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Abstract

HETEROATOM-DOPED NANOPOROUS CARBONS: SYNTHESIS, CHARACTERIZATION
AND APPLICATION TO GAS STORAGE AND SEPARATION
By Babak Ashourirad, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2015

Director: Hani M. El-Kaderi, Associate Professor, Department of Chemistry

Activated carbons as emerging classes of porous materials have gained tremendous
attention because of their versatile applications such as gas storage/separations sorbents, oxygen
reduction reaction (ORR) catalysts and supercapacitor electrodes. This diversity originates from
fascinating features such as low-cost, lightweight, thermal, chemical and physical stability as well
as adjustable textural properties. More interestingly, sole heteroatom or combinations of various
elements can be doped into their framework to modify the surface chemistry. Among all dopants,
nitrogen as the most frequently used element, induces basicity and charge delocalization into the
carbon network and enhances selective adsorption of CO,. Transformation of a task-specific and
single source precursor to heteroatom-doped carbon through a one-step activation process is
considered a novel and efficient strategy.

With these considerations in mind, we developed multiple series of heteroatom doped

porous carbons by using nitrogen containing carbon precursors. Benzimidazole-linked polymers



(BILP-5), benzimidazole monomer (BI) and azo-linked polymers (ALP-6) were successfully
transformed into heteroatom-doped carbons through chemical activation by potassium hydroxide.
Alternative activation by zinc chloride and direct heating was also applied to ALP-6. The
controlled activation/carbonization process afforded diverse textural properties, adjustable
heteroatom doping levels and remarkable gas sorption properties. Nitrogen isotherms at 77 K
revealed that micropores dominate the porous structure of carbons. The highest Brunauer-Emett-
Teller (BET) surface area (4171 m? g'!) and pore volume (2.3 cm® g'!) were obtained for carbon
synthesized by KOH activation of BI at 700 °C. In light of the synergistic effect of basic
heteroatoms and fine micropores, all carbons exhibit remarkable gas capture and selectivity.
Particularly, BI and BIPL-5 derived carbons feature unprecedented CO, uptakes of 6.2 mmol g’!
(1 bar) and 2.1 mmol g (0.15 bar) at 298 K, respectively. The ALP-6 derived carbons retained
considerable amount of nitrogen dopants (up to 14.4 wt%) after heat treatment owing to the
presence of more stable nitrogen-nitrogen bonds compared to nitrogen-carbon bonds in BILP-5
and BI precursors. Subsequently, the highest selectivity of 62 for CO2/N> and 11 for CO,/CH4 were

obtained at 298 K for a carbon prepared by KOH activation of ALP-6 at 500 °C.



Chapter 1: Introduction

1.1 Significance of Carbon Dioxide Capture

The sharp increase of carbon dioxide (CO2) concentration in the atmosphere in recent
decades is believed to be the main cause of climate change and global warming.*® The majority
of the CO, emissions into the atmosphere originate from the combustion of fossil fuels in order to
provide power for industrial plants. To fight against global warming, the world’s energy
dependency on fossil fuels needs to be cut and replaced by renewable green sources. Meanwhile,
carbon dioxide capture and sequestration (CCS) is regarded as a short-term solution until
sustainable clean energy is applicable.>® Power plant exhaust gas is a mixture which consists of
N2 (78-80 % by volume), CO; (3-15% by volume) and H.O (5-7% by volume).” Therefore, to
develop materials for CCS applications several key parameters need to be satisfied such as large
CO- adsorption capacity at low working pressure, stability in presence of water vapor, high
sorption rate and more importantly good selectivity for CO2 over other competing gases in the
stream. Additionally, good recyclability and a low energy consumption for regeneration process
should be taken into consideration. However, finding a material that meets all these requirements
might not be realistic. In the next section, we will discuss the most widely applied candidates for

CO: adsorption as well as their advantages and disadvantages.



1.2 Classification of CCS Technologies

Currently, three main technology processes are used to capture CO». 1) Post-combustion,

which involves collecting of CO. from the exhaust gas of a power plant (also known as flue gas).

2) In oxyfuel process, nearly pure oxygen will be used for combustion instead of air. 3) Pre-

combustion technology collects CO> from the reformed synthesis gas of an upstream gasification

unit. The fuel conversion before combustion is a complex and expensive process, but the high

density and pressure of CO; in the gas allows for easy separation (Figure 1.1).8
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Figure 1.1. Schematic diagrams of currently favored CCS technologies



1.3 Major Mechanisms for Carbon Dioxide Capture

1.3.1 Chemical Absorption by Amine Solutions. Absorption is defined as a process in
which guest molecules completely enter into or dissolve in the bulk of host substance (absorbent).
Amine scrubbing is based on chemical interaction of CO, molecules with the basic amine-
containing sites through formation of carbamate species with N-C covalent bond (Figure 1.2). The
amine moieties are regenerated by applying heat (stripping with water at 100-120 °C) followed by
breaking of covalent C-N bond and release of CO..° Chemical absorption by amine-based solution
is realized as the benchmark and the most effective process for CO; capture and sequestration to
date. However, this process suffers from severe drawbacks including high energy output for
regeneration, instability and volatility of solvent (degradation and evaporation during regeneration

processes) and corrosion of equipment (by the high pH liquid amine solution).

