling
between the two foils functions as a layer that is electrically insulating. Similarly, vacuum,
aqueous/non-aqueous liquids, insulating inorganics or polymers can be utilized as dielectrics.
When the jar is charged, electrons accumulate and form a negatively charged foil at the one side
while the other side of the foil gets positively charged due to lack of electrons and corresponding
accumulation of holes. These accumulated/induced charges are discharged when two electrodes

are connected with an external circuit, generating electric current.

Figure 15. Structure of electrolytic capacitor prototype, “Leyden Jar”. Copyright 1919,

Longmans.!%!

In 1857, the German physicist Johann Heinrich Buff firstly observed the electric current
generation from a metal oxide layer, and this phenomenon was utilized to fabricate the first
electrolytic capacitor invented by Charles Pollak in 1896.%"! This electrolytic capacitor consists
of aluminum/aluminum oxide electrodes with alkaline electrolyte as a dielectric layer. Early
electrolytic capacitors were fabricated for radio-wave transmitters, wave frequency filters, and
altering machine to change current circuits. The capacitor was then further improved in the 20"

century with different metal electrodes, solid electrolytes, and various cell architectures.
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Especially in 1957, the carbon-based electrolytic capacitor for low voltage operation was firstly
proposed by H. Becker.™! He put porous activated carbon onto aluminum foil, which was then
immersed into the electrolyte and separated with a thin insulating layer as dielectric. This
carbon-based capacitor was the earliest pioneer with carbon electrodes, generating a far higher
capacitance (~1.0 F) than any metal-based electrolytic capacitor at that time per unit mass or

volume. This became a fundamental design for many basic EDLCs nowadays.[*8%2%4

EDLCs are one of the various types of supercapacitors (along with pseudo-capacitors) and they
store much more energy than conventional electrolytic capacitors. The capacitance value (per
unit mass or volume) of EDLCs is 10-100 times larger than that of electrolytic capacitors.!%”
The reason is that EDLCs store charge by reversible adsorption of ions in electrolytes at the
electrode-electrolyte interface. This interface is called the electric double layer which was
proposed in the 1800s by Helmholtz as described in Figure 16(a).***% Because the ions in the
electrolyte rearrange at the interface to mirror the electrode charge make an electrically neutral
state, polarized solvent molecules (Inner Helmholtz plane, IHP) and solvated ions (Outer
Helmholtz plane, OHP) form a double-layered structure. The formed IHP monolayer separates
electrodes from ions in the electrolyte. Consequently, the coulomb charges can be stored within
the electric double layer.'®*°! As the distance between the electrode and ion-containing
electrolyte layer in EDLCs is on the angstrom (A) scale, superior capacitance values can be
achieved compared to the conventional electrolytic capacitor.?**'%! Thus, the electrically
polarized interface can interact with ions easily by electrostatic forces at the electric double layer
as shown in Figure 16(b). "% This surface adsorption/desorption process is generally faster

than sluggish redox reactions, which are commonly utilized in secondary batteries or pseudo-
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capacitors.**] Compared to LIBs introduced in Chapter 1.2.3, EDLCs show a higher rate of
charge and discharge and superior chemical stability of the cell.’®? Consequently, the
outstanding rate capability and stability enables EDLCs to provide high power density as well as
improved cyclability even at high or low operating temperatures.??? The advantage of short-
term energy storage and releasing process leads to the application of EDLCs into various fields
such as starting engines for electric vehicles (car, bus, and tram), moving initiators for bicycles
or elevator operation, and emergency brakes which need a large amount of power within short
time range.“go] Even though EDLCs have rapid charging/discharging cycles, their low energy
density (~10 Wh kg™) limits their further commercial application.’®! Therefore, previous
researches for EDLCs have been focused on the improvement of energy density without losing
its unique characteristics. Efforts into this direction mainly focus on two routes: the development
of (1) development of electrolytes with a broad voltage stability window and (2) novel electrode

materials with enhanced ion storage capacity.
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Figure 16. (a) Electric double layer structure with IHP and OHP at the electrode interface. Image
is redrawn from reference. Copyright 2009, Royal Society of Chemistry.’**! (b) Schematic
diagram showing the general mechanism of EDLCs during charging/discharging. Copyright

2019, Springer Nature.™”]
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Electrolytes for EDLCs can be classified as liquid and solid electrolytes, and liquid electrolytes
can be further classified as aqueous (acidic, basic, neutral) and non-aqueous electrolytes.
However, due to the narrow voltage window of aqueous solution (general voltage window for
aqueous solution = 1.5-2.0 V including the overpotential needed for water splitting), it is hard to
achieve high power or energy density with aqueous electrolytes even though they have the
advantage of high solubility of ions, high ionic conductivity, and high polarity. Therefore, the
non-aqueous organic electrolyte are preferred to broaden the operating voltage window (up to 4.0
V), because the energy stored in the capacitor (E) is proportional to the capacitance (C) and the

square of operation voltage (V): %
E=1cv: (Eq.2)

The organic electrolytes, however, may cause safety problems due to their high toxicity and
volatility with a high possibility of explosion. In some cases, they are not suitable for high-
voltage operation which brings the risk of overheating of EDLCs.[**¥ To overcome the problems
of non-aqueous electrolytes, non-volatile ionic liquids such as chemicals in Figure 17(a) are
proposed as promising alternatives. lonic liquids have large voltage window and operational
temperature ranges at the same time with less possibility of explosion. Even though the
advantages of ionic liquids, they have comparably high cost and viscosity which hinders ionic
transportation in electrolytes and at the electrode interface especially when it has a hierarchical
structure. The utilization of ionic liquids is thus in some cases impractical due to the lagging ion
dynamics, resulting in low power density.”® To address the problems of liquid-based
electrolytes of EDLCs, solid electrolytes are recently investigated as future-promising candidates.

lon-conductive polymers or defect-rich conductive inorganic materials are applied to reduce the
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instability of liquid-based EDLCs and improve the power density. However, the comparably
sluggish ionic conductivity of inorganic solid materials or polymers, weak mechanical properties,
and high cost are pointed out as remaining challenges of all-solid EDLCs.®® Recently, gel
electrolytes for EDLCs such as Figure 17(b) are also largely investigated for the development of

flexible EDLCs.[207-2%

Film framework
K

Cross-linked
polymer
==  PPEGMA

. . AC particle

Figure 17. (a) Examples of ionic liquids commonly adopted in energy storage devices: 1-Ethyl-
3-methylimidazolium  bis(fluorosulfonyl)imide  (above), N-methyl-N-propylpyrrolidinium
bis(fluorosulfonyl)imide (below). Copyright 2006, Elsevier.[?? (b) Schematic structure of quasi-
solid-state EDLCs with activated carbon electrode and amphiphilic poly[poly(ethylene glycol)

methacrylate] (PPEGMA) gel electrolyte. Image is redrawn from reference. Copyright 2020,

Elsevier.[?®!

For the improvement of the carbon electrodes, various carbonaceous materials have been
proposed. As carbon-based materials have a high surface area, chemical/electrical stability, and
electrical conductivity, they are the materials of choice for the application in EDLCs. From an
engineering point of view, they are also attractive because carbon materials are earth-abundant,
non-toxic, and can be manufactured in relatively easy processing steps with comparably low cost.
Advantages of carbonaceous materials attracted their application to electrodes, and thus various

types of carbon (e.g. porous carbon, CNTSs, graphene) have been investigated as electrodes for
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supercapacitors. As the surface area plays a crucial role in EDLC electrodes, the tuning of
porosity and related pore structure of carbon materials received intense attention and attempts
were made not only to tailor them on the mesopores scale, but also on the micro/ultramicropore
scale.**?!1] Based on previous reports, the porosity of carbon has a significant influence on their
rate capability and the value of specific capacitance which are the two major descriptors for the
quality of EDLC electrode materials. The first aspect is the effect of micropores whose pore
diameter is comparable to the size of ions in the electrolyte. When the solvated electrolyte ions
including their solvation shell approach to the pore, the ions inside the shell can strongly be
adsorbed on the carbon pore walls with interactions from both sides and thus be soaked into the
pore walls. Because there is the high electrostatic interaction between the ions inside the shell
and the polarized carbon pore walls, and adsorbed solvation shell can be partially or fully
stripped off due to the size exclusion as depicted in Figure 18.1°*2 This additional energy term of
the removal of a solvation shell results in high capacitance, as the whole process itself needs or
releases additional energy during the entering and leaving of ions from/to micropores.!?**-214
Such effects are not observed on flat surfaces or in larger pores where the capacitance is
dominated by the formation of compression double-layers. The second aspect is dominated by
the presence or absence of mesopores (2-50 nm-sized pores) which provide facile transportation
pathways for ions in the electrolyte. The improved diffusion rate of electrolyte ions helps them to
rapidly approach the inner surface of porous electrode particles, resulting in increased rate
capability of EDLCs at high current densities. At the same time, the mass-related capacity

usually decreases as these additional diffusion pathways bring volume that must be filled with

electrolyte but do not contribute to the energy storage capacity as such.?*>"1 As electrolyte ions

-41-



1. Introduction

have to access the interface rapidly at a high rate, additional capacitance derived from
micropores only remains available at high current operation if additional mesopores are
present.[*#?%! Based on these two major aspects, the hierarchical pore design (i.e. a pore structure
possessing both micropores and mesopores which are ideally interconnected) of carbon
electrodes is recommended for high capacity at high rate. The increased surface area of
micropores and efficient diffusion caused by mesopores can show a synergetic effect to achieve
high-performing EDLCs.* As a result, fabricating a hierarchical pore system of carbon

materials has been intensely researched and can be achieved by a templating or etching

method.[#®!
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Figure 18. Confinement of ions (TEA" and BF,, TEA" = tetraethylammonium) solvated by AN

(acetonitrile) solvent in micropores of carbon electrode. The ions entered in the pore are bare or

only partially solvated. Copyright 2008, John Wiley and Sons.!**

Besides the use of the hierarchical pore structures, heteroatom doping can also be utilized for
carbon-based electrode materials in EDLCs. The surface functionalization with heteroatoms (e.g.

nitrogen, oxygen, sulfur) induces surface polarity of the carbon electrode, which is effective to
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generate additional capacitance due to enhanced wetting of the electrode surface with electrolyte
and the generation of strong binding sites for electrolyte ions.**® Especially, many efforts have
been devoted to developing high-performing nitrogen-rich carbon materials. It was possible to
achieve over 300 F g™ within a voltage window of 1.0 V (6.0 M KOH aqueous electrolyte) by
combining a pseudo-capacitive effect and improved ion interaction triggered by the highly

e.22%2211 1n conclusion, it is a promising pathway to fabricate not only a

polarized interfac
complex pore structure, but also heteroatom-doped sites in the carbon matrix for the high-

performing EDLC electrodes.

1.2.5 Lithium-ion capacitors (LICs)

Despite lots of monumental achievements in LIBs as a worldwide energy storage device, it is
insufficient to cover all necessary properties and operation conditions to fulfill the energy storage
demand of modern society. On the one hand, more efficient energy storage system in terms of
energy density and lifespan at the same time are researched.®®??22%! |n addition, faster
charging and discharging rates are demanded for LIBs — ideally without compromising their high
energy density. This induced the development of new hybrid devices by combining a high
energy density electrode close to LIBs with a high power density and long-term stable electrode
close to EDLCs. As the inherited reaction mechanism of LIBs or EDLCs at the electrode is far
different, researchers adopted each electrode into one cell with the same electrolyte to utilize the
advantage of both LIBs and EDLCs simultaneously. The system consists of the anode from LIBs,

the cathode from EDLCs, and a Li-ion-containing salt in a non-aqueous solvent as the
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electrolyte.'®?26227] This combination was determined as one of the successful hybrids, and it is

denoted as lithium-ion capacitors (LICs, as described in Figure 19).[181:226-229]

Li-ion battery Supercapacitor

Electrode Activated Separator
carbon

Li-ion capacitor
—

apoyied

© ymo0, Separator

ftro)

Figure 19. Structure of hybrid LICs with asymmetrical electrodes from LIBs (anode) and
EDLCs (cathode). Copyright 2019, Elsevier.[??]

From the mechanistic perspective, charges in LICs are stored asymmetrically by intercalation(or
insertion)/removal of Li-ions at the anode while Li-ions at the capacitive cathode are stored in an
adsorption-desorption mechanism at the electrode surface. The two different mechanisms at each
electrode occur within different potential ranges, which can be helpful to increase the voltage
window of operation as well as the energy density.>%* |n general, the working potential is
highly negative at the battery-like anode while it is highly positive at the capacitive-like cathode.
From the charging-discharging timescale point of view, LICs provide some advantages in

comparison to redox-based systems. In the case of LIBs, the stored specific energy becomes
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saturated when the charging time is long and the current is low. However, as shown in Figure
20(a), the amount of stored energy decreases rapidly when higher current is applied due to the
inferior diffusion kinetics of Li-ions in a solid-state bulk electrode.!”®*?*®! This energy loss at
high current is smaller in LICs because LICs utilize EDLC electrode as a cathode without
sluggish intercalation or insertion mechanism. As EDLCs show faster kinetics and a constant rate
of energy discharging as shown as black line in Figure 20(a), it enables the hybrid LICs to
perform as the most well-suited energy storage device in a certain time range (10 — 600 sec).[=
In summary, as shown in Ragone plot in Figure 20(b), the hybrid LICs thus show an improved
power density and lifespan compared to LIBs and an enlarged energy density compared to

EDLCs, respectively.
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Figure 20. (a) The time-scale region between 10 seconds to 10 minutes is the domain where
hybrid LICs can show higher energy and power densities than LIBs or EDLCs alone. Copyright
2017, John Wiley and Sons.™¥! (b) Ragone plot of various electrochemical energy storage
devices. LICs could achieve their energy density similar to LIBs, while they could also achieve
their power density similar to EDLCs at the same time. Copyright 2014, American Chemical

Society.[?*%
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Due to these interesting properties and possibilities, a lot of research has been devoted to LICs
since 2001.1%8 |n one of the pioneering works with an electrode set of activated carbon and
nanostructured LTO (LisTisO1,), up to 20 Wh kg™ of energy density was reported, which is
about three times larger than that of conventional EDLCs. After this attracting first work, many
carbon materials (graphite, activated carbon, CNTs, graphene) were selected as capacitive-
cathode due to the high power density and superior stability, while oxide-based electrodes with
intercalation type (Li TisO7, LIiCrTiO4 TiO;) or insertion type (reduced graphene oxide,
Fe;O4/F-doped Fe,03, B-doped Si/SiO,/C, Sn/N-rich CNT) were also chosen to achieve the high
energy density.”**?*3 From the vast amount of researches, the full utilization of the anode
capacity under relevant conditions is revealed as a key factor because the kinetics of the faradaic
Li-insertion mechanism at the anode is about 10 times more sluggish than the Kinetics of
capacitive adsorption/desorption at cathode.’?*>%** |t is worth noting because the total capacity of
LICs (Ccen) is influenced not only by the capacity of cathode (Ccatode), but also by the capacity
of anode (Canoge) (EQ. 3).2¥ In addition, Ccen is dominated by the electrode which has lower
capacity than the other electrode, and thus the mass balancing between two electrodes is
generally applied to match capacities of both LIC electrodes.’>” Therefore, the development of
an efficient anode with higher loading of lithium capacity and better reversibility is primarily

required for high performance of LICs along with the high specific capacity of cathode.