1.3.2 Physical Adsorption by Porous Solids. Physisorption (physical adsorption) takes
place whenever a gas (adsorptive) is brought into contact with a solid surface (adsorbent). Here,
we have to clarify the terms adsorbate and adsorptive. The former is the material in an adsorbed
state while the latter is a molecule, which is going to be adsorbed. Long-range London dispersion
forces and the short-range intermolecular repulsion are always defined as the major forces in
physisorption. The easy regeneration by means of pressure swing or vacuum swing can be done at
much lower costs than chemisorption processes. Accordingly, the design and development of
numerous solid sorbents during past decades well proves that adsorption can be considered as a
promising alternative for amine scrubbing technology. In the following section, we have classified
the most frequently studied porous solids that might serve as potential candidates for carbon
dioxide capture. However, before that, it is necessary to discuss porous parameters and the most

accepted methods for pore characterization.
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1.4 Pore Characterization of Porous Solids

It is worth mentioning that adsorption and absorption are two different uptake processes in
nature. While the latter involves trapping the guest molecules in a relatively large space of the bulk
of material, the former takes place by interaction of guest molecules on the surface of the
adsorbent. As mentioned earlier physisorption defines as weak van der Walls interaction between
adsorbate (guest species) and the atoms making up the pore walls of adsorbent (solid). In order to
investigate the porous structures of a solid sorbent, a probe gas molecule needs to penetrate into
the pores. Employing either nitrogen or argon at cryogenic temperature has been recognized as
standard criteria for sorption measurements. However, monoatomic argon molecule has some
advantages over diatomic nitrogen molecule. Particularly, quadruple moment of nitrogen
molecules might interact with polar surface of a heterogeneous pore. Moreover, performing argon
sorption measurement at 87 K (boiling temperature of Ar) compared with nitrogen at 77 K (boiling
temperature of N») facilitates the equilibrium process and shortens the overall process time. The
varying amount of adsorbed gas with respect to relative pressure (P/Po) is measured by means of
a surface area analyzer apparatus. The amount of adsorbed gas (Ar or N2) per unit of adsorbent at
equilibrium is measured against partial pressure of the adsorbate in the gas phase and gives
equilibrium adsorption isotherms. The term isotherm is applied because the measurement is carried
out at constant temperature. Relative pressure is realized as ratio of absolute pressure (P) to the
saturation pressure (Po) which is the vapor pressure of a pure liquid (around 1 bar for nitrogen or
argon at their boiling temperature). Textural properties including specific surface area, total pore

volume, pore diameter and pore size distribution can be extracted from N2 or Ar isotherms.
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Figure 1.3. Six types of isotherms adopted by AUPAC.!

For practical application pores are categorized into three major classes according to their
dimensions. 1) Pores with opening greater than 50 nm are designated as “macropores”. 2) The
term “mesopores” is usually applied for pores with diameters between 2-50 nm. 3) Pores with
dimension below 2 nm are identified as “micropores”. Due to the significance of micropores in the
CO- adsorption process, they are further divided into two categories known as ultramicropores
(below 0.7 nm) and supermicropores (between 0.7-2 nm). The first systematic attempt to define
adsorption isotherms for gas-solid equilibrium was proposed by Brunauer, Deming, Deming, and
Teller in 1940.12 These authors categorized isotherms into five major types. International Union
of Pure and Applied Chemistry (IUPAC) as the core of the modern classification of adsorption
isotherms adopted this primary classification. Later, Sing et al. extended them to six types as

demonstrated in Figure 1.3.2 Type I isotherm, also known as signature of microporous adsorbents,



features a rapid uptake at low pressure area followed by a flat part for the rest of relative pressures.
The adsorption of gas molecules is mostly governed by the filling of micropores rather than the
external surface area. Type Il isotherms are realized for non-porous or macroporous materials and
feature a minimal initial slope followed by a gradual increase of uptake with respect to relative
pressure. Unrestricted adsorption takes place through monolayer-multilayer formation. The knee
point or point B takes place when a monolayer covers the entire pore wall and hence multilayer
formation begins to happen. Type I11 isotherms are rarely observed and are identified by a convex
shape for the entire relative pressure range suggesting lower uptake than types I and Il. The strong
adsorbate-adsorbate interaction is responsible for hindering adsorbate-adsorbent interaction or gas
uptake. Type 1V is recognized by a hysteresis loop, which occur because of capillary condensation
in mesoporous solids. Type V features pore condensation and hysteresis as well as a convex shape
and weak interaction between gas-solid in the beginning. Type VI isotherms represent step-shape
multilayer adsorption which is indicative of more than one type of sorption site.

Surface area is considered the most important parameter for general evaluation of porous
solids for many applications. However, surface area is not a universal concept and its calculated
values highly depend upon the method, assumptions and probe molecules. There are many
equations proposed to fit the various experimental isotherms among which the Brunauer-Emmett-
Teller (BET) theory has been widely accepted for surface area evaluation.'®* BET surface area
derived from BET theory is determined based on multilayer formation of adosrbate at the surface
of adsorbent. The Langmuir theory which was proposed before BET, determines surface area by

the amount of gas adsorbed as a monolayer at the interface of adsorbate/adsorbent.'*