1 _ 1 + 1
Ccell Canode Ccathode

(Ea.3)

As LICs are the trade-off device between LIBs and EDLCs, they are considered as an energy

storage system to meet the energy and power demand at the same time in various applications
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such as electric vehicles but also in micro-scale devices. Furthermore, LICs show high reliability
during the continuous cycling, large durability at a temperature from -20 to 70°C, and a low rate
of self-discharging voltage drop of usually less than 5% at 25°C.12%2%2% Ag | |Cs have
asymmetrical cell structures, Li-ions during the charging-discharging process shuttle between
anode and cathode while the counter-ions (e.g. PFs or TFSI') act differently in the cell. At the
cathode interface, these counter-ions in electrolytes are adsorbed into the carbon pores during the
charging step.”® Likewise, Li-ions are intercalated or inserted into the anode. This process
consumes not only Li-ions but counter anions in electrolytes and LICs therefore act as a “dual-

ion device”, which is one reason for their exceptionally faster kinetics than that of LIBs.!*%

However, there are drawbacks to overcome in LICs as well. One of the major challenges is the
kinetic imbalance between the battery-like anode and the capacity-like cathode.”**"! To make the
breakthrough, a possible solution is generating well-distributed nanostructure within the
electrode materials which still provide high specific capacity and high rate capability but at the
same time ensure improved mass transportation rate. For the development of improved electrode
materials, the following criteria are essential because the energy density stored in LICs is

calculated as below:**%
Energy density = % Vmax + Vinin) T At (EQ. 4)
Vinax = Maximum operation voltage, V,,;, = Minimum operation voltage

i = Applied current density, At = Discharge duration time, assuming a linear discharge slope

The first condition for an electrode with high energy storage capacity is lowering the operation

voltage during the lithiation of the anode at the charging step. This helps to achieve the high
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Vnax, @nd therefore high energy density as well. As a result, metal oxide anode materials are not
recommended because the intercalation potential of oxides is comparably high in the range of 1.5
V vs. Li/Li*, leading to a low voltage window and low energy density.?**?**! The second
condition is enhanced rate capability at high current density (i). As a kinetic imbalance between
the two electrodes in LICs is mostly triggered by the sluggish Kinetics at the anode during the
high current operation, a highly electro-conductive anode with a well-designed nanostructure a
large specific area is required.”®! The third condition is the high specific capacity of the
electrode. It elongates the discharge duration time (At) so that it results in high energy density.
However, most of the previous inorganic materials such as LTO and TiO, show low capacity
values.”®! Finally, the long-term chemical/electrochemical stability of electrode materials is also

essential to improve the lifespan of LICs.

Based on the criteria as summarized above, carbon-based electrode materials with hierarchical
pore structure could be powerful candidates when applied as anodes in LICs. Compared to many
of the oxide-based materials, “porous carbon” electrodes show low Li-insertion potential, large
surface area, high specific capacity, and improved kinetics during the charging-discharging
process. Additionally, carbon materials often show both high electrical conductivity and
chemical/electrochemical stability. Consequently, a well-fabricated porous carbon anode can
maximize both energy density (Eg. 4) and the lifespan of LICs by applying adequate

nanostructure design and modification of the conventional carbon-based anodes.
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1.2.6 All-carbon composites and their applications

All-carbon composite materials are highly promising candidates to make a breakthrough of
limitations in conventional energy storage devices as they can combine the advantages of
individual compounds into one and the same material. For instance, significant breakthroughs
have been reported in many electrochemical applications recently.”*®! In most cases, the
nanohybrid composites consist of an electrically conductive carbon part and a second
carbonaceous material with a specific chemical functionality. However, if the composite is
prepared by simple physical mixing, it will possibly face the trade-off between electrical
conductivity and chemical functionality (i.e. the higher conductivity, the weaker chemical
interaction with Li* while the higher functionality, the decreased conductivity vice versa, Figure
21(a)) even though a homogeneous microscale mixture might be present.[*2%* This trade-off is
mainly caused by weak interface contact and overall limited contact area, which leads for
instance to increased interface resistance and poor distribution of an externally applied electric
field. The improved properties of all-carbon composites are only achievable when the individual
components are homogeneously connected on the nanoscale as depicted in Figure 21(b) (often
denoted as “nanoscale hybrid composite materials™). In such a mixture, electrical conductivity
and a certain chemical function that is supposed to fulfill an electrochemical process can be

efficiently combined.?%23]

Several concepts of how to fabricate tailored all-carbon composites have been suggested by
previous works already. However, most of the suggestions mainly focused on the CNTs or
graphene-based carbon composites. They elucidate the understanding of simple chemical

functionalization, but only on the well-defined surface structure.’”**%¢! Comparably, the porous
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carbon domain is not verified in detail yet, but it can be advantageous in terms of strong
interaction at the interface and confinement effects that can be utilized in porous systems. The
improved interaction between host carbon matrix and guest active materials translates applied
electric potential evenly in both materials 3-dimensionally. It can also improve the physical
binding to fabricate a more stable and strong composite with better fixation of each phase by less
gradient effect which ensures continuous connectivity between hybrid components at high
loading. Simultaneously, the confinement effect influences the chemical activity of guest

functional materials./?>"

(a) electron conductivity (b)

» Electrolyte reservoir

chemical functionality
HAT550 nanoparticle

S N % lalalalalal -

Electron
® L ]
®
i » ZTC
. . electron conductivity
Ty @ guest species

Figure 21. (a) Solution of the trade-off dilemma between electrical conductivity and chemical

functionality by all-carbon composites. Image is redrawn from reference. Copyright 2021, John
Wiley and Sons.**®! (b) Schematic for explaining the advanced electrochemical properties of

HAT/ZTC hybrid composites for sodium ion capacitors. Copyright 2020, Elsevier.?!

To design the proper all-carbon composites, many considerations should be taken starting with
the selection of individual components for the intended application. It is significant to select the
appropriate chemical functionality which is identified as possible species to participate in the
electrochemical reaction for the optimum performance. Based on that, a set of guest and

supporting host carbon is finally determined along with the ratio, geometry, and interface
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manipulation. The first main consideration is the question of whether the chemical functionality
of active materials in hybrid fulfills the required chemical activity for the targeted reaction
process or not.[?*>%®! Although there is sufficient functionality for the targeted reaction, as the
active component often has insufficient electrical conductivity, the hybridization with conductive
carbon domain is necessary to design electrochemically functional all-carbon composites. The
second main consideration is the question of pore architecture and surface morphology design of
the hosting conductive carbon. Providing pores for filling of highly functional materials is crucial,
however, the generation of mass transportation channels is also important. Before the loading of
the active materials (“the guest”), both the specific surface area and pore volume should be
enough to enable the guest to be loaded in the pore. On the other hand, after the loading, there
should be residual spaces in the porous carbon to provide free channels for mass transportation
of ions or electrolyte molecules. Nevertheless, having larger pores in the host carbon is not
always advantageous, even though they can hold a higher loading ratio of the guest and larger
empty pores will remain after the loading. As the guest materials themselves should have a small
dimension for the facile access at the surface to reduce the gradient of electric potential, smaller
pores of the host carbon are sufficient in many cases. The geometry of the pore (e.g. completely
open pore vs. vase-type pore with small entrance) has also a significant effect on the
performance of hybrid materials.?%?°! When the small entrance jails the active materials inside
the pore, it increases stability compared to the surface and can also change their functionality due
to the confinement effect. Among lots of considerations for the pore architecture, a hierarchically
porous carbon thus can be an attractive pore structure that possesses various pore dimensions and

shapes at the same time. Mesopores in this type of host carbon provide larger pores to ensure

-51-



1. Introduction

efficient mass transportation channels and remain open after the loading of the functional
component. On the contrary, micropores can be effectively filled with the guest by the strong
binding and sufficient contact area.”®! Of course, all mentioned considerations should be

adjusted to the target application properly.

The preparation of hybrid all-carbon composites can be carried out by various strategies.
Infiltration of functional materials (or the precursor) into the porous carbon is one of the well-
known methods, along with gas-phase deposition (e.g. chemical vapor deposition).[253262263]
One-pot synthesis is also one of the possible fabrication options, which is a one-step process in
which the conductive porous carbon and functional active carbon are synthesized at once such as
the method in Figure 22(a).*?*! Even though it is a single-step process, the non-reacted
precursors and decomposed byproducts possibly intervene in the synthesis, possibly leading to a
low degree of homogeneity for the hybrid. Recently, numerous cutting-edge techniques (such as
laser-induced carbonization described in Figure 22(b) and emulsion-templated polymerization)
are applied to overcome the drawbacks of the previous composite fabrication methods.[2%¢:%"]
Nevertheless, no matter what the preparation method is, all these different ways have been
attempted to the same final goal: the synthesis of homogenous all-carbon hybrids on the
nanoscale. If it makes an inferior distribution of agglomerates or proceeds to the phase separation,
the property of the hybrid will be rather similar to physical mixtures of each component without
any synergetic effect. In this sense, the generation of surface polarity or functional groups is

crucial in certain all-carbon hybrids because it minimizes surface energy at the interface of

components to make them a miscible composite.
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(b)

Figure 22. (a) One-pot synthesis of nanohybrid carbon composite fibers by electrospinning the
polyvinylpyrrolidone/HAT solution. Copyright 2019, John Wiley and Sons.*®! (b) Laser-
induced graphene (LIG) formation from polyimide (PI) polymer for LIG/Pl composite materials.
Copyright 2014, Springer Nature."!

The interface formed between the two components it is crucial to tailor the properties and the
stability of the hybrid. From a chemical perspective, the interaction at the interface originates
either from intermolecular forces (e.g. van der Waals forces, hydrogen bonding, and ™ —m
interaction) or chemical bonding (e.g. ionic, covalent) depending on the chemical structure and
molecular characters of both components.?®® Unlike other composites, all-carbon composites
mainly consist of carbon in both the conductive porous host and the highly functionalized guest.
Because of this chemical similarity, all-carbon hybrids may allow for more homogeneous
hybridization and stability than other hetero-type composites. Although the individual properties
of each carbon-based species are influenced during the composite formation, the properties of the
whole carbon composite are different from the pristine materials before the hybridization. It is
complicated to design the adequate all-carbon hybrids based on all considerations required as
mentioned above. However, all-carbon composites thus have enormous potential for tuning and

variation of achievable properties. In addition, countless synthetic pathways can be applied to
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optimize the composite due to the independent and tunable properties of individual carbon

components.

The resulting benefits of all-carbon composites opened the horizon to various applications,
especially in electrochemical energy storage. As carbon-based composite materials have been
widely used in this field for many years, all-carbon hybrids are proven as advanced materials
with superior properties compared to a single compound or physical mixtures. However, the
correlation between the pore structures of all-carbon composites and the electrochemical
properties are not explained a lot in the energy storage field yet. Unlike carbon materials with
finite structure (such as 1-dimensional CNTs and 2-dimensional graphene), the hierarchically
structured carbon-based hybrids possibly induce additional performance improvement by

confinement effects and increased surface interaction.

For the application as EDLC electrodes, porous carbon composites are beneficial in terms of
conditions as mentioned in Chapter 1.2.4. High electrical conductivity and surface area of the
composite lead to reduced iR drop of EDLCs during the operation and high capacity by
absorbing more ions stably on the surface, respectively.*¥2%%) As mass transportation is often a
rate-determining step in the mechanism of charge storage in EDLCs, a single component or
simple mixing approach is in many cases insufficient to achieve the fully utilizable capacitance
of the electrode, especially at high current densities. From this perspective, the hierarchical pore
structure providing high ion mobility within the electrodes is suitable to overcome this limitation.
Along with the pore architecture, the functional carbon in the composite also plays a significant
role because it acts as a ligand to hold ions stably at the pore wall thus ensuring strong adsorption

and high capacity. Nitrogen-rich active carbon materials are one of the suitable candidates in this
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sense as shown in Figure 23.1%4 The highly polarized surface of N-rich carbon enhances the
adsorption energy of electrolyte ions, and especially the graphitic nitrogen in the carbon lattice
increases the electrical conductivity of the composite. For the application as LIBs electrode,
porous all-carbon composites with heteroatom doping are highly promising even though the
redox-based mechanism of LIBs is different with EDLCs which are based on purely physical
electrochemical energy storage. This composite can be utilized as an anode where the reduction
reaction of Li-ions reversibly occurs during the charging of the battery. As the porous structure
with high surface polarity easily attracts Li-ions with stable adsorption, the storage capacity and

stability of lithium at the electrode can be improved even at the high current operation.[”
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Figure 23. (a) The core-shell designed all-carbon composite materials synthesized from the
subsequent carbonization of ZIF-8 (zeolite imidazole framework) core along with ZIF-67 shell.
(b) This hybrid shows improved capacity value in cyclic voltammograms compared to NC (core
carbon derived from ZIF-8) or GC (shell carbon derived from ZIF-67) alone. Images are redrawn

from reference. Copyright 2015, American Chemical Society.[?*4

In summary, taking after the success of previous researches with various all-carbon composites

within the past years, increased utilization of such composites within the coming period can be
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expected. The continuous advancement of porous carbon materials with heteroatom doping will
lead to improved possibilities for conceivable combinations and selections. Additionally,
materials chemists will face new requests as the challenges in the energy storage research field
grow, which naturally stimulates the development of new composite materials. In addition, it is
still significant to profoundly investigate the structure-property correlations and optimizations
from many different perspectives including material/energy demand (or cost) for the synthesis,

electrochemical performance, and yield of the process.
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2. Research scope

As mentioned above, it is a promising strategy for the fabrication of high-performing electrode to
perform the nanoscale hybridization of different carbon-based materials in order to combine their
individual advantages, which is sometimes impossible to achieve by one single compound.l?"*"3!
Unlike simple physical mixing on the bulk-scale during electrode preparation, the reason why
nanoscale composite formation is essential is that most of the electrochemical energy storage
reactions are relying on electron and ion transportation occurring at the same rate and an intimate
contact of both parts is therefore crucial.l?’>2"*2™! All-carbon composites with a well-defined
structure and composition are needed in order to illuminate structure-property relationships and

by that designing proper hybrid nanomaterials for fabricating novel electrode materials for a

specific application in a targeted way.