Aside from surface area, other features of textural property of a porous solid can be

determined from gas sorption isotherms. For instance, the total pore volume is calculated from the



amount of vapor adsorbed at a relative pressure close to unity. An assumption has to be made here
that the pores filled with liquid adsorbate. Pore size distribution (PSD) can be calculated by
applying simulation methods such as Density Functional Theory (DFT) and Monte Carlo (MC) to
isotherms. The pore size distribution of micropores and mesopores obtained by simulation models
are more reliable than data provided by macroscopic observation such as Dubinin-Radushkevich
(D-R), Barrett-Joyner-Halenda (BJH), and Horvath-Kawazoe (HK), which are based on some
thermodynamic assumptions. The dominant pore diameter is realized by derivative part of PSD
curves while the volume of certain pore sizes (for example pores below 2 nm) is identified by
cumulative branch. It is also suggested to use CO; as adsorbate gas and derived isotherms at
273 K for assessing ultramicropores.'® At very low pressures (10 — 107 bar), N2 and Ar molecules
at cryogenic temperatures are not able to penetrate into narrow pores and yield unrealistic data.
The adsorption of CO; at 273 K occurs faster and gives much more reliable information about pore
size and distribution of ultramicropores. In general, there is no definite method to evaluate the

textural properties and each method is based on a particular theory and some assumptions.
1.5 Solid CO2 Adsorbing Materials

1.5.1 Metal-Organic Frameworks. A diverse family of metal-organic framework (MOFs)
has been formed by reticular synthesis, which creates strong bonds between inorganic (metal
clusters) and organic units (ligands). Their surface area, pore size, chemical functionalities and
geometry can be easily manipulated by varying their organic and inorganic constituents.'
Although, MOFs features very high CO. uptake at high pressures due to their exceptionally high
surface area, their capture capacity performance at very low partial pressure of flue gas is
somewhat poor.t’-*® Additionally, the hydrophilic nature of MOFs due to the existence of cation

sites limits their application in the vicinity of water vapor.
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Figure 1.4. Two representative nitrogen rich polymers. ALP-6 (right) and BILP-5 (left)

1.5.2 Porous Organic Polymers. To circumvent moisture sensitivity of MOFs, significant
efforts have been devoted to identifying materials that do not contain hydrophilic cation centers.
Accordingly, a variety of porous organic polymers (POPs) were synthesized by condensation of
two organic constituents or self-condensation of one organic moiety. Recently, POPs as potential
CO: adsorbent have received enormous interest due to fascinating properties such as high surface
area, low density (C, H, N, O are defined as main elements), controllable porous parameters and
precise integration of building units into periodic two or three-dimensional structures. In particular,
POPs with intrinsic microporosity and basic functional groups show excellent performance in
selective CO» adsorption. Accordingly, a series of benzimidazole-linked polymers (BILPs) with
CO2 capture capacity as high as 5.12 mmol g* (at 273 K / 1 bar) and CO2/N; selectivity as high as
63 (at 273 K) was introduced for the first time by El-Kaderi’s group.?%-?2 In addition to the effect

of microporosity achieved by synthetic method, the high CO> uptake and selectivity are originated

9



from strong interactions of the polarizable CO, molecules through hydrogen bonding and/or
dipole-quadrupole interactions that utilize the protonated and proton-free nitrogen sites of
imidazole rings, respectively. Similarly, ElI-Kaderi’s group introduced a new family of azo-linked
polymers (ALPs) synthesized via copper (l)-catalyzed self-condensation of aniline-like organic
building block as CO: adsorbents.??* The highest CO capture capacity and COz over N
selectivity of 5.37 mmol g* and 60 was obtained for ALPs adsorbent, respectively. Scalability and
using organic solvents remain two major challenges for application of POPs in industry. Figure

1.4 depicts two representative polymers from ALP and BILP families.

1.5.3 Zeolites and Mesoporous Silicas. Zeolites are a class of crystalline porous
aluminosilicate materials, which can occur either naturally or synthetically in the laboratory. They
have uniform pore sizes of 0.5-1.2 nm, which forms networks of interconnecting channels or cages
for trapping the gas molecules. Most of the moderate surface area and microporous zeolites have
shown a promising CO; capture capability at room temperature such as zeolite 13X.2° The CO;
physisorption on zeolites takes place through ion—dipole interaction or strongly bound carbonate
species by bi-coordination.?® Despite promising CO- uptake, the low selective adsorption over
other gases (N2, CHs and H20) and easy saturation with water vapor from flue gas hinder their
application. Additionally, their CO. capture performance deteriorates upon increasing the
temperature above 30 °C. A great deal of research has been dedicated to enhance CO> selective
adsorption of zeolites by mechanism such as impregnation/grafting amine, composition and

structure modification and cationic exchange.?’%8

Silica materials display high surface area, large pore volume and manageable range of pore
diameters (> 2 nm). In this regard, they are mostly employed as support for adding amine rather

than directly as CO; adsorbent. 2° Since supports comprise more than 90% of the final cost of CO;

10



adsorbents preparation and they are not commercially available, studies for using commercially

available, porous and cost-effective silica support attracted a lot of attention.