In general, it is complicated to characterize each compound in hybrid materials and their
interface. As the correlation between the structure and property can only be clearly verified when
in-situ analytical analysis during operation is possible, the realistic solution is to synthesize
proper model composites which can be described in structure as defined as possible. Therefore,
the appropriate candidate for the carbon matrix should possess well-defined particle size and
narrow distribution of pore size, while homogeneously distributed lithiophilic active materials
should have well-defined chemical structure and functional groups introduced by a controlled
condensation mechanism. It could be a bit apart from the practical use of composite materials,

however, this proper modeling makes it easier to characterize the hybrid materials well and thus

-57-



2. Research scope

provide insights to understand the relationship between structure and property of composites in

depth.

As a result, three criteria are set in this thesis to design the model close to the practical hybrid
material as depicted in Figure 24: (1) Chemical engineering of nitrogen containing lithiophilic
active materials, (2) introduction of a well-defined hierarchical pore structure, and (3) use of a
carbon matrix with high electrical conductivity. The nitrogen-rich domains present in the
composite materials are crucial because they act as active sites interacting with Li-ions by
chemical coordination and lead to enhanced electrode wetting with electrolyte. Therefore, hybrid
nanomaterials containing nitrogen with electron lone pairs may easily capture Li-ions at an
interface, inducing strong bonding which is ideally still reversible under the applied
electrochemical reactions. Since the carbons surrounding nitrogen-doped sites are also highly
polarized due to the electronegativity of nitrogen, increased surface polarity thereby facilitates
interaction with all components within the electrolyte. The hierarchical pore system is also one
of the key criteria to fabricate the ideal composite materials. This is because the well-defined
pore structure not only improves mass transportation of Li-ions but also provides sufficient space
for the infiltration of N-rich precursor molecules as well as a large surface area for lithium ions
to be stored. Lastly, the conductive carbon-based framework is also important. Carbon has high
electrochemical/chemical stability and high electrical conductivity, which helps to synthesize

electrode materials for a long-term application.
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Figure 24. Three criteria for all-carbon composite hybrids to obtain high performing LIC anodes.

Based on the three criteria mentioned above, the subsequent chapter attempts to evaluate this by
synthesizing and analyzing certain composite model materials by structure and electrochemical
properties. In Chapter 3, a meso/microporous carbon zinc oxide-templated carbon (ZTC)
particulate material will be synthesized and then an organic precursor HAT-CN
(hexaazatriphenylene-hexacarbonitrile) which has a high content of nitrogen will be filled into
the pores of ZTC after the condensation. This 0-dimensional all-carbon composite will be firstly
analyzed in view of the question how the pore structure in the hybrid can be controlled. By facile
change of synthetic parameters and ratios of each component, it will be shown that tunable pore
structure of the composite is easily achievable. In addition, the HAT/ZTC hybrid will be

examined on how the pore structure is connected to Li-ion storage properties as LIC electrode. In
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this regard, the results will allow deeper insights into Li-ion dynamics in different pore systems,

and for different HAT:ZTC ratios.

In Chapter 4, a commercially available carbon fiber (ACF) will be utilized as a 1-dimensional
nanoporous carbon matrix to form various nanocomposites with melamine. Compared to HAT in
chapter 3, melamine can be polymerized as nitrogen-rich structure from low cost precursors and
in a rather simple synthetic process, resulting in a promising potential for large-scale application.
The pore structure of the 1-dimensional fibrous composite is simply modified by the mass ratio
of melamine precursor and ACF. Since ACF has ultra-micropores, it will be analyzed by gas
physisorption techniques with various absorbates at different temperatures. Based on the
analyzed physisorption data, the numerical structure-property relationships will be calculated out
not only from total pore volume but more specifically from ultra-micropore volume.
Consequently, it will be possible to point out which structural analysis is the most suitable to

examine the ultra-micropores, and how these pores affect the LIC performance.

All fabricated electrode materials selected in Chapters 3 and 4 are all-carbon composites that
fulfill the three basic criteria (i.e. they are hierarchical porous carbon materials with high surface
polarity) as suggested above. From analyzing the following results it will be possible to get a
better understanding on how hybrid all-carbon composites interact with lithium ions on the
nanoscale as well as how structural properties affect the energy storage performance. Based on
this understanding derived from the applied model materials, it will become possible to provide

rational design strategies towards practical hybrid materials for efficient electrodes in LICs.
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3. 0-Dimensional HAT/ZTC all-carbon composite materials for

lithium storage”

3.1 Background and current research

As discussed in Chapter 1.2.3 and 1.2.4, both LIBs and EDLCs are major energy storage,
however, LIBs have high energy density (250-280 Wh kg™) with low power density (1 kW kg™)
while EDLCs have low energy density (~10 Wh kg™) with high power density (10 kW kg™),
respectively,[%8181:226233.2761 T4 gyercome this trade-off, the development of hybrid LICs with
fast charging speed, large capacity, and long lifespan is a worldwide goal for the near future as
explained in Chapter 1.2.5.27%?"°1 The nanoscale all-carbon composite hybrids in Chapter 1.2.6
may overcome this dilemma.[?**#°! To achieve the all-carbon composites with heteroatom-rich
porous structure in small dimensionality as suggested in Chapter 2, ZTC is one of the excellent
candidates due to its well-developed hierarchical pore structure and conductive carbon matrix.
The utilization of ZTC has been applied recently for sodium ion capacitor anodes and it has been
shown that ZTC with uniform mesopores and nitrogen-rich carbon synthesized within ZTC as
host by condensation of HAT-CN[**284 can significantly improve the energy storage capacity
and rate capability of the sodium ion capacitor anode in comparison to the individual compounds
or their physical mixture.”®) The low electrical conductivity of HAT-derived carbon is

compensated by the high conductivity of hosting ZTC matrix and thus electron transport and

"Parts of this chapter are adapted from the publication: J. Hwang, W. Zhang, S. Youk, K. Schutjajew and M.
Oschatz, “Understanding Structure-Property Relationships under Experimental Conditions for the Optimization of
Lithium-lon Capacitor Anodes based on All-Carbon-Composite Materials”, Energy Technol. 2021, 9(3), 2001054.
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metal storage can be combined in such a composite material. Even though this proof-of-principle
has been successful, structural characteristics of the materials and their influence on the
electrochemical characteristics are poorly understood and remain to be optimized. For instance,
the loading of nitrogen-rich carbon should be chosen as high as possible to increase the number
of ion adsorption sites without decreasing the electrical conductivity of the overall composite too
much. It also remains an open question if comparable effects and conclusions as observed for
sodium storage with such composites hold also true for the storage of smaller lithium cations as

in L1Cs.[%2%%1

To address these questions, a series of all-carbon composite materials with different HAT-CN
loading has been synthesized at different temperatures. A fast and a slow drying procedure have
been applied to investigate the influence of the homogeneity of the composites. The differences
in textural and chemical properties between the samples have been investigated and are linked to
the properties of the materials when applied as anode materials for LICs. It becomes evident that
all these “regulation screws” have an important influence on the pore structures and chemical
properties of the resulting composite materials. This, in turn, has strong influence on their

electrochemical properties.
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3.2 Hierarchically porous ZTC carbon and N-rich HAT for the

composite formation

Figure 25(a) illustrates the procedure to prepare HAT-ZTC composite materials. ZTC was first
synthesized through the hard templating method using 20 nm-sized ZnO nanoparticles as
porogen and sucrose as carbon precursor following a recently reported procedure.™! After the
heat treatment at 950 C under inert atmosphere and washing with hydrochloric acid solution,
ZTC with hierarchical micro- mesopore structure was obtained. In the next step, HAT-CN
monomers were dissolved in dimethylformamide (DMF) and infiltrated into ZTC at a HAT-
CN:ZTC mass ratio of 2:1, 4:1, 6:1, and 8:1, to produce composites denoted as HAT2, HAT4,
HAT®6, and HATS, respectively. The influence of the evaporation rate of DMF was studied by
applying different drying procedures after the mixing. Slowly evaporated composites (denoted as
“s-HATX”) were dried in a drying oven under air at 60 C for 2 days first followed by heating in
a vacuum oven. On the contrary, the fast evaporated composites (“f-HATX”) were dried directly
in the vacuum oven at 60 C overnight. After infiltration of ZTC with HAT-CN, the latter was
condensed through additional heat treatment at 550, 700, or 1000C to form HAT-ZTC
composite materials. A physically mixed sample (denoted as “pm-HAT-ZTC”) obtained by
grinding ZTC and HAT-CN (treated at 1000°C) in a mortar was also synthesized to investigate

the impact of composite formation.

-63-



3. 0-Dimensional HAT/ZTC all-carbon composite materials for lithium storage
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Figure 25. (a) Synthesis of HAT-ZTC composites. Depending on the different method for HAT
loading, the composites are denoted as fast-evaporated (f-HAT-ZTC), slow-evaporated (s-HAT-
ZTC), and physically-mixed (pm-HAT-ZTC) composite. SEM images of (b) f-HAT4-550 and
(c) s-HAT4-550 as well as (d) EDS mapping of carbon and nitrogen distribution in f-HAT4-550.

Elemental analysis (EA) shown in Table S1 has been exemplarily performed for composites that
underwent fast drying after condensation at different temperatures. Pure ZTC, pure HAT-1000,
and pm-HAT-ZTC have been measured for comparison. For a given condensation temperature of

f-HATX samples, the nitrogen content is higher in all cases after loading with a higher amount of
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HAT-CN. In addition, it can be seen that the nitrogen content decreases with increasing
condensation temperature, in agreement with previous studies.™¥) Condensation of bulk HAT-
CN at 700°C or below leads to the formation of a C,N-like material with a high content of

n.1284-2861 |n contrast, the material obtained from HAT-CN condensation at

pyrazinic nitroge
1000°C is a rather ordinary N-doped carbon with a lower overall nitrogen content, mainly
bonded in graphitic structure motives. Thermogravimetric analysis (TGA) curves of the ZTC
infiltrated with different amounts of HAT under N; and synthetic air atmosphere are shown in
Figure S1(a). As ZTC is not losing mass upon heating under inert atmosphere, higher loading
with HAT is the reason for higher mass loss during heating up to 1000°C. Under air, all HAT-
loaded ZTCs expectedly show full mass loss up to ~700°C. From the corresponding DTG curves
shown in Figure S1(b), it can be seen that the condensation of HAT-CN starting at a temperature
slightly above 500°C is followed by oxidative decomposition and/or depolymerisation of the
materials slightly below 700°C. As can be seen in Figure S1(c) and S1(d), the physical mixture,
HAT-1000 and the f/s-HAT4-550 composites expectedly show complete mass loss upon heating
to 600-700°C under synthetic air as well. The physical mixture of polymerized HAT and ZTC as
well as HAT-1000 has apparently lower thermal stability in comparison to the composites. The
highest temperature necessary for full mass loss is observed in s-HAT4-550. This indicates that

there is a difference in structure and resistance against thermal decomposition or oxidation

between the two composites.

As shown in scanning electron microscopy (SEM) images in Figure 25(b) and 25(c), f-HAT4-
550 has a non-homogeneous HAT-derived carbon distribution with some disk-like particles

present on the surface of ZTC. Such morphology is typical for HAT-CN and its condensation
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products as shown in Figure S2. EDS mapping shown in Figure 25(d) confirms a relatively low
uniformity of HAT-CN deposition on ZTC after fast drying as the amount of nitrogen present on
the external surface of ZTC shows clear differences between different areas. In contrast, s-
HAT4-550 does not contain apparent HAT-like structures on the external surface of the ZTC.
This is indicating that unwanted deposition of HAT-CN outside the internal pores of the ZTC
host carbon occurs when the solvent is evaporated fast. Slow drying seems to be crucial to obtain

a uniform composite with the HAT-CN uniformly embedded inside ZTC pores.
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3.3 Structural characterization of HAT/ZTC composites

N physisorption analyses shown in Figure 26(a) and summarized in Table S2 result in a type
IV(a) isotherm for pristine ZTC with a high nitrogen uptake below a relative pressure of p/pg =
0.1 with a constant slope from 0.1-0.7, and a hysteresis loop in the range from p/po = 0.7-1.0.
This indicates that a large volume of micropores is combined with mesopores in this material
leading to a high specific surface area of 1520 m? g™ and a total pore volume of 2.55 cm® g™. All
mesopores seem to be well accessible as no sign of cavitation can be seen in the isotherm. In
contrast, HAT-1000 shows a type | isotherm which proves its predominantly microporous
structure.” The isotherm of pm-HAT-ZTC sample lies between that of HAT and ZTC but with
low mesopore content resulting from the HAT-1000:ZTC mass ratio of 6:1. As can be seen in the
inset of Figure 26(a), the shape of the hysteresis loop of ZTC is fully maintained, revealing that
physical mixing of HAT does not affect the pore system of ZTC. Unlike the physical mixture,
however, f-HAT and s-HAT composites (data is exemplarily shown for s-HAT4-550 and f-
HAT4-550 in Figure 26(a)) show changed hysteresis loops with signs of cavitation and reduced
total pore volume in comparison to the physical mixture. This is a clear sign that the pore
structure of ZTC is altered and filled with HAT condensation products. s-HAT4-550 shows a
lower total nitrogen uptake and a more significant change of the hysteresis loop in comparison to
f-HAT4-550. This confirms that a larger portion of the ZTC mesopores is filled with HAT-

derived carbon after slow drying.
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Figure 26. (a) N, physisorption isotherms (77 K) and corresponding (b) differential and (c)
cumulative pore size distributions as well as (d) CO, physisorption isotherms. Materials
characterization of ZTC, HAT-1000, pm-HAT-ZTC, f-HAT4-550, and s-HAT4-550 by (e)

Raman spectra, and (f) powder XRD diffraction patterns.
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These structural differences between the samples are also becoming visible in the differential and
cumulative pore distribution curves shown in Figure 26(b) and Figure 26(c), respectively. In
case of pristine ZTC, there is a contribution to the total pore volume coming from micropores
below 2 nm as well as from mesopores centred at ~4 nm and 10-12 nm. The physical mixture
pm-HAT-ZTC has pores in the same size range. A minor but notable contribution to the overall
pore volume still seems to originate from unfilled ZTC pores with diameters above 10 nm. The
pore size distribution of ZTC changes significantly after loading with HAT-CN and its
condensation but depends on the applied drying process. In both composites, the micropore
volume decreased in comparison to unfilled ZTC. A larger volume of large pores is still present
after fast drying. This is again confirming a more homogeneous infiltration of the ZTC pore
system with HAT-CN when slow drying is applied. ZTC micropores are apparently all well
filled with HAT-CN but slow solvent removal seems to be crucial for deposition of the precursor
molecules for nitrogen-rich carbon inside the larger pores of ZTC instead of deposition on the
external surface of the particles. Nitrogen physisorption data of the entire series of prepared
composites as well as the condensation products of pure HAT-CN at different temperatures and
the corresponding pore size distributions are shown in Figures S3-S10 and summarized in
Figure S11 and Table S2. The fact that higher condensation temperature of bulk HAT causes an
increase in SSA and pore volume is known from previous studiesi™®*?! and also becoming
obvious in all composite materials independent of the drying method and loading of HAT-CN.
This in combination with the lower condensation yield at higher temperature (i.e., the higher
mass loss of the sample) is responsible for the observed increase of the mass-specific porosity of

the composites with a given loading and drying procedure. As another general trend, it appears

- 69-



3. 0-Dimensional HAT/ZTC all-carbon composite materials for lithium storage

that the SSA and pore volume of all composites decrease at higher HAT-CN loading at all
temperatures applied and for both drying methods. This is reasonable as the condensation
products of HAT-CN have less SSA and the pore volume than ZTC, so the corresponding values
of the composites decrease at higher content of N-doped carbon. Finally, for all loadings and
condensation temperatures, the slow drying method results in composite materials with lower
total pore volumes in comparison to the fast drying method. This confirms that a more

homogenous pore filling can be achieved with slow drying over a wide range of HAT/ZTC ratios.

CO; physisorption isotherms have been measured at 273 K for selected samples as well and are
shown in Figure 26(d) and Figures S4, S5, S6, and S10. All nitrogen-doped carbon-containing
samples show strong interaction with CO, as shown by the high uptake at low relative pressures
in the range p/po = 0 - 0.005. The total CO, uptakes at p/po = 0.03 is in line with the micropore
volumes detected by nitrogen physisorption measurements. Micropores of ZTC seem to be
blocked after loading with HAT-CN and condensation. In all cases, the isotherms are becoming a
rather linear shape for materials with lower nitrogen content, that is, with lower HAT-CN
loading or with higher condensation temperature. This is caused by the fact that the surface of
nitrogen-doped carbons has a stronger interaction with polarizable CO, molecules which can be

expected to act as “lithiophilic sites” as well.

Raman spectra are shown in Figure 26(e) and Figure S12. All spectra can still be fitted with a

4-band model 2%

It is becoming obvious that the width of the peaks decreases with lower
content of HAT-derived carbon and after condensation at higher temperatures. While
condensation at 550 or 700°C leads to remarkably nitrogen-rich materials with a high content of

pyrazinic nitrogen and minor contribution of 6-membered carbon rings (responsible for the D-
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band), ZTC and composites containing HAT-derived carbon condensed at 1000°C rather show
the Raman characteristics of ordinary defect-rich and porous sp?-dominated carbon materials
with shaper and more intense D-bands but less intense and broadened D, and A bands. G-bands
are shifting towards larger wavenumbers with higher condensation temperature due to the
decreasing contribution of C-N bonds and the increasing dominance of C-C bonds. Such
materials are expected to have a lower intrinsic affinity to Li-ions but at the same time a higher

electric conductivity.

Powder X-ray diffraction (XRD) patterns have been measured and are shown in Figure 26(f),
Figure S13 and S14. All materials show XRD curves as typical for highly porous carbon
materials without long-range ordering. In some cases, broad reflexes at ~26° and ~47° can be
seen which are characteristic for stacking into graphite-like domains. Their intensity is, however,
not directly representative for the “graphitization” in such a material as it can be overshadowed
by scattering intensity from the pore systems at low angles. This scattering intensity is high for
ZTC and generally increasing when HAT is carbonized at higher temperatures, which is in line
with the physisorption measurements. In all samples where HAT was carbonized at 1000°C the
(002) reflection at 26° only appears as shoulder whereas the (101) reflection at 47° appears
relatively sharp. As a clear difference, it can be seen that the XRD patterns of f-HAT samples are
rather similar to bulk HAT-derived carbon materials for a given condensation temperature as
compared to the corresponding s-HAT material. This is another indication for the structural

differences caused by the chosen drying protocol.
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3.4 Structure-related electrochemical performance of the composite

as LIC anode materials

Regarding to the application in LIC anodes, the resistances of composite and cell are of crucial
importance as well. This has been experimentally confirmed by measuring electrochemical
impedance spectroscopy (EIS). The Nyquist plots displayed in Figure 27(a) elucidate that all
composite electrodes have different resistance. Among all samples, s-HAT4-550 has lower
intrinsic resistance in comparison to ZTC and other composites.[?®”2%] This difference may arise
from the uniform carbon coating on the surface of ZTC after slow drying. The nonpolar ZTC
surface with lower content of heteroatoms does not have high-energy stabilization sites for Li-
ions and electrolyte solvent molecules, resulting in the formation of an inferior interface between
electrode and electrolyte. On contrary, HAT containing composites ensure high affinity between
Li-ions and the electron-donating nitrogen atoms contributing a strong chemical interaction in
contrast to rather capacitive Li storage into the pores of ZTC.[%%%° Homogenous distribution of
nitrogen-rich carbon in s-HAT4-550 leads to reduced resistance compared to f-HAT4-550, while

pm-HAT-ZTC lies between ZTC and HAT-1000.

Full electrochemical characterization of the all-carbon composites and related reference samples
has been carried out to conclude on the relationships between their structures and properties as
anode materials in LICs. Figure 27(b) represents the relationship of the 1% lithiation capacity as
shown in Figure S15 and the irreversible capacity loss (calculated by the gap between the 1%
lithiation capacity and the reversible capacity of the second cycle) with the total pore

volume and BET surface area. Larger pore volume and SSA clearly induce an increased portion
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of irreversible capacity due to the SEI layer formation which seems proportional to the surface
area of the electrode that is accessible for the electrolyte. High surface area ZTC shows large
capacity decay after the 1% cycle. The changed pore structure and pore filling by composite
engineering with N-doped carbon slightly decreases the capacity loss in the composite electrodes.
However, even after composite engineering, huge capacity loss occurs as it is typical for highly
microporous and defect-rich carbons. This disadvantage could possibly be minimized by the use
of artificial SEls or solvent-free electrolytes.®**? Galvanostatic charge-discharge profiles
between 0.0 and 3.0 V (vs. Li/Li*) of a half cell test at a current density of 0.1 A g™ are shown in
Figure 27(c). Under the conditions of these measurements, all curves represent a rather
capacitor-like behaviour shape dominated by sloping capacity without clear plateaus due to the
absence of complete and specific electron-transfer processes between electrode and lithium ions.
Although ZTC displays the highest capacity at the initial cycling, it degrades rapidly to
381.7 mAh g? in the 5™ cycle. On the other hand, s-HAT4-550 maintains a capacity of
411.2 mAh g* in the 5" cycle. This is not only significantly higher than the capacity achieved by
HAT-1000 and pm-HAT-ZTC but also exceeds f-HAT4-550. Although the nitrogen-content and
chemical bonding motives in both samples are comparable, the intimate contact between both
phases and more homogeneous structure of s-HAT4-550 apparently has a significant positive
impact on the lithium storage. s-HAT4-550 not only prevails over other materials in terms of
capacity but also in terms of rate capability as summarized in Figure 27(d) and Figure S16. At
0.1, 0.2, 0.5, and 1.0 A g™, the averaged discharging capacities are calculated as 409.4, 322.8,

247.8, and 180.2 mAh g, respectively.
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Figure 27. (a) Nyquist plots, (b) correlation between the 1% cycle irreversible capacity of LIC

and the pores structures, (c) charge-discharge voltage profiles (5" cycle) at 0.1 A g*, and (d)

comparison of discharge capacity measured at different current rate (averaged by 4 cycles each at
0.1,0.2,0.5, 1.0 A g™") of ZTC, HAT-1000, pm-HAT-ZTC, f-HAT4-550, and s-HAT4-550.

All capacity data for samples obtained at different temperature, ratio, and drying rate are

summarized in Figure S17. Interestingly, the capacitance does in tendency increase after

carbonization at higher temperatures for composites that underwent the fast drying procedure but

show different behaviour for the slowly dried materials. This could indicate that a redistribution

of HAT-derived N-doped carbon takes place at condensation temperatures higher than 550°C.
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The negative effect of inhomogeneous mixing between ZTC and HAT-CN after fast drying can

thus be minimized when the condensation is carried out at higher temperature.
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Figure 28. (a) Rate capability test of s-HAT4-550 from 0.1 to 10 A g™, and (b) galvanostatic
charge-discharge profiles of each current rate. (c) Long-term operation result (100 cycles at 0.5
A g1 of s-HAT4-550 and f-HAT6-1000 with the coulombic efficiency (C.E.) and discharging
capacity retention compared to the initial capacity. (d) Specific discharge capacity of composites

per unit mass (gram) of HAT-derived N-doped carbon plotted against condensation yield.

The rate capability of s-HAT4-550 was investigated in the range from 0.1 to 10 A g* as shown

in Figure 28(a) and 28(b). At 2, 5, and 10 A g™, the averaged specific capacities are 122.4, 57.3,
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and 27.6 mAh g™, respectively with corresponding coulombic efficiencies of 97.9, 96.8, and
96.1%. A long-term cycling test shown in Figure 28(c) also confirms that s-HAT4-550 has a
high reversibility during continuous charging-discharging. Even though the initial capacity of f-
HATG6-1000 is higher, it rapidly decayed compared to s-HAT4-550 as shown in Figure S18.
After 100 cycles of operation at 0.5 A g™, the capacity retention of f-HAT6-1000 is 57% while
that of s-HAT4-550 maintains 72% of its initial capacity. The capacity comparison for f-HAT

composites is summarized in Figure S19.

Within such an optimization study, it is also practically important to maximize the capacity per
used mass of HAT-CN precursor. In Figure 28(d), discharging capacity of all composites
measured at 0.1 A g™ divided by the mass of HAT-derived N-doped carbon are plotted versus
the condensation yield (including the unchanged mass of ZTC). Among all composites, s-HAT4-
550 shows the highest condensation yield and 307.1 mAh g™ of capacity per gram of HAT-
derived carbon. For comparison, the yield and capacity per HAT-derived carbon of f-HAT6-
1000 is 35.7% and 90.5 mAh g, respectively. This is showing the importance of raw material
use for the composite design, which is another important aspect that has to be taken into account

in addition to simple electrochemical data.

Based on the criteria suggested in Chapter 2, it was successful in this chapter to bridge the pore
structure of lithiophilic all-carbon composites and the electrochemical properties of LICs. Based
on this discovery, it is expected that there could be also a similar relationship between the pore
architecture and LIC performance in higher dimensions. Therefore, in the next chapter, the
influence of hierarchical pore structure on the electrochemical performance of LICs with 1-

dimensional all-carbon composites will be discussed.
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4. 1-Dimensional all-carbon composite materials for lithium

storage

4.1 Background and current research

In Chapter 3, powder-based all-carbon composites (HAT/ZTC) were applied as anode for LICs.
It proved that the lithiophilic pore structure of the composite influences the interaction between
lithium ions and the anode surface, leading to enhanced lithium storage capability. Both a high
density of interaction sites and an enlarged interface area with high porosity are helpful to
enhance the capacity of LICs.”2%?® However, it remains a difficult task to achieve uniform
lithiophilic sites and the necessary electric conductivity at once by 0-dimensional all-carbon
composites. This is because of the random size and shape of carbon powder and the interfacial
resistance between each composite carbon particle. Hence, electrode materials combining 1-
dimensional carbon substrates to make all-carbon composites are a promising alternative.[?¢%2%
In particular, nitrogen-rich and hierarchically porous fibers are a suitable couple for anode in LIC
if they have chemical compatibility facilitating nanoscale mixing. At the same time, they are
fulfilling complementary tasks, namely Li-ion storage in N-doped and electron transport through
the 1-dimensional carbon matrix. While 1-dimensional composites are getting more and more
established and synthetic approaches towards such nanoscale hybrid materials are constantly
developed,1?27°2%] systematic studies, as well as understanding of the influences of the ratios of

the individual compounds and the porosity of the nano-mixtures are still not abundantly available.
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To provide a more profound understanding of the pore structure-electrochemical performance
relationships in 1-dimensional system, melamine-derived uniform N-rich carbon has been
engineered into nanohybrids with porous carbon fiber matrices in this chapter. Melamine is used
as precursor for N-rich carbon(nitride) that is uniformly coated and condensed over the pristine
carbon material through deposition from the gas phase in an infrared (IR) oven,?****! leading to
homogeneous distribution of lithiophilic sites within a conductive framework. A simple change
of the ratio of carbon fibers to melamine has been applied to control the chemical composition
and pore structure of the hybrids. Electrochemical characterization of the synthesized materials
as LIC anodes allows concluding on the influence of micropores or ultra-micropores and of N-

rich lithiophilic sites on Li storage capacities and rate capabilities.
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4.2 Synthesis of microporous carbon fibers infiltrated by melamine

(a)

Carbon fabric

Low loading

Melamine

IR oven
N,
550°C 30 min

Activation High loading

Air
420°C 30 min

Physical mixture
with 550°C heat-treated
Melamine

Porous carbon fiber

(b) ace

‘ P -, i
Figure 29. (a) Preparation of carbon fiber/melamine hybrid materials (Cx-My) with different
amounts of melamine as well as (b) SEM images of ACF and Cx-My materials prepared with
low (C4-M1), medium (C1-M1), and high (C1-M4) melamine content.