1.5.4 Activated Carbon. The term activated carbon is correlated to a class of materials
with well-developed porous structure, and hence a large capacity for hosting chemicals from gases
and liquids. Activated carbon stands out among solid CO> sorbents due to the combination of
attractive features such as low-cost and availability, chemical stability, high surface area, tunable
pore structure and low energy requirement for regeneration. However, most of the activated
carbons present moderate CO- capture capacity below 3 mmol g (at 298 K and 1 bar) which is
not comparable with the high uptake values obtained by amine solutions. Moreover, pristine
activated carbons are not appropriate for selective adsorption of CO2 molecules. Nevertheless,
their capture capacity and selectivity can be further increased with two major strategies. Tuning
the porous structure (such as narrowing down the pore size distribution) seems to be an effective
solution to increase the adsorption especially in the low pressure region. Screening of numerous
MOFs and porous carbons reveals that narrow pore size (4-8 A) will expedite CO, adsorption
owing to overlapping of potential fields of the opposite pore walls and hence strengthening the
interaction with CO2 molecules.®*-3! This strategy for the first time was applied to a porous polymer
network (PPN-6) through grafting by sulfonic acid and lithium salt. The results showed that the
selectivity of CO, over N can reach an exceptionally large value of 414 under ambient condition.32
In order to obtain carbons with narrower pore size, embedding an extra carbon source to the pores
of a carbonaceous polymer and subsequent heat treatment was recently reported. For example, pre-
introducing of furfuryl alcohol (FA) into the pores of porous aromatic framework (PAF) followed

by thermolysis at 900 °C managed to yield high CO, uptake of 4.1 mmol g* at 295 K / 1 bar

11



condition.® In general, carbons produced through this modification method hold great promise for

post combustion capture.

The second strategy refers to modification of the surface chemistry of carbons. CO:
molecules are slightly acidic due to the electron deficient center on carbon atoms. Therefore,
increasing the basicity of the carbon surface will benefit CO2 adsorption through Lewis acid-base
interaction. As a result, a large amount of research has been directed to incorporate basic
heteroatoms (mostly nitrogen and oxygen) into the carbon framework structure. In the following
section, we will investigate the most widely adopted approaches to incorporate nitrogen and other
heteroatom into the framework of carbon. This provides a clue for studies that have been done in

this dissertation.
1.6 Nitrogen Doping Methods

1.6.1 Post Synthesis Modification. In this approach, the plain activated carbon is
thermally treated with an external source of heteroatom. Namely, ammonia or ammonia-air gas
mixture (ammoxidation) have been the most common and frequently used source to generate
nitrogen doped carbons.®* In addition to ammonia, other nitrogen rich reagents such as melamine,
dicyanodine amine, nitric acid and hydrogen cyanide also can be used to introduce nitrogen into
carbon frameworks. Depending on the physical state of the external source, the treatment is carried
out either in solid or liquid phase. The amount of nitrogen incorporated is a function of nitrogen
source concentration, temperature and time of heat treatment.®>3" The heat treatment with
ammonia at high temperatures not only helps to modify the surface chemistry of carbon but also
alters the textural properties. It has been shown that the decomposition of ammonia at high
temperature will generate free radicals such as "NH2, ‘"NH, atomic hydrogen and atomic nitrogen.

These radicals then attack the carbon precursor and form nitrogen functionalities and also etch the

12



framework to develop more porosity.3® However, nitrogen functional groups developed in such a
way are often unstable. High cost, multi-step reaction, corrosion and toxicity of external source

are other drawbacks of post synthetic treatment.

1.6.2 Template Method. In this approach, a mesoporous molecular sieve such as zeolite
13X, SBA-15 and MCM-48 is employed as a hard template. Initially, two separate nitrogen and
carbons sources or a single source of both nitrogen and carbon will be impregnated (in liquid
phase) into the pores of hard templates followed by polymerization at a relatively low temperature
(<100 °C). The incorporation of nitrogen into the carbon framework takes place by subsequent
high temperature carbonization within the pore channels of mesoporous template. These steps can
be shortened if gas-phase chemical vapor deposition (CVD) is used instead of liquid impregnation.
In CVD method, a carrier gas is used to transfer the carbon precursor to pores of mesoporous
template followed by simultaneous polymerization/carbonization at target temperatures. In
addition to the simplicity of the CVD method, other heteroatom can also be doped into the carbon
owing to versatility of precursors. Lastly, the hard template needs to be dissolved in a strong acid
or base to isolate the final nitrogen doped carbon. Sojka et al. used pyrrole as a precursor and SBA-
15 mesoporous silica matrix as a template to obtain well-organized graphene layers with nitrogen
functionalities (4.6-10.6 wt%) on the surface.®® Ease of polymerization as well as the abundance
of both carbon and nitrogen in pyrrole always makes it a fascinating precursor to generate nitrogen
doped carbons.*® Diaminobenzene (DAB) was also successfully used as single source precursor of
both carbon and nitrogen by Gao et al. to generate highly nitrogen doped (26.5 wt%) mesoporous
carbons.** Acetonitrile is another single source precursors which successfully transformed to
highly graphitic nitrogen doped carbons through CVD method.*? Incorporation of other

heteroatoms such as oxygen is feasible if the oxygen source also impregnated into the pores.
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Oxygen and nitrogen co-doped mesoporous carbon was obtained by hydrothermal carbonization
of oxygen rich precursors such as sugar and furfuryl alcohol followed by amination in presence of

3-chloropropylamine.®?

‘ ‘ Polymerization ‘ ‘I

"’ Impregnation : : .‘

Templat
Removal

N-doped
Carbon

‘ ‘ Carbonization “

Mesoporous
Silica

Figure 1.5. Illustration of template synthesis procedure for preparation of nitrogen doped carbon

It can be easily understood that the pore size of the final nitrogen doped carbon relies on
templates and can be controlled by varying the template size. Another advantage of this method
will be generating more stable nitrogen surface groups with respect to post synthesis heat
treatment. However, this method suffers from major drawbacks such as a complex multi-step and
time-consuming process. Moreover, the necessity of a strong base or acid for dissolution of the
template is realized as a great health concern. The schematic steps of template method to prepare

a nitrogen-doped carbon is depicted in Figure 1.5.