-79-



4. 1-Dimensional all-carbon composite materials for lithium storage

Figure 29(a) depicts the preparation procedure of nanohybrid materials by condensation of
melamine on commercially available porous carbon fibers (Kynol activated carbon fabric ACC-
5092-20 with 1800 m? g* of specific surface area) as the conductive framework. Oxygen-
containing surface functional groups introduced by activation of the carbon fibers at 420°C for
30 min under ambient air increase the surface polarity of carbon and provide anchoring sites for
melamine deposition thus ensuring sufficient wetting of the carbon surface and the formation of
a homogeneous nano-mixture.®*?" For that purpose, melamine and ACF were mechanically
mixed and placed in a crucible into an IR oven followed by fast heating to 550°C for 30 min
under N, flow to decompose, redepositing and polymerizing melamine (a typically applied
precursor and temperature for synthesis of carbon nitride, C3N,4) to a nitrogen-rich carbon phase
inside of the ACF by a chemical-vapour deposition-like process.[?®>2%]. Prepared composites are
denoted as Cx-My, where x and y represent the mass ratio of ACF (x) to melamine powder (y)
before the heat treatment. For the preparation of the physical mixture pm-C1-M2, melamine was
heated in the IR oven to 550°C for 30 min and mixed with ACF in the same ratio as N-rich
carbon and ACF are present in C1-M2 after thermal infiltration (assuming that the heating does
not affect the mass of ACF). Figure 29(b) shows the SEM images of ACF, C4-M1, C1-M1, and
C1-M4. The fiber-like morphology is maintained after melamine loading and condensation.
While samples with less melamine precursor still have apparently an open porosity comparable
to the ACF, C1-M4 seems to be overloaded with N-rich carbon as it has a rather dense
appearance and even contains typical flake-like polymerized melamine on its external surface.
Energy-dispersive X-ray spectroscopy (EDX) measurements of the sample C1-M2 shown in

Figure S20 prove that nitrogen-containing species indeed infiltrated pores over the entire cross
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section of the fiber during thermal infiltration. EA data and the areal weight of composite
electrodes as shown in Table S3 and Figure S21, respectively, also suggest that the higher
content of melamine in the precursor mixture improves the weight content of nitrogen. This
renders direct vapour-phase infiltration of ACF with decomposed melamine a suitable method
for the synthesis of carbon/N-rich carbon composite materials with controllable nitrogen content.
The overloading of ACF in case of C1-M4 can also be seen in the optical images of various
nano-mixtures as shown in Figure S22. The material prepared with the highest melamine
loading clearly has a much brighter colour resulting from condensed melamine on the external
surface of the carbon fibers. This also indicates that the external condensation of melamine in the
highly loaded sample increases the areal mass compared to the limited increase from C1-M1 to

Cl-M2.
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4.3 Pore structure analyses of Cx-My composites with different

absortives

SEM images of melamine treated at 550°C (Mel-550), C1-M2, and the pm-C1-M2 are shown in
Figure S23. Mel-550 indeed shows the typical flake-like morphology. In case of pm-C1-M2, the
external surface of carbon fibers is covered with large chunks of condensed melamine resulting
in an appearance that is comparable to the overloaded C1-M4 composite. However, filling of the

narrowest pores in the ACF is unlikely to occur with simple physical mixing.
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Figure 30. (a) N, physisorption isotherms (77 K) of Cx-My materials, (b) corresponding
differential and cumulative (inset) pore volume. The physisorption isotherms by (¢) CO, at 273
K and (d) water vapor at 298 K. (e) Ratio between the water uptake at p/po = 0.4 (No4) and the

total water uptake (Niotal)-
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Results of gas physisorption analyses with different adsorptives are shown in Figure 30 and
Table S4. N, physisorption isotherms at 77 K shown in Figure 30(a) indicate that ACF and Cx-
My mixtures have a type | isotherm, as typical for microporous materials.'’¥ As expected, the
V1ot Of the composites decreases as the content of melamine increases. Based on the areal mass
of electrodes summarized in Figure S21, the mass increase of fabricated Cx-My in comparison
to the ACF ranges from ~20% to more than 100%. On the other hand, the corresponding
decrease of the V1o exceeds the mass ratio of melamine loaded. This further suggests that
condensed melamine is not only located on the surface of carbon fibers but that a rather large
amount is infiltrated inside of the micropores of ACF, supporting the hypothesis of a nanoscale
hybrid material formation by the performed thermal decomposition-redeposition strategy. This is
also confirmed by pore size distributions shown in Figure 30(b). The pore volume of ~2.5 nm
sized pores and especially of the pores below 1.0 nm is reduced as the content of melamine
increases without any severe change of pore size. The quantity of adsorbed N, goes down close
to zero for the highly loaded composites C1-M2 and C1-M4. On the one hand, condensed
melamine leads to complete blocking of the pores of the ACF, but the presence of smaller pores
that remain undetected by nitrogen at cryogenic temperatures cannot be ruled out. CO; has not
only a smaller kinetic diameter (3.30 A) than N, (3.64 A), but an approximately 3 times

higher quadrupole moment than N,.!*0%1%3:281]

It is therefore most likely a more suitable
adsorptive for analysis of the ultra-micropore structure and the Li* interactions at the
electrode-electrolyte interface in LICs. CO, physisorption analyses are performed at two

different temperatures (273 K as shown in Figure S24 and 298 K as shown in Figure 30(c)), and

corresponding ultra-micropore volumes (Vuiramicro) Calculated by the non-linear density
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functional theory (NLDFT) are summarized in Table S4. The data confirms the trend observed
from N, physisorption analysis that higher melamine loading leads to blocking of pores due to
the formation of nanoscale carbon/N-rich carbon materials. Water physisorption analyses can be
an even more reliable method to analyze porosity that is available for Li* storage due to the small
kinetic diameter of H,O molecules and their high polarity.?**3%! Water physisorption isotherms
shown in Figure 30(d) again indicate that the total water uptake (Ntota) is reduced as the ratio of
melamine-derived carbon in Cx-My increases, but the adsorbed amount does not go down to
zero even for C1-M4. While ACF and the composites with lower melamine loading have high
water uptake with the typical broad hysteresis that is observed for microporous carbon
materials,’*) C1-M2 and C1-M4 have a less pronounced hysteresis. This is most likely due to
their smaller micropores which do not provide enough space for phase transitions of water
molecules. Accordingly, the water uptake at p/pp = 0.4 (Ng4) In relation to Nto at the highest
relative pressure is significantly higher for C1-M2 and C1-M4 as shown in Figure 30(e). This
comparison confirms their pronounced hydrophilic character and small pore size as water-pore
interactions seem to be dominant in comparison to the other samples where water-water

interactions play a more important role.[235:0%302]

-84-



4. 1-Dimensional all-carbon composite materials for lithium storage

4.4 Structure-related electrochemical performance of the composite

as LIC anode materials
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Figure 31. (a) Galvanostatic voltage profiles of the 3" cycle (at 0.1 C) of ACF and Cx-My
materials and corresponding (b) irreversible capacity loss and reversible capacity. (c) Correlation
between the irreversible capacity loss and the mye and my as well as (d) correlation between
reversible capacity, the pore structure (Vtotal, Vuitramicro), and water uptake ratio (No.4/Ntotar)

calculated from water physisorption analyses (see Figure 30(e)).

The electrochemical performance of the Cx-My samples as LIC anode material has been

investigated to conclude on the influence and interplay between the ratio of N-rich carbon/carbon
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and the porosity on the Li storage capacity and mechanism. Galvanostatic voltage profiles of Cx-
My materials and ACFs measured in half-cell tests as shown in Figure S$25 at a rate of 0.1 C (3"
cycle) are summarized in Figure 31(a). From 3.0 — 0.0 V vs. Li/Li", the profile is dominated by
sloping capacity which refers that ACF and composite electrodes store Li-ions at the electrode-
electrolyte interface mostly by a capacitive mechanism without significant contribution of charge
transfer.2%3%! As shown from the averaged data from three experiments as displayed in Figure
31(b), ACF shows not only the highest capacity but also the highest initial irreversible capacity
loss (calculated by subtracting capacity in the 3 cycle from the 1% lithiation capacity as shown
in Figure S26) due to its high Vo and specific surface area, providing many defect sites
available for the irreversible formation of the SEI Iayer.[3°5] The emerging plateau (~0.3 V vs.
Li/Li") during the first cycle most likely represents beginning of partial electron transfer from the
carbon materials to lithium ions.% Likewise, Figure 31(c) shows that there is a decrease of the
irreversible capacity loss with an increasing content of melamine (mye) and nitrogen (my) in the

Cx-My materials.

Moreover, the pore structure of the composite also largely affects the reversible capacity values
as shown in Figure 31(d). The capacities per Vot and Vuyiramicro are both the highest in C1-M2.
This is following a similar tendency as the No.4/Nota Calculated from water vapor physisorption
shown in Figure 30(e). As discussed, water is a very suitable probe molecule to conclude on the
Li storage properties of the Cx-My materials.*”! C1-M2 with its pronounced hydrophilic
character represents the highest reversible capacity per pore volumes as well. Likewise, the pore

volume available for Li storage is best to be determined by the adsorption of a polar gas whereas
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the pore volume from established adsorptives like N, and Ar at cryogenic temperatures can

easily lead to misleading expectations on the electrochemical properties of a given material %!

To investigate the C-rate dependence of LIC electrodes from Cx-My materials, rate capability
tests were conducted in the range from 0.1 to 1.0 C as shown in Figure 32(a). At a low rate of
0.1 C, C4-M1 shows 180 mAh g discharge capacity (averaged over 4 experiments), while ACF
has 254 mAh g™ at the same rate. 127 mAh g™ are measured for C1-M2 at 0.1 C as summarized
in Figure S27. Even though the capacities of Cx-My at low current rate are smaller than that of
ACF due to their inferior initial capacity, the capacity of Cx-My at 1.0 C of high rate becomes
comparable (averaged discharge capacities of ACF, C4-M1, and C1-M2 at 1.0 C are 19.6, 17.3,
and 5.5 mAh g, respectively). Nitrogen present in Cx-My increases the polarity of electrodes
and enhances electrolyte wetting as well as the lithium transport in small pores especially at high
rate.2%! This tendency is also observed in other Cx-My composites in Figure $28, and

corresponding averaged discharge capacities are shown in Figure 32(b).

Discharge capacities set in relation to Vrow (Figure 32(c)) and Vuiramico (Figure 32(d))
elucidate that C1-M2 shows superb capacity at all rates. This implies that the contribution of
micropores and ultra-microporous with lithiophilic sites to the capacity is not negligible even at
high current rate. A long-term cyclability test as shown in Figure 32(e) and Figure S29
confirms that C1-M2 maintains stable cycling during 50 charge-discharge cycles at 0.1 C. The
capacity retention of C1-M2 and ACF after this test equals to 74.7% and 61.1% of their initial

capacity, respectively.
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Figure 32. Rate capability tests of (a) ACF and C4-M1 from 0.1 to 1.0 C-rate, (b) discharge
capacities of ACF and Cx-My materials at different C-rates, and corresponding correlation
between discharge capacities and (€) Vot OF (d) Vuiramicro- (€) Long-term cyclability test of ACF
and C1-M2 during 50 cycles at 0.1 C.
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5. Conclusions and perspectives

The goal of this thesis was to synthesize lithiophilic all-carbon composites with various pore
structures to investigate how structural characteristics are expressed as electrochemical
characteristics when the material is used as a LIC electrode material. For this purpose,
hierarchically porous carbon was prepared, and a series of different composites was rationally
synthesized with a nitrogen-rich noble carbon-based material. Pore structure was controlled
through facile changes of synthetic factors such as a ratio of carbon vs. nitrogen-containing
materials or the application of a different drying protocol during the synthesis. As a result, the
finite composite formation on the nanoscale was achieved. To understand the structure-property
relations of composites as electrode materials in LIC, various gas adsorption analyses (N, CO»,
and H,O at different temperatures) were conducted and set in relation with the electrochemical
tests. Two main composite systems were elucidated for understanding the correlation between

pore structure and the performance of LIC.

In the first chapter as described in Figure 33 (Chapter 3), a particle-like (0-dimensional) all-
carbon composite was investigated. Porous all-carbon composites between ZnO-based hard-
templated carbon and nitrogen-containing HAT-CN derived N-doped carbon were fabricated and
applied as anode materials in Li-ion capacitors. The textures and chemical compositions of the
composites are influenced by the loading method and ratio of HAT-CN and by the condensation
temperature. Slowly dried s-HAT composites have a more uniform HAT distribution whereas f-

HAT composites that underwent faster drying have a less homogeneous mixing between both
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compounds. In the latter case, redistribution between HAT-derived N-doped carbon and ZTC can
occur after condensation at temperatures above 550°C. High nitrogen content and homogenous
mixing on the nanoscale improve the adsorptive storage of Li-ions at the interface between
electrolyte and composite materials. Consequently, the capacity achieved by s-HAT4-550 is
superior to the reference materials (ZTC and HAT-1000) and other composites (pm-HAT-ZTC,
f-HAT4-550) independent of the chosen current density. These results of this optimization study
elucidate the crucial relationship between the LIC cell performance, and the textures and
chemical compositions of all-carbon composite materials. Last but not least, it should be stressed
out that all the materials discussed here show capacitive lithium storage properties without a
distinct plateau. Redox-based processes are likely to occur if such materials would be utilized as
cathodes in LIBs and it remains an interesting question, if and how much improvement can be

expected when such a hybridization strategy would be applied on the other side of the device.

In the second project (Chapter 4), a fiber-structured (1-dimensional) all-carbon composite was
investigated. Homogeneous nitrogen-rich all-carbon nanohybrid materials (Cx-My) were
fabricated by simple heating of the mixture of porous carbon fibers and melamine in an IR oven.
The Vo and Vuiramicro are regulated by the ratio of mixed melamine and carbon fibers, which
also influences the surface polarity of the mixtures. N,, CO,, and water physisorption analyses at
different temperature showed different polarities and pore accessibilities depending on the size
and polarity of the adsorptives. Among them, water physisorption provided the most conclusive
insights into the interplay between pore structure and lithiophilic character of the surface and the
properties of the Cx-My when applied as anode materials in LICs. Nanoscale mixing of both

compounds is necessary to efficiently combine lithiophilic sites and electric conductivity.
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Likewise, the content of nitrogen-doped carbon and remaining pore volume need to be carefully
optimized. Even though increased loading of melamine in Cx-My reduced the absolute values of
the capacity, it enhanced the reversibility of Li-ion storage due to the decrease of irreversible
processes. Cx-My hybrid materials also showed an enhanced rate capability and a long-term
stability compared to the ordinary activated carbon fibers. Especially, C1-M2 showed the highest
capacity per Vrow OF Vuiramicro €VeN at the high current rate, suggesting water physisorption can
be a powerful tool to understand the correlation between the pore structure and the

electrochemical performance of LICs.

N-rich hierarchical carbon composites
f-HAT-ZTC s-HAT-ZTC pm-HAT-ZTC

Liion éépacitor

Figure 33. Hierarchical composite materials of electrically conductive highly porous templated
carbon matrices with a nitrogen-rich carbon material are synthesized and characterized as anode
model materials for lithium-ion capacitors. Controlling uniformity, content of lithiophilic sites,
and pore structure of the composite is the key factor to achieve high and stable capacity.

Structure-property relationships of HAT/ZTC composites are analyzed in detail in Chapter 3.
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In conclusion, the results summarized from these two topics showed that the design of
homogeneous all-carbon composites was crucial for the properties of the LIC electrodes.
Especially, controlling or fine-tuning of pore structure was essential to obtain further
improvement, which led us to understand the fundamental knowledge of correlations between

structural characteristics and electrochemical properties of composites.

Even though there are open questions such as the mechanism of Li transport in the composites or
the changes of the pore systems during the charging-discharging process, it seems to be
important to provide materials with additional pathways and interacting sites. Another carbon
matrix possessing a hierarchical pore network and high electrical conductivity could be further
employed to investigate the structure-related Li storage properties and could also be optimized
towards its volumetric lithium storage properties which are often the more crucial benchmark for
practical applications. On the other hand, N-rich precursors with different types of heteroatoms
which induce a high surface polarity (or lithiophilicity) at the electrode-electrolyte interface
could be beneficial to widen the possibility to derive other types of interactions between the
alkali metal ions and active sites. Consequently, various sets of all-carbon composites could be
fabricated, resulting in novel composite materials not only for LIC electrodes but also for a new

range of applications like LIBs, electrochemical capacitors, and catalysis.[?*324!

Moreover, to achieve a “dream-electrode”, it is possible to utilize other hybrid candidates with
the similar principles discussed here besides all-carbon hybrid composites. Most of the
fundamentals also can be applied to carbon/non-carbon composites such as electrically
conductive carbon hybrid with non-carbonaceous functional materials which interact with Li-

ions by their high surface polarity.”?**! Or, hybrids between conductive non-carbonaceous matrix

-92-



5. Conclusion and perspectives

and carbon with high contents of functional groups are possible vice versa: Even though they are
not much feasible in reality since carbon-based materials have high chemical stability and high
electrochemical reversibility at relevant conditions. No matter which material combinations
would be the most effective composite system, the understanding fundamentals and lessons from
researches on all-carbon hybrid materials are critical to expanding the boundary, which links to

comprehension of other inorganic materials as well.

The traditional way (heat-treatment or infiltration) of all-carbon hybrids synthesis also can be
changed to alternative methods such as gas-phase deposition or laser-induced
carbonization.[?®2%"] As rarely investigated these methods could provide different points of view
and clues about confinement effects in the porous composites as well as details about the
individual reaction mechanisms. Consequently, such alternative synthetic approaches could lead
to further clearer elucidation for the ambiguous scientific questions behind carbon-based hybrid

materials.
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6.1 List of abbreviations

6. Appendix

Abbreviation

Full name

LIC
LIB
EDLC
SBA
MOF
ZTC
HAT-CN
ACF

IR

EA
SEM
EDX
TGA
BET
IUPAC
SSA
QSDFT
NLDFT

Lithium-ion capacitor

Lithium-ion battery

Electrochemical double layer capacitor
Santa Barbara amorphous-type material
Metal-organic framework
ZnO-templated carbon
Hexaazatriphenylene-hexacarbonitrile
Activated carbon fiber

Infra-red

Elemental analysis

Scanning electron microscopy
Energy-dispersive X-ray spectroscopy
Thermogravimetric analysis
Brunauer-Emmett-Teller theory
International Union of Pure and Applied Chemistry
Specific surface area

Quenched solid density functional theory

Non-linear density functional theory
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pm-
Vrotal
Vuitramicro
Mmel

My
EC/DEC

SEI

6. Appendix

X-ray diffraction

Electrochemical impedance analysis

Fast-evaporated

Slow-evaporated

Physically-mixed

Total pore volume

Ultramicropore volume

Mass of condensed melamine after the heat treatment at 550°C
Mass of nitrogen

Ethylene carbonate/Diethyl carbonate

Solid electrolyte interphase
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6.2 Characterization methods

Elemental analysis (EA)

EA is the technique to quantify the elemental chemical composition of a sample by combustion.
EA is preceded by three sequential steps: (1) the combustion step, (2) the reduction step for
generating small-molecule gases, and (3) the separation/detection of the formed gases. In detail,
the loaded sample is heated up to 1000°C under an oxygen atmosphere to fully oxidize it. After
that, the sample is turned into small gas molecules such as nitrogen, water, and carbon dioxide.
Finally, these generated gas molecules are classified and quantified. In general, EA detects
hydrogen, carbon, nitrogen, and sulfur, which are measured by the thermal conductivity sensor to
obtain precise quantification results. Here, a VVario Micro model is utilized for achieving the EA
result of C/H/N/S with the combustion analysis as mentioned above, and Mrs. Antje Vélkel?

produced data available in this thesis.

Scanning Electron Microscopy (SEM)

SEM is an imaging technique based on interactions between the target specimen and and electron
beam with high energy. The electron beam is generated in the vacuum chamber by an accelerated
electron gun which is located at the top of the microscope and vertically directed towards the
sample. By the utilization of electromagnetic field, this electron beam is accelerated and focused
as a fine spot by subsequent lenses to obtain meaningful analyzable signals. The resulting signals

contain information about the surface morphology and the chemical composition of the target.

’Max Planck Institute of Colloids and Interfaces, Am Muhlenberg 1, 14476 Potsdam.
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When the incident beam interacts with the specimen, X-rays and three types of electrons are
mainly produced: secondary electrons, backscattered electrons, and Auger electrons. SEM
generally detects secondary electrons and backscattered electrons from the produced signals. In

this work, the signal of secondary electrons is mainly used for imaging.

The excited secondary electrons can be detected at the surface of the target, because these
electrons generally have a low energy level and move only close to the surface for escaping from
the specimen. As a result, this signal is significantly sensitive to surface properties. It is possible
to understand the topology of the target surface since released electrons are mostly cumulated at
the edge curvatures or points. Moreover, the brightness of images can be fluctuated by the angle
of the incident electron beam. This is because the contrast gradient of the scanned image or
intensity of the signal is determined by the increased amount of secondary electrons. Based on
the contrast difference depending on the surface properties, SEM imaging provides 3-
dimensional images by monitoring signals from the interaction between incident electrons and

the specimen during scanning over it.

Unlike secondary electrons, backscattered electrons are applied when the specimen consists of
distinct chemical components with high contrast (e.g. heavy metal decorated carbon catalyst).
This is because the contrast of images is determined by the number of backscattered electrons.
Heavy atoms (i.e. atoms with a higher atomic number) release more backscattered electrons, and
the domain with a high concentration of these atoms is detected as brighter images than the
domain without them. In addition, as they possess comparably higher energy than that of
secondary electrons, it is effective to image the sample in deeper regions where a large

penetration depth is needed.
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For the better quality of imaging, conductive metal such as gold and platinum is sputtered on the
target with a few nanometer thicknesses, which facilitates the efficient release of the electrons by
making the surface more conductive. Thus, even the nanometer-sized structures also can be
visualized. In this work, Leo Gemini 1550 (Zeiss) SEM is utilized in Max Planck Institute of

Colloids and Interfaces, Potsdam.

Energy Dispersive X-Ray Spectroscopy (EDX)

EDX is the method that is often coupled to SEM to obtain qualitative chemical information about
the specimen. It is suitable for understanding elemental composition by identifying the energy
fingerprint of specific individual X-ray generated from certain elements of the sample. This X-
ray is irradiated when the accelerated electron beam excites the electrons in the inner orbitals,
resulting in holes at inner shell of the atom. After this release of the electron, generated electron-
hole is then occupied by the electrons of the outer shell with higher energy which releases X-ray
radiation. The energy of the released X-ray is determined by the energy gap between the energy
state of the inner shell and the outer shell. This X-ray shows characteristic lines at the distinct
energy level, which are detected in the emission spectrum. Commonly, the spectrum lines are
notated as the origin of the shell as K- or L-line where electrons are initially excited. Detected
characteristic lines are unique depending on the type of element so that it is possible to determine
which kind of element is contained in the sample as well as the atomic content by measuring the

number of released X-ray photons. Such detections enable both qualitative and quantitative EA.

This EDX machine is generally attached at SEM to utilize the same source of electron beam.

However, the penetration depth of the electron beam accelerated from the beam source of SEM
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is low so that the chemical composition of the sample can be analyzed only near the surface with
a broad area.** Even though EDX is not a suitable technique for bulk analysis as noted above,
it is facile and useful to comprehend the local elemental distribution of the sample surface with
different techniques including point, line, and mapping analyses. EDX analyses were carried out

using X-Max (Oxford instruments) after the Pt sputtering by Mrs. Heike Runge.?

Thermogravimetric Analysis (TGA)

TGA is a combustion method that allows quantifying physical phenomena
(adsorption/desorption of gasses, the loss of solvent, phase transition) and chemical phenomena
(pyrolysis, oxidation, the residue after the complete thermal decomposition).B!) It is commonly
utilized to evaluate the thermal stability of the sample. TGA analysis detects the mass change of
the sample at the constant rate of heating up to 1000°C in a controlled atmosphere (e.g. in inert,
oxidative, reductive gas, or in vacuum). During the thermal decomposition process, this mass
change is recorded as a function of time of temperature. In general, TGA can be coupled with a
mass spectrometer (MS) or Fourier-transformed infrared spectroscopy (FT-IR) to analyze the
generated gases from the decomposition. By this, detailed information on the composition of the
sample and the decomposition mechanism during the heating can be collected. In this work,
TGA analyzer located in Max Planck Institute of Colloids and Interfaces was used for the

analysis with Pt crucible and 10 mg of sample within the error of 1 mg.

*Max Planck Institute of Colloids and Interfaces, Am Mihlenberg 1, 14476 Potsdam.
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Gas Physisorption Measurements

The gas physical adsorption (physisorption) is an effective, well-known analysis to investigate
not only the porous structure of the materials, but also the texture of the pores including pore
dimension, surface polarity, and geometry. The process of physisorption is driven by van der
Waals interactions between the surface of the porous specimen (adsorbent) and the gas
molecules (adsorptive). As van der Waals force is a weak intermolecular force, the physical
adsorption is largely affected by the pore architecture as well as the interaction between
adsorbent-adsorptive. The shape of the physisorption isotherm is affected by all parameters
above as well as the related pore properties including Vo, SSA, and pore size distribution.
Those can hence be calculated based on the measured physisorption curves. In 2015, the IUPAC
announced the pore classification by the width of pore and which is named into three groups:
macropores (width > 50 nm), mesopores (50 > width > 2 nm), and micropores (width < 2 nm).t"®!
More specifically, the micropore can be further classified as supermicropores (2 > width > 0.7

nm) and ultramicropores (width < 0.7 nm).

To obtain the physisorption isotherms, either a gravimetric or a volumetric measurement is
applied after the selection of gas. In general, several subcritical fluids at cryogenic temperature
(N2 at 77 K or CO, at 273 K) are utilized for high-resolution gas adsorption analyses. Among
these fluids, nitrogen physisorption is the most well-established technique to obtain pore
properties (Vrom, SSA, and pore size). The measured physisorption curve is projected as the
amount of absorbed gas at the surface of the adsorbent vs. the relative pressure (p/po) calculated

from the saturation pressure (po) at the given temperature and the measured pressure (p).
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I{a) I{b}

~
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Amount adsorbed —————m—

Relative pressure ————————

Figure 34. Classification of physisorption isotherms by ITUPAC.[""!

As described in Figure 34, the obtained N, physisorption isotherms can be differentiated into 8
different types as suggested by IUPAC in 2015.17! When the majority of pore width is ranged in
size of micropore (i.e. ultramicropore or supermicropore), the type | shape is achieved. N; filling
in ultramicropore derives type I(a) isotherm, while supermicropore derives type I(b), respectively.
The main difference between type I1(a) and type 1(b) is the onset filling in micropore, the amount
of absorbed gas at a low relative pressure range (p/po ~0.01), which is affected by pore
morphology, size, and surface roughness or nature of adsorbent. In the case of ultramicropore
(type 1(a)), the filling process entirely relies on the interaction between solid and gas at the pore

interface, resulting in a continuous onset filling at p/po < 0.01. On the other hand, not only the
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interaction between adsorbent solid and adsorptive gas but also the increased intermolecular
force among adsorptive gas molecules in the larger supermicropore involve simultaneously
during the onset filling, resulting in lower amount of N, adsorption at p/py < 0.01 range (type
I(b)). On the other hand, when the specimen has macropores, the N, physisorption isotherm is
displayed as a type Il. This is because the accumulated nitrogen molecules first form a
monolayer at the surface of adsorbent, and the subsequent layers are cumulated on this
monolayer as a multilayer. The unique feature of type Il and type V isotherm is the small
amount of absorbed N, molecules at low p/po, indicating the surface of the adsorbent is not fully
covered with adsorbate gas due to the lack of strong binding between them. As a consequence,
these type Ill and type V isotherms are achieved when the binding energy between porous
adsorbent and adsorbate N, molecule is relatively weak. A type IV isotherm is a common shape
for mesoporous samples. The hysteresis of the isotherm originates from the capillary
condensation of N, (i.e. gas-liquid transformation) in the volume-confined mesopore. The
different shape of hysteresis between type IV(a) and 1V(b) is occurred by the pore width
difference. The type 1V(a) isotherm is achieved when the width of the mesopore is above a
critical size (2 nm) for capillary condensation, while type 1\VV(b) is achieved when the pore width
is smaller than 2 nm, resulting in adsorption and desorption at similar pressure.*?! A type VI
isotherm indicates that the adsorbed N, forms a stepwise multilayer at the surface of a non-

porous specimen.

For the calculation of V1o and SSA from the N, physisorption isotherm, the BET (Brunauer-
Emmett-Teller) method is widely used for porous materials.**** The BET method can be

applied for meso-/microporous adsorbents based on the assumption that (1) the adsorbed gas
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molecules form a continuous multilayer at the porous surface, and (2) the adsorption enthalpy
between the first adsorbate layer and the surface of the porous material is different from that of
the adsorbate layer between subsequent multilayers. From Eq. 5 and Eq. 6, SSA is measured. In
the Eq. 5, p/po is the relative pressure, V 4, is the total volume of adsorbed adsorbates, V,, is the

volume of adsorbate at the monolayer, and A is the adsorption constant:

(r/po) 1 D 1
= =4+ — Eqg. 5
Vads (1-p/Po) AVy Do AVy ( q )

When the left term of Eq. 5 (%) is plotted as a function of p/po, V, can be calculated
ads (1™ 0

from the slope of the resulting plot or intersection at the y-axis after extrapolation. By using this
Vy value from Eqg. 5, SSA can be finally achieved. In equation Eq. 6, N, stands for the

Avogadro constant, Sy, stands for the surface area of a single N, molecule in a dense package

(0.162 nm?), V,,,,; stands for the volume of an ideal gas, and m,, stands for the mass of the

adsorbent.

Vi Na-Sn,

SSA = (Eq. 6)

Vmol " Mads

For the advanced calculation of SSA, the density functional theory (DFT) is utilized as a tool for
microscopic analysis of micro-/ mesopores. Especially in this thesis, advanced quenched solid
density functional theory (QSDFT) is applied to determine SSA and pore width due to the
surface roughness and non-homogeneous heteroatom doping in the nitrogen-rich porous carbon

composites.®*!