1.6.3 Direct Carbonization (Pyrolysis). In this method, development of porosity and
nitrogen doping takes place merely through heat treatment of precursor under inert atmosphere.
Two separate nitrogen and carbon rich materials or a single source precursor of both elements will
be heated to the target temperatures without applying any external agent. The porosity will be
generated by formation of some gaseous species and bloating the solid or liquid precursor during

carbonization.** However, total evaporation and/or decomposition of most of the organic species
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limits the selection of suitable precursors for this method. Low-vapor-pressure natural polymers
and synthetic polymer can be successfully used for carbonization due to their thermal stability.
ZIF-8, a nitrogen rich metal-organic framework, was used as precursor for synthesizing a series of
nitrogen decorated carbons with high surface area, CO, uptake and selectivity.*> Kaskel et al,
obtained a series of nitrogen-doped microporous carbons simply by carbonization of porous imine-
linked polymer between 600-800 °C. Retaining noticeable amount of nitrogen (5.6-8.7 wt %) as
well as gaining more narrow microporosity during carbonization improved their CO capture
performance.*® lonic liquids (ILs) which are made up completely cations and anions have been
recently employed as a new class of precursors. The carbon-rich nature of ILs as well as their
tunable cation-anion combinations, low volatilities, high thermal stabilities and possibility of
introducing heteroatoms beyond nitrogen make them ideal candidates for the direct carbonization
process.*’” Antonietti et al. managed to obtain a vast collection of nitrogen-doped carbons by
varying the nitrogen-rich ionic liquids as well as adjusting the thermolysis temperature.*® In a
similar manner to ILs, organic salts also have the potential to be considered as carbonization
precursors.®® Sevilla et al. take advantage of co-carbonization of an alkali organic salt and

melamine to synthesize a series of nitrogen-doped carbons.>0->!

1.6.4 Physical Activation. Activation techniques are the most frequently studied methods
to produce a vast spectrum of porous carbons. In contrast to the direct carbonization method, a
broad range of precursors from biomasses to linear and porous synthetic polymers can be
converted to heteroatom-doped carbon by activation approach. In addition, diverse activating
agents are employed to tailor the textural properties. Physical activation is regarded as a process
of selective gasification of the precursor with carbon dioxide, steam or a mixture of these two

gases.>> The mechanism consists of initial carbonization in an inert atmosphere to eliminate
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disorganized carbon or non-carbon atoms on the surface and subsequent pore opening. Further
pore widening takes place in the presence of proper oxidizing gas usually at high temperatures
(800-1000 °C). The gasification reaction or removal of individual carbon atoms with carbon
dioxide gas proceeds as CO2 + C < 2CO. Physical activation of phenolic resin-based carbon
spheres by CO» at 850 °C resulted in formation of high surface area spheres with a large fraction
of micropores. The remarkable atmospheric CO2 uptakes values of 4.6 and 8 mmol g* was
obtained on these activated carbon spheres at 298 and 273 K, respectively.>® Polyacrylonitrile was
converted to a nitrogen doped carbon with unprecedented CO; capture (11.5 mmol g* at 273 K
and 1 bar), but through a rather complicated two-step physical activation process. The initial heat
treatment in air (300 °C) was performed to promote cyclization and aromatization of linear
polymer. Then the preheated polymer was converted to carbon by heating under a mixture of argon
and carbon dioxide (Ar:CO, 3:1) up to 1000 °C.>* We will see in the next section that the same
precursor can be transformed to a nitrogen-doped carbon through more efficient chemical

activation.

1.6.5 Chemical Activation. The procedure involves mixing precursor(s) with an activating
agent (KOH, ZnCly, H3POg, etc) and heating the mixtures to the temperate range of 400-900 °C.
The activation mechanism with each chemical is somewhat different. Zinc chloride promotes
dehydration by extraction of water from the structure of the carbon molecule while phosphoric
acid combines chemically within the structure of the precursor.>>->" Pore development of carbon
framework by potassium hydroxide proceeds as 6KOH + C « 2K + 3H, + 2K>COs. It is also
suggested that at higher activation temperatures the products of K2CO3z decomposition (CO2 and
K20) further react with carbon and contribute more to the pore formation either through

gasification or lattice expansion with metallic potassium.® Chemical activation in general is
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preferred over physical activation taking into account its superior advantages such as higher yield,

higher surface area and pore volume, lower temperature and shorter activation time.

Chemical activation with KOH is well known for introducing micropores into the structure
of porous carbon. As a result, by careful selection of a precursor, which is rich in basic heteroatom
and subsequent activation, surface chemistry and textural chemistry, can be tuned simultaneously.
KOH activation of a single source precursor containing nitrogen and carbon, such as biomasses,
commercial and synthetic polymers, has attracted a great deal of attention recently. Biomasses,
which are naturally rich in nitrogen and carbon, are the most important candidate due to their
sustainability, availability and low-cost. In this regards, biomasses such as yeast,>® prawn shell,®
algae®! and lignocellulosic materials®? were converted to nitrogen doped carbon with different
levels of doping and microposiy through KOH activation. Carbons which are synthesized by KOH
activation of commercial polyacrylonitrile features high surface area and nitrogen content of 2231
m? g and 8 wt%, respectively.®® In a similar way, polypyrrole was applied as an inexpensive
single source of carbon and nitrogen (~ 21-wt% N). The polypyrrole-based activated carbons
present high amount of nitrogen groups (up to 10.1 wt% N) and 84% micropores which make
them ideal CO. sorbent candidates.*® Porous synthetic polymers with intrinsic nitrogen
functionalities such as imine-linked polymers®, benzimidazole-linked polymers® and nitrogen-
rich hypercrosslinked porous organic polymers®® also can be converted to nitrogen doped carbons.
Employment of nitrogen rich porous polymers as a single source precursor for chemical activation
will further reduce the primary steps such as cleaning, washing, drying, grinding, pre-
carbonization and pre-oxidation might be needed for biomasses and commercial linear polymers.
In other words, they can be transformed to carbon immediately after synthesis through either

physical or solution mixing with KOH.
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1.6.6 Other Methods. Hydrothermal treatment of a nitrogen rich carbohydrates biomass
derivatives at relatively low temperature (180 °C) is regarded as an effective approach to produce
N-doped material " Additionally, hydrothermal treating of natural nitrogen-containing molecules
such as amino acids or proteins with glucose or aminated saccharides such as chitosan or
glucosamine can produce the nitrogen rich materials up to 8-10 w%.% However, this method is
just for introducing nitrogen within a carbonaceous scaffold and yields very low surface area (10
m2gL). As a result, a subsequent carbonization step at higher temperatures seems to be absolutely
necessary when high surface area is needed. The plasma treatment is regarded as a promising
technique due to advantages such as presenting a fast, solvent free, simple and controllable
procedure. Dielectric-barrier discharge plasma in the presence of nitrogen as career gas was
applied to a viscose-based activated carbon fibers (VACFs) to generate nitrogen doping. Despite
effective nitrogen modification by plasma, this method just imposes the changes on the surface of

carbon materials and leads to slight decrease in the surface area and pore volume.®®
1.7 Non CCS Applications of Nitrogen Doped Carbons

1.7.1 Separation and Purification. In general, nitrogen and oxygen functionalities on the
surface of porous carbon increase the basicity of activated carbon with electron delocalization.
Consequently, the adsorption of polar species such as for formaldehyde,”® NO2,”* SO2,72 H,S™® and
water vapor’ on nitrogen surface group is of great interest for purification purposes. It has been
shown that toxic heavy metal ions such as Cr¥*, Zn?*, Ni?*, Pb%*, Ag* and Hg?* can be removed

from water by basic functional groups via coordination mechanisms.”

1.7.2 Energy Storage Applications. Carbon dioxide capture and separation is just a short-
term solution to reduce the greenhouse effect and mitigate global warming to some extent. In fact,

the ultimate goal is the discovery and application of green, renewable and sustainable sources of
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energy instead of fossil fuels. Over the course of the last decade supercapacitors as energy storage
devices have gained tremendous amount of interest due to high energy density, simple principles,

long cycle life, long-term operation stability, low level of heating and high rate capability.”®""

Supercapacitors consist of two electrodes immersed in an electrolyte (KOH or H2SO4
typically) and separated by a membrane that allows ion transportation (not permeable for electrons)
and prevents short circuit at the same time. According to their charge storage mechanism,
supercapacitors mainly fall into two main categories: 1) Electric Double Layer Capacitors (EDLC)
and 2) pseudocapacitor. The former takes advantage of charge separation upon applying voltage
and stores the charge electrostatically at the interface of electrode/electrolyte while the latter store
energy by redox reaction (charge transfer) between electrode and electrolyte. Upon applying
voltage, (charged state) ions move and adsorb onto the electrode with a different charge. Once the
charge state is completed two layers of adsorbed ions on each electrodes will be formed as is

depicted in Figure 1.6.

Positive Charge

- | Negative Charge Separator

Activated Carbon

(Electrode) Activated Carbon

(Electrode)

Electrolyte

Electric Double Layer

Figure 1.6. lon absorption mechanism upon applying voltage in EDLCs
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Since EDLCs operate by adsorption of electrolyte ions on the surface of electrodes, high
surface area conductive material such as pristine activated carbon seems to be a promising
electrode material. The capacitive properties of activated carbon can be further enhanced by
decorating them with nitrogen heteroatom through inducing a redox reaction effect as well as
improving wettability of porous carbons with electrolyte. To further clarify, two collaborative
effects make nitrogen doped porous carbons ideal electrode materials: charge separation and
storing electrostatically upon applying voltage and redox reaction or charge transfer between
electrode and electrolyte. The former will benefit by high porosity of carbon materials and the
latter is related to chemical functionalities. In a similar fashion to nitrogen-doped carbons for CO-
capture, developing and synthesis of nitrogen doped electrode materials has been the subject of
numerous research works recently.’882

1.7.3 Catalytic Activity. Activated carbons are considered as ideal supports for catalytic
activities. In fact, no other material except carbon exhibits essential features such as high electric
conductivity, corrosion resistivity, surface chemistry and low cost for this purpose. Nitrogen-
doped porous carbons as heterogeneous catalyst introduce basic sites, which further assists
dispersion of catalyst particles, and enhance the interactions with catalyst particles by providing
anchoring sites.8®#* It has been also suggested that nitrogen-doped carbon supports can increase

the durability and activity of a Pt catalyst.85-8
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1.8 Statement of Problem

To this end, we investigated the design, development and strategies toward promising
materials for carbon dioxide capture. However, finding a material, which satisfies all the
requirements for an ideal adsorbent, is the main challenge. Several significant factors need to be
considered when the ultimate goal is utilizing the material and method in practical application such
as separation from flue gas. The most important parameters from the material point of view refers
to simultaneous high CO> uptake and selectivity as well as descent regeneration process. This will
be essential especially when we are talking about replacing the efficient chemical absorption on
amine solution. Similarly, several concerns regarding synthetic pathways need to be addressed.
Namely, reduced steps, cleanliness, scalability and cost of the synthetic approach are as important

as selecting a proper material.