As N, physisorption analysis is limited for analyzing the pore larger than 0.45 nm, CO;

physisorption is applicable as an alternative adsorbate to understand the microporosity of the
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sample. At 273 K, CO; has 26141 torr of high saturation pressure (po), and it is only 31 K below
the critical temperature (304.1 K). It makes CO, physisorption possible to investigate micro-
sized pore (d < 2 nm) of adsorbent with a short period of time. This is due to the fact that the
improved molecular Kkinetics at elevated temperatures, and the increased gas uptake in the range
of 1 to 760 torr (absolute pressure) where the measurement of p/py for micropores is
conducted.®*®! In addition, CO, physisorption analyses are beneficial for heteroatom-rich
microporous materials such as metal-organic frameworks (MOFs), nitrogen-rich carbon
composites, and zeolites thanks to high quadrupole moment of CO,, leading to facile interaction
with the adsorbent which has a high surface polarity (e.g. polar functional groups, heteroatom-
doped sites). Even though it is intricate to investigate the detailed pore properties from CO,
physisorption which is influenced by various factors, CO, physisorption is one of the useful

techniques to understand the microporous structure of the adsorbent.!*"!

As an alternative method, water vapor (H,O) physisorption also provides vast amounts of
information about the micropore system. Water vapor has a smaller kinetic diameter (0.265 nm)
than that of CO, or N, at cryogenic temperature, making it possible to fill the ultra-micropores
where CO, and N, cannot approach.*® Additionally, water shows 1.855 D of high dipole
moment, which leads to a strong interaction (i.e. hydrogen bonding and dipole-dipole interaction)
not only between water molecules themselves but also between water and polar functional
groups or heteroatoms at the surface of adsorbents. Water physisorption isotherms measured for
carbon materials are therefore largely influenced by the surface characteristics (surface
roughness, morphology), pore structure (porosity, pore size), and the surface polarity (contents of

heteroatoms, density of polar functional groups, topology of functional groups) depending on the
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measured temperature. Along with CO, physisorption, collected information from water
physisorption generates a complementary understanding of pore structure and surface polarity.
The hydrophobic porous specimen generally displays a type V shape of water physisorption
isotherm with hysteresis as shown in Figure 34, while non-porous samples with small amounts
of polar functional groups exhibit type Il isotherm. In these cases, the obtained water vapor
pressure at the onset point gets similar to the saturation vapor pressure of water. On the other
hand, the initial uptake of water vapor enhances at the low p/po region when the surface polarity
of the adsorbent increases, resulting in type I, I, or IV isotherm. To achieve the gas
physisorption and related results in this work, apparatus manufactured by Quantachrome

Instruments (Quadrasorb apparatus) was used.

X-Ray Diffraction (XRD)

XRD is a technique to characterize crystalline materials to verify their crystallinity, atomic
spacing, and lattice parameters. The reason why X-ray is attempted as a suitable analysis for
crystalline specimens is that the wavelength of X-ray is in the same range as the atomic spacing.
In this regard, using X-rays makes it possible to obtain meaningful information from nanometer-
sized atom arrangement since it also possesses the same range of wavelength (1.0-1.0 x 10™ nm).
Commonly, monochromatic Cu-K, radiation (0.15 nm of wavelength) is widely used, which is
generated in the X-ray tube by the impact between the stationary/rotating Cu target and the
focused electron beam accelerated by high voltage. Emitted X-ray through this collision is a
combination of X-ray with the continuous spectrum and monochromatic X-ray whose

wavelength is characteristic depending on the type of target. Between them, a monochromatic X-
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ray with a unique line spectrum is applicable to XRD analysis.

When the loaded specimen is exposed to an incident X-ray beam, the scattering happens in a way
of either elastic or inelastic diffraction. In XRD experiments, elastic coherent scattering (i.e.
Rayleigh scattering) is mainly analyzed. If the sample is highly crystalline with an ordered
structure, it amplifies the signal of diffraction a lot by a constructive interference (synchronized
wavelength of diffraction). This constructive interference only occurs when the phase shift of
waves (A) between incoming X-ray and diffracted X-ray is an integer multiple (n) of the
wavelength of X-ray (A). As the pathway of light is variable depending on the incidence angle of
X-ray (0) and the interatomic spacing (d) of parallel lattice planes, the condition for the
constructive interference can be summarized as Bragg’s law. (Eq. 7) XRD instruments record
this scattering intensity as a function of angle (8), resulting in the final diffraction pattern of the
sample. The conditions satisfying Bragg’s law induce the peak in the pattern due to the
constructive interference. The size of the crystalline domain also affects the diffraction pattern.
The smaller size of ordering broadens the peak due to the lattice imperfection and insufficient

interference.

A= nl= 2dsind (Bragg’s law, Eq. 7)

The lattice plane for peaks in the diffraction pattern can be designated by corresponding Miller
Indices (hkl) which is theoretically defined from the intersection between the unit cell of sample
and reciprocal lattice of it. In practice, the JCPDS database card of previously reported materials
provides a clue to unveil the lattice structure by comparing peak positions and the shape of the

diffraction pattern. Additionally, as the incidence angle and the diffraction angle are both the
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same as 6, 26 values are adopted for the diffraction pattern data. If a powder sample is analyzed,
a wide range of 26 is recommended to confirm all possible diffraction directions because of the
random orientation of the crystalline lattice in the powdered sample. In this work, a Bruker D8
Advance instrument (Cu-K, radiation) in Max Planck Institute of Colloids and Interfaces was

employed for collecting XRD diffraction patterns.

Raman Spectroscopy

Raman spectroscopy is a tool for the analysis of the lattice crystal or the amount of doping/defect
site by detecting molecular vibration of the sample. This vibrational technique allows elucidation
of local crystallinity, lattice stress, and defects, especially for carbon materials. After the loading
of the sample, the monochromic laser beam with a certain energy level (Infra-Red, Visible,
Ultra-Violet) as the light source is exposed to collect the resulting scattered laser using the lens.
This obtained scattered light then passes through a sequential pathway with an interference filter
(spectrophotometer) and charge-coupled analyzer, which gives a Raman spectrum of the sample.
When applied light scatters the photons of the target, most of the scattered photons have the
same energy as that of incident photons because laser is wavelength-synchronized. This
scattering is called Rayleigh scattering, and thus the wavelength of the initial laser is exactly
preserved after the scattering. That is, the excited electrons by the energy from the applied laser
emit exactly the same energy when they fall back into the ground state as a form of scattered
light. In this regard, Rayleigh scattering is considered elastic. Unlike Rayleigh scattering, only a
few amounts of scattered photons are detected, whose frequency is changed from initial light

frequency. This is called inelastic Raman scattering or Raman Effect as described in Figure 35(a)
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and (b). As Raman scattering causes vibrational or rotational energy transitions in molecules or
crystal lattices, the difference between applied laser energy and the scattered energy thus can be
translated into the energy of vibration or rotation. The origin of Raman Effect is the interaction
between photons of applied laser and the electric dipole of the molecule. When the energy of
inelastic scattering is higher (or lower) than the initial energy, it is called Anti-Stokes (or Stokes).
This resulting energy change generates a Raman peak shift by corresponding wavenumbers (cm
1). The amount of the shift () can be calculated by Eq. 8 using the wavelength of incident laser

(4;,) and the scattered laser (1,,¢).

1 1

=L (Eq. 8)
Ain Aout
(@) Excitation _Stokes Rayleigh  Antl-Stokes (c)
......... Scattering _ _ Scattering _ _ Scattering
Virtual States
___________ ' M |
hv,, hv,-v,) hv,,*v,)
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D mode (breathing A,,)
Rayleigh line =
(b)

5 Stokes line

3
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=
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©
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Figure 35. (a) Energy diagram of elastic Rayleigh scattering and inelastic Raman scattering
(Stokes and Anti-Stokes) and corresponding (b) Raman peak shift in Raman spectra.*!*! (c)
Vibrational modes of carbon atoms generating D and G bands. Copyright 2015, John Wiley and

Sons. B
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Materials that lead to the occurrence of Raman shift (that is, a change in polarizability) are
considered as Raman-active materials. For example, carbon materials are Raman-active and
produce a characteristic D-band (~1350 cm™) and G band (between 1500-1600 cm™). These two
bands arise from the different vibrational modes of six-membered carbon atoms with specific
symmetry depicted in Figure 35(c) (Aig symmetry with breathing-mode occurs D-band, Exq
symmetry occurs G-band). In general, defective carbon (e.g. less crystalline structure or
heteroatom doped lattice) enhances and broadens D-band, so it is possible to determine which
materials have more disorders in the lattice by comparing the peak ratio of D- and G-band. In
addition, the peaks can be shifted because of the electron density of carbon. For instance, as the
electronegative nitrogen doping shifts D-band to the high wavenumber, it can be indirectly
confirmed whether a successful synthesis has been achieved.??! In this work, a Witec Raman
Microscope with the green laser source (532 nm) in Max Planck Institute of Colloids and

Interfaces is utilized.
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6.3 Experimental part

6.3.1 List of chemicals

Chemical Chemical formula Purity Supplier

Hydrochloric acid HCI 37% Sigma-Aldrich

Ethyl alcohol C,HsOH >99.8%  Sigma-Aldrich

Sucrose C12H2011 >99.5%  Sigma-Aldrich

Sulfuric acid H,SO, 98% Merck

Zinc chloride ZnCl; > 98% Alfa Aesar

Zinc oxide Nanosturctured
: ZnO (20 nm) 99% & Amorphous

nanoparticles .

Materials, Inc.

Sodium hydroxide NaOH > 98% Sigma-Aldrich

Hexaketocyclohexane 0

octahydrate CsHe-8 H,O 99% Alfa Aesar

Diaminomaleonitrile  C4H4N4 > 96% TCI

Acetic acid CH3;COOH > 99% Sigma-Aldrich

Nitric acid HNO; 65% Merck

Acetonitrile CH3CN 99.8% Sigma-Aldrich

Dimethylformamide  C3H;NO (without stabilizer) 99.8% Sigma-Aldrich

Carbon fiber

Kynol ACC-5002-20 © - Kynol

Melamine C3HsNs 99.95%  Sigma-Aldrich

Carbon black C 99% Alfa Aesar

(Super-P)

Sodium [CeH702(OH)X(OCH2COONa)y]n

carboxymethyl Mw ~250000 99% Sigma-Aldrich

cellulose Degree of substitution = 0.7

Lithium Li 99.9% Sigma-Aldrich
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Lithium

: 0 S .
hexafluorophosphate LiPFg >99.99% Sigma-Aldrich
Ethylene carbonate C3H403, anhydrous 99% Sigma-Aldrich
Diethyl carbonate (C2H50),CO, anhydrous > 99% Sigma-Aldrich

6.3.2 Synthesis of materials

Synthesis of ZTC

8.0 g of ZnO nanoparticles (20 nm, Nanostructured & Amorphous Materials, Inc.) were mixed
with 7 g of sucrose (>99.5%, Sigma-Aldrich) into 13 mL of distilled water. After formation of a
homogeneous dispersion, 0.4 g of powder NaOH were added and stirred. The mixture was then
transferred to a petri dish and heated under air at 100°C for 3 hours and then to 160°C for 6 hours
to polymerize the sucrose. Samples were then moved to a horizontal tube furnace for
carbonization at 950°C for 2 hours under Ar flow with a ramping rate of 1°C min™. After cooling,
samples were washed at least 3 times overnight with 1.0 M aqueous HCI solution. Final ZTC

materials were filtered and dried at 60°C in air.

Synthesis of HAT-CN

HAT-CN has been synthesized according to a previously reported procedure.!?®*??1 After mixing
of hexaketocyclohexane octahydrate (4 g, 12.6 mmol, Alfa Aesar, 99%) and diaminomaleonitrile
(10.88 g, 100.8 mmol, TCI, >96.0%), the mixture was refluxed for 2 hours with 150 mL acetic
acid (>99%). The resulting salt was then filtered and washed at least 3 times with 25 mL hot
acetic acid. 60 mL of nitric acid (30%) was used to suspend black products and heated up to

100°C for 3 hours. When the reaction was finished, the solution was cooled down overnight in
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ice water. After filtration, obtained particles were refluxed in acetonitrile (400 mL) for 2 hours to

yield ~2.3 g of an orange product.

Synthesis of HAT/ZTC composites

HAT/ZTC composites were prepared by mixing HAT-CN and ZTC powder in inhibitor-free
dimethylformamide (DMF) solvent. For HAT2 composites, 350 mg HAT-CN and 175 mg ZTC
are mixed in 3.0 mL of DMF. For HAT4, 500 mg HAT-CN were mixed with 125 mg ZTC, for
HAT6 600 mg HAT-CN were mixed with 100 mg ZTC and 600 mg HAT-CN were mixed with
75 mg ZTC to obtain HAT8. After 1 hour of sonication and stirring overnight, the dispersion was
moved into a drying oven at 60°C under air atmosphere for 2 days. Afterwards, composites were
moved to a vacuum oven at 60°C overnight. f-HAT composites have been obtained by the same
drying procedure but without the first vacuum-free drying step. After DMF evaporation,
mixtures were grinded well and carbonized in the tube furnace at different temperatures (550,
700, 1000°C) for 1 hour under Ar flow with a ramping rate of 4°C min™. Resulting composites
are denoted as f- or s-HATX-Y, while X represents the mass ratio of HAT divided by ZTC and
Y represents the HAT carbonization temperature. The pm-HAT-ZTC sample was prepared by
grinding ZTC and HAT-1000 (HAT-CN carbonized at 1000°C). The mass ratio between HAT-

1000 and ZTC was 6:1.

Synthesis of Cx-My composites

A sheet of ACF purchased from Kynol (Model number: Kynol ACC-5092-20, thickness = 0.55

mm, specific surface area ~1800 m? g*) was heated under air at 80°C for 30 minutes with a
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ramping rate of 4°C min™, and then to 420°C for 30 minutes to generate oxygen-containing
functional groups without severe degradation of carbon. All prepared carbon substrates were cut
into rectangular shape with a mass of ~100 mg (~2 cm x 3 cm). For reaction with melamine,
carbon substrates were loaded into an alumina boat into the quartz tube of a horizontal tubular IR
oven. Melamine powder (99.95%, Sigma-Aldrich) was placed next to the carbon fibers on the
side of the gas inlet. In the composites denoted as Cx-My, (x) stands for the mass of carbon
fibers and (y) represents the mass of pristine melamine powder before the heat treatment. After
covering the boat with aluminium foil, it was placed in the centre of IR oven. The oven was
heated to 550°C for 30 min with a high ramping rate of 10°C sec™* under continuous N, flow. The
synthesized composites were collected after the oven cooled down to room temperature. The
physically mixed pm-C1-M2 composite has been prepared by mixing activated carbon fibers
(12.3 mg) and thermally treated (550°C, 30 minutes in the IR oven with N, flow) melamine (11.0
mg). The corresponding nominal mass ratio between ACF and N-rich carbon in this physical

mixture would correspond to the C1-M2 composite.