To address the challenges that concern the type of materials we decided to design
heteroatom-doped activated carbon. Thus, we selected benzimidazole-linked polymer (BILP-5) as
a single source precursor of carbon and nitrogen and adopted one-step activation with potassium
hydroxide as the synthetic approach. The selection of BILP was based on the presence of nitrogen
functionalities in positions that are usually found in nitrogen-doped carbons (pyridine and pyrrolic)
and thus requiring less energy input for the transformation of polymer to carbon. Although nitrogen
decorated metal organic frameworks (such as ZIFs) and other non-porous nitrogen rich materials
have been used frequently as single source precursors, this is the first study on porous organic

polymer with nitrogen atoms in imidazole linkages.

In the second study, we deliberately selected azo-linked polymers (ALP-6) as a single
source precursor due to the abundance of nitrogen and ease of preparation. Although nitrogen

species in ALP-6 are not located in pyridinic and pyrrolic positions as they were BILP-5, the
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stability of azo linkage gives it an edge compared to BILP-5. In other words, more nitrogen species
are expected to be retained after high temperature heat treatment, which will be advantageous in
selective adsorption of CO. Chemical activation with potassium hydroxide, chemical activation
with zinc chloride and direct carbonization were defined as synthetic pathways. The textural
properties as well as CO> capture capacity and selectivity of nine different samples prepared by

transformation of ALP-6 to carbon were fully characterized.

Although BILP-5 and ALP-6 served as ideal single source precursor and their derived
carbon exhibited ultrahigh CO- capture capacity and selectivity, they need to be prepared and
scaled up upon heat treatment. Using toxic organic solvents such as DMF, THF, pyridine and
toluene as well as a low synthesis yield make the scalability of polymer precursors and their
derived carbons a major challenge. To address these concerns and achieve comparable uptakes
with BILP-5 and ALP-6 derived carbons, we decided to employ molecular benzimidazole as a
commercially available and cheap precursor and KOH activation as the synthetic procedure. The
acidic nature of NH functional groups in benzimidazole inspired us to use basic KOH as
simultaneous stabilizing and activating agent. With these considerations in mind, we successfully
synthesized a series of highly heteroatom-doped carbons by simple physical mixing of
benizimidazole and subsequent thermal treatment. Textural properties, chemical composition and
gas capture performance of resultant carbons were fully investigated. The results of our study
represent one of the highest CO> capture capacity that has been recorded at the moment of writing
this dissertation. Additionally, the solvent-free, scalable, repeatable, straightforward and cost-
effective nature of the applied procedure makes it highly promising for practical applications. It is
worth noting that the proposed work is the first report on transformation of heterocyclic organic

building blocks to highly porous heteroatom doped carbons.

22



1.9 Organization of Dissertation

Chapter 1 provides a general introduction to carbon dioxide capture and sequestration and
promising material and method. The current body of literature on physical adsorption using porous

solid sorbents and more specifically nitrogen-doped activated carbons is discussed.

In Chapter 2, the transformation of BILP-5, a particular benzimidazole-linked polymer, to
nitrogen doped carbon was discussed. Effect of activation temperature on surface chemistry,

atmospheric gas uptake and selectivity and high pressure uptake were investigated.

In Chapter 3, applying three various synthetic pathways of KOH activation, ZnCl;
activation and direct carbonization to ALP-6, a particular azo-linked polymer, was examined. The
effect of synthetic strategies on porous parameters, surface chemistry, carbon dioxide capture and

selective adsorption was comparatively investigated

In chapter 4, employment of a heterocyclic organic building block as a precursor for
chemical activation was evaluated. The mechanism of transformation, heteroatom content and CO2»

capture capacity was discussed.

Chapter 5 concludes the dissertation and provides some prospects for future studies.
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Chapter 2: Exceptional Gas Adsorption Properties by Nitrogen-Doped Porous Carbons

Derived from Benzimidazole-Linked Polymers

2.1 Introduction

Porous carbons exhibit multifaceted desirable features such as high thermal and chemical
stability, tunable textural properties, lightweight and metal-free framework and ease of
regeneration.’ In addition to these properties, the chemical and electronic nature of porous
carbons can be tuned by integrating heteroatoms (i.e. N, B, P, S)® to access a wide range of
applications including heterogeneous catalysis, energy storage, and gas storage and separation,
among others. Incorporation of nitrogen atoms Lewis-basic properties has been suggested to
simultaneously enhance CO- capture capacity and selectivity of plain carbons through Lewis acid-
base interactions.*” Employing a single source precursor including both nitrogen and carbon to
generate N-doped carbon has been the subject of many research works recently &1t