6.3.3 Characterization of materials

Characterization for f/s-HAT/ZTC composites

Scanning electron microscopy investigations of the composites has been carried out with a Leo
Gemini 1550 (Zeiss) and EDX mapping was performed by X-Max (Oxford instruments)
accessorized at the same instrument. The acceleration voltage was 3 kV for SEM images 10 kV
for EDX mapping. TGA was collected using a thermo microbalance TG 209 F1 Libra (Netzsch)

and analysed by the Proteus (8.0.0) software package. A platinum crucible was used for the
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measurement in nitrogen or synthetic air (80:20 ratio of N»:0,) flow of 20 mL min™ with a N,
purge flow of 20 mL min™ (heating rate = 10 °C min™). A Quadrasorb apparatus (Quantachrome
Instruments) was used to measure N, and CO, isotherms. 20-40 mg of samples were placed into
the 9 mm bulb cell and degassed overnight under vacuum at 135°C. N, physisorption was carried
out at 77 K, and CO, physisorption was carried out at 273 K. Vo Was calculated from the
nitrogen physisporption isotherms at p/pp, = 0.95, and SSA was calculated utilizing the multi-
point BET model (p/po = 0.05 — 0.20). QSDFT was applied to the adsorption branches of the N,
isotherms to calculate the pore distribution by assuming the carbon pores with a slit/cylindrical
shape. X-ray diffraction patterns have been recorded by a D8 (BRUKER) in the 2 theta range
from 10° to 60° with a scan rate of 0.05° sec™ and a Cu-Ka source (A = 1.54 A). Raman spectra
were measured by a Witec Raman Microscope (532 nm of green laser at the power of 1.0 mW)

and obtained bands are fitted by Gaussian functions.

Characterization for Cx-My composites

All SEM and EDX results have been collected on a Leo Gemini 1550 (Zeiss) and X-Max
(Oxford instruments) accessorized at the same instrument. The applied acceleration voltage was
3 kV for SEM images, and 10 kV for EDX, respectively. EA has been measured by combustion
analysis using a Vario Micro device. N, and CO, physisorption measurements have been carried
out by using a Quadrasorb apparatus. ~50 mg of samples were used for all measurements and
degassed overnight under vacuum at 180°C. N, and CO, isotherms have been measured at two
different temperatures (77 K and 298 K for N, 273 K and 298 K for CO;). V1o Was calculated

from the nitrogen physisorption isotherms (77 K) at p/po = 0.99, while SSA has been determined
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based on the multi-point BET model (p/po = 0.02-0.15). QSDFT was utilized with the adsorption
curves of Ny isotherms (77 K) to calculate pore distributions by assuming carbon surfaces with
mixed slit/cylindrical pore geometry. Vuiramicro has been calculated based on CO, physisorption
by applying NLDFT. Water physisorption has been measured at 298 K on a Quantachrome
Autosorb 1Q instrument. Before the measurements, ~50 mg of each sample were degassed first

under vacuum at 150 °C for 20 hours.

f/s-HAT/ZTC composite electrode fabrication and electrochemical measurements

Before the electrode fabrication, Cu foil (25 um) was cleaned by acetone and cut into disks of 10
mm in diameter. For the preparation of the electrode ink, 16 mg of active materials, 2 mg of
carbon black (Super-P, Alfa Aesar), and 2 mg of sodium carboxymethyl cellulose binder (Sigma,
average Mw ~250000) were mixed in 1.0 mL of Milli-Q water. After making the ink, it was
sonicated 1 hour and stirred overnight. 30 puL of the final ink was dropped onto the Cu disk,
dried at 60°C in an open oven overnight, and stored in a vacuum oven at 60°C. The areal loading
of the fabricated electrode was between 0.6 — 1.0 mg cm™. EIS and charge-discharge half-cell
tests were measured with a MPG-2 potentiostat/galvanostat (BioLogic). For all electrochemical
cell tests, a Swagelok cell design was adopted. The cell assembly was carried out in an Ar gas
filled glove box (H,O and O, level < 0.5 ppm) with a Li metal cathode (Sigma, 10 mm disk),
Celgard 2320 separator (13 mm disk) and 100 uL of 1.0 M LiPFg dissolved in 1:1 (v/v) EC/DEC
electrolyte. The EIS spectra were measured at open circuit voltage with a range from 1.0 mHz to
20 kHz at an amplitude 10 mV. Galvanostatic charge-discharge LIC tests were performed

between 0.1 — 10 A g™* with 0.002 — 3.0 V cutoff voltage at room temperature.
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Cx-My composite electrode fabrication and electrochemical measurements

Cx-My composites were cut into circular shape (diameter = 10 mm), followed by drying at 60°C
under vacuum overnight. Prepared Cx-My electrodes were assembled into a Swagelok-based
half-cell design into an Ar filled glove box (H,O and O, levels below 0.5 ppm) with Li metal
(diameter = 10 mm, Sigma) as the counter electrode and Celgard 2320 as separator (diameter =
13 mm). 150 pL of 1.0 M LiPFg dissolved in EC/DEC in 1:1 (v/v) ratio was used as electrolyte.
All electrochemical cell tests were conducted with the same half-cell design on a MPG-2
potentiostat/galvanostat (BioLogic). EIS was measured at 0 V vs. open circuit with 10 mV of
amplitude and 1.0 mHz to 20 kHz of frequency range. Galvanostatic charge-discharge tests for
LICs have been performed between 0.002 and 2.5 V as a cutoff voltage at room temperature. C-

rates are calculated based on theoretical capacity of graphite (372 mAh h™).
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6.4.1 Supplementary tables

6. Appendix

Table S1. Carbon and nitrogen weight content of ZTC, f-HATX-Y, HAT-1000, and pm-HAT-

ZTC determined by EA.

Sample C (wt%o) N (Wt%)
ZTC 78.1 0.40
f-HAT2-550 67.6 14.1
f-HAT2-700 70.7 7.9
f-HAT2-1000 715 1.4
f-HAT4-550 58.8 21.9
f-HAT4-700 67.3 14.5
f-HAT4-1000 87.4 3.4
f-HAT6-550 54.7 21.5
f-HAT6-700 59.2 22.6
f-HAT6-1000 85.8 5.1
f-HAT8-1000 77.5 6.0
HAT-1000 only 81.9 5.6
pm-HAT-ZTC 69.5 5.0
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Table S2. Total pore volume and SSA of ZTC, s/f-HATX-Y samples, HAT-1000, and pm-HAT-
ZTC from N, physisorption measurements at 77 K. The pore volume was calculated at a relative
pressure of p/po = 0.95 (adsorption curve). SSA was calculated by utilizing the multi-point BET

model in p/po = 0.05 — 0.20 range.

Total Pore Volume BET SSA
(cm’ g ()
ZTC 2.6 1520
s-HAT2-550 1.4 666
s-HAT2-700 1.8 998
s-HAT2-1000 2.2 1320
f-HAT4-550 0.7 504
f-HAT4-700 1.1 1030
f-HAT4-1000 1.6 1340
s-HAT4-550 0.6 470
s-HAT4-700 0.8 749
s-HAT4-1000 1.2 1150
f-HAT6-550 0.6 407
f-HAT6-700 1.0 779
f-HAT6-1000 1.7 1140
s-HAT6-550 0.5 495
s-HAT6-700 0.7 669
s-HAT6-1000 1.2 1060
s-HAT8-1000 0.6 657
HAT-1000 only 0.4 733
pm-HAT-ZTC 0.8 838
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Table S3. Weight content of carbon and nitrogen in pristine carbon fibers, ACF, melamine

treated at 550°C (Mel-550), Cx-My composites, and physically mixed pm-C1-M2 measured by

EA.
Sample C (wt%o) ‘ N (Wt%)
Pristine 98.8 0.31
ACF 93.9 0.26
Mel-550 55.9 34.3
C4-M1 94.7 2.62
C2-M1 91.5 5.11
C1-M1 64.6 26.8
C1-M2 62.4 27.9
C1-M4 50.7 411
pm-C1-M2 86.8 8.27

Table S4. Total pore volume, SSA calculated by BET, and ultra-micropore volume of Cx-My

and reference materials.

Total Pore Volume BET SSA Ultra-micropore Volume
(cm’ g ™) “g7) (cm’ g ")
ACF 0.86 1850 0.43
Mel-550 0.023 20 0.002
C4-M1 0.70 1540 0.37
C2-M1 0.44 958 0.27
Ci-M1 0.26 542 0.15
C1-M2 0.012 13 0.030
Cil-M4 0.0065 3 0.006
pm-C1-M2 0.43 923 0.23
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Figure S1. (a) TGA curves under N, and synthetic air and (b) first derivatives of the

measurements under synthetic air of the mixtures between different ratio of uncondensed HAT-

CN and ZTC as well as (c) TGA curves under synthetic air and (d) corresponding first

derivatives of different composite materials.
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Figure S2. SEM images of (a) HAT-1000 and (b) ZTC carbon.
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Figure S3. (a) N2 physisorption isotherms (77 K) of HAT-derived carbon without ZTC after
condensation at different temperatures and (b) corresponding pore distribution curves calculated

using QSDFT.
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Figure S4. (a) N, physisorption isotherms (77 K) of s-HAT2 composites with different
condensation temperature, corresponding (b) differential and (c) cumulative QSDFT pore

distribution curves, and (d) CO, isotherms (273 K).
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Figure S5. (a) N, physisorption isotherms (77 K) of s-HAT4 composites with different
condensation temperature, corresponding (b) differential and (c) cumulative QSDFT pore

distribution curves, and (d) CO; isotherms (273 K).
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Figure S6. (a) N, physisorption isotherms (77 K) of s-HAT6 composites with different
condensation temperature, corresponding (b) differential and (c) cumulative QSDFT pore

distribution curves, and (d) CO, isotherms (273 K).
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Figure S7. (a) Ny physisorption isotherms (77 K) of f-HAT4 composites with different
condensation temperature, (b) comparison of the isotherms of f-HAT4 and s-HAT4 composites

after condensation at 550 and 1000°C as well as corresponding (c) and (d) differential and (e)
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Figure S8. (a) N, physisorption isotherms (77 K) of f-HAT6 composites with different

condensation temperature, (b) comparison of the isotherms of f-HAT6 and s-HAT6 composites

after condensation at 550 and 1000°C as well as corresponding (c) and (d) differential and e)

cumulative QSDFT pore distributions.
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Figure S9. (a) N, physisorption isotherms (77 K) of f-HAT4 and f-HAT6 composites with
different condensation temperature with corresponding (b) differential and (c) cumulative

QSDFT pore distribution curves.
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Figure S10. (a) N, physisorption isotherms (77 K) of s-HAT composites condensed at 1000°C

with different loadings of HAT, corresponding (b) differential and (c) cumulative QSDFT pore

distribution curves, and (d) CO, isotherms (273 K).
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HAT/ZTC composites.
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Figure S12. Raw Raman spectra of each composite and fitted curves by D, G, A, and D, bands
with Gaussian functions. Each spectrum was measured with 532 nm of green laser with 1.0 mW

of power and 100 times of accumulation.
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Figure S13. XRD patterns of (a) HAT only samples, (b) f-HAT4-Y, (c) f-HAT6-Y, (d) s-HAT2-

Y, (e) s-HAT4-Y, and (f) s-HAT6-Y composites.

-130-



6. Appendix

——s-HAT8-1000

M’\ﬂ

s-HAT4-1000

Intensity (a.u.)

s-HAT2-1000

—ZTC

1 L 1 M 1 M 1

10 20 30 40 50 60
2 theta (Deg)

Figure S14. XRD patterns of s-HATX-1000 composites with different loading of HAT.
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This capacity of the first lithiation contains both reversible and irreversible capacity, thus the
irreversible capacity loss indicated in Figure 27(b) is calculated by the difference between this

capacity and the reversible capacity of the second cycle.
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6. Appendix

Figure S16. Charge/discharge curves of (a) ZTC, (b) pm-HAT-ZTC, and (c) f-HAT4-550 at 0.1,

0.2,0.5,and 1.0 A g™, respectively.
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Figure S17. Comparison of discharge capacity (5 cycles averaged data at 0.1 A g™*) of f/s-

HATX-Y composites with different condensation temperatures.
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Figure S18. (a) 100 cycles of long-term stability test of s-HAT4-550 and f-HAT6-1000 at 0.5 A
g* of rate, and charge/discharge curves of (b) s-HAT4-550 and (c) f-HAT6-1000 composites at

2" 50 10™ 20™ 50", 100" cycle, respectively.
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Figure S19. Charge/discharge capacity comparison of f-HAT composite electrodes depending
on HAT ratio ((a) HAT4 and (b) HAT6) and the temperature. Among f-HAT composite
materials, f-HAT6-1000 shows the best performance ((c), (d)) compared to other composites,
ZTC, and HAT-1000 only electrode (523, 498, 337, 226 mAh g™ of discharge capacity at 0.1,

0.2, 0.5, 1.0 A g™ of current rate, respectively).
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Figure S20. (a) SEM image and (b) point EDX results from the cross-section of C1-M2.
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Figure S21. Areal mass (mg cm?) of ACF, and Cx-My composites depending on loading

amount of melamine.
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Figure S22. Optical images of Cx-My electrodes. Overloading can be clearly seen in case of the

C1-M4, showing bright yellow color on the surface.
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Figure S23. SEM images of 550°C heat-treated melamine (Mel-550), C1-M2, and a physical

mixture of melamine and activated carbon fibers (pm-C1-M2).
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Figure S24. CO, physisorption isotherms (273 K) of (a) Cx-My mixtures prepared with different

amounts of melamine and (b) of C1-M2 in comparison with different reference materials.
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Cathode (Li metal) Anode (HAT-ZTC composite)

Swagelok Cell

Figure S25. Swagelok cell design for Li-ion capacitor cell test. At the cathode side, disk-shaped
Li metal is located, while HAT/ZTC composite loaded on Cu foil is located at the anode side.
For the separator and electrolyte, Celgard 2320 porous membrane and 100 puL of 1.0 M LiPFg in

EC/DEC (v:v = 1:1) are utilized, respectively.
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Figure S26. Galvanostatic voltage profiles of first lithiation cycles of ACF and Cx-My

electrodes.
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Figure S27. Rate capability test of C1-M2 from 0.1 to 1.0 C.
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Figure S28. Galvanostatic charge-discharge profiles of (a) ACF, (b) C4-M1, (c) C2-M1, (d) C1-

M1, (e) C1-M2, and (f) C1-M4 at 0.1, 0.2, 0.5, 1.0 C, respectively.
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Figure S29. Charge-discharge profiles at 2", 5", 107, 25" 50™ cycle of (a) ACF and (b) C1-M2

during 50 cycles of continuous cell operation at 0.1 C.
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