In this study, we demonstrate successful transformation of benzimidazole-linked polymers
(BILPs) as single source precursors to highly porous N-doped carbons (CPCs). Controlled KOH
activation of polymers led to a series of N-doped CPCs that feature variable N-content, porosity,
and CO. capture properties as a function of thermolysis temperature. Notably, the N sites within
the imidazole rings of BILPs are intrinsically located in pyrrolic/pyridinc positions typically found
in N-doped carbons. Therefore, the chemical and physical transformations of BILPs into N-doped
CPCs are thermodynamically favored and allow considerable reduction in energy consumption

during carbonization stages.
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2.2 Experimental

2.2.1 Materials and Methods. All starting materials and solvents were obtained from
commercial sources and used without further purification, unless otherwise mentioned. KOH
(99%) was purchased from Alfa Aesar. THF was dried by distillation over Na/benzophenone.
BILP-5 was synthesized according to published methods.*® Elemental microanalyses were
performed at the Midwest Microlab, LLC. To obtain Scanning Electron Microscopy (SEM)
images, each sample was dispersed onto a sticky carbon surface attached to a flat aluminum sample
holder. Then, the sample was coated with platinum at a pressure of 1 x 107 mbar in a nitrogen
atmosphere for 90 s before imaging. SEM images were taken on a Hitachi SU-70 Scanning
Electron Microscope. TEM images were recorded on a JEOL 2010 apparatus operated at an
accelerating voltage of 200 kV. Samples were dispersed in ethanol and then drop cast onto a 200
mesh carbon-coated copper grid. Powder X-ray diffraction data were collected on a Panalytical
X’pert pro multipurpose diffractometer (MPD). Samples were mounted on a sample holder and
measured using Cu Ka. X-ray photoelectron spectroscopy (XPS) analysis was performed on a
ThermoFisher ESCALAB 250 spectrometer employing Al Ko (1486.68 eV) X-ray source
equipped with a hemispherical analyzer. Atmospheric gas (N2, CO2> and CHs4) sorption
measurements were carried out on a Quantachrome Autosorb iQ volumetric analyzer using UHP
grade adsorbates. Prior to the adsorption analyses the samples were degassed at 200 °C for 12 h.
The specific BET (Brunauer—Emmett—Teller) surface areas were calculated considering analysis
requirements for microporous materials. BET assistant on Quantachrome V.3.0 software was used
to correct 0.05-0.30 classical range of P/P, and find the appropriate pressure range based on

“consistency criteria” for microporous materials.1>*® The specific surface area, pore volume, and
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pore size distribution (PSD) from the N2 isotherms (77 K) were obtained by applying the quench
solid density functional theory (QSDFT) on adsorption branch and assuming slit-like geometry on
carbon material kernel. Moreover, microporous textural properties were investigated using CO>
adsorption isotherms (273 K) and applying nonlocal density functional theory (NLDFT) under
similar assumptions. High pressure gas sorption measurements were performed using VTI-HPVA-
100 volumetric analyzer. High pressure total gas uptakes were calculated by reported literature
methods and NIST Thermochemical Properties of Fluid Systems were applied for the

calculations.14-16

2.2.2 Synthesis of CPCs. Samples of BILP-5 were dispersed and dried at 130 °C overnight
in a static oven to increase the interfacial contact area with activation agent KOH. Activated BILP-
5 precursors were thoroughly mixed with KOH in an agate with KOH/BILP-5 weight ratio of 2:1
after which the mixture was transferred to tube furnace (MTF-wire wound single zone) for
carbonization and activation. Simultaneous chemical activation and decomposition of nitrogen-
rich polymer was carried out under a flow of Ar (99.9%) in a temperature range of 550 to 800 °C
(heating rate: 3 °C/min and holding time: 3 h). After cooling to room temperature, the samples
were thoroughly washed with 1.0 M HCI several times to remove any inorganic salts, followed by
washing with 1.0 M NaOH to neutralize acid and then large amount of distilled water until neutral
pH was obtained. During acid and base treatment the carbons were soaked for at least two hours
to dissolve inorganic salts, metallic potassium, and other unreacted potassium compounds. The
chemically activated porous carbons were denoted CPC-T, wherein T represents the activation

temperature.
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2.2.3 Virial Method Calculation for Isosteric Heats of Adsorption. The virial equation
was used to determine the binding affinity and isosteric heats of adsorption. The virial equation’

can be expressed as:

In(%jzﬁbN°+AiNl+A2N2+. ..... (1)

In this equation N is defined as the amount adsorbed at pressure P. Ag, Az, etc. are virial
coefficients in the equation. Ao coefficient is related to adsorbate-adsorbent interactions, Az, on the
other hand represents adsorbate-adsorbate interactions. The other coefficients such as Ay, etc. can
be disregarded at the low surface coverage. A virial-type expression in the following form can also

be used to fit the experimental isotherm data for a given material at different temperatures.*®
In(P)=In(N)+%ZaiN‘+ZbiN‘ ()
i=0 i=0

Similar to the first equation, N expresses the amount adsorbed at pressure P, where T is the
temperature, ai and b; are temperature independent empirical parameters, and m and n determine
the number of terms required to adequately describe the isotherm. Then, coefficients ao through
am are applied to the equation (Il) to calculate the isosteric heats of adsorption as function of

uptake, where R is the universal gas constant (8.314 J K mol?)
m .
Q. =-RY.aN’ ()
i=0

The zero-coverage isosteric heats of adsorption is given by :

Qu=-Ra, (V)
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2.3 Results and Discussion

2.3.1 Synthetic and Characterization Aspects. The synthesis route of CPCs is depicted in
Figure 2.1 while Figure 2.2 shows the SEM and TEM images of CPCs. As shown in SEM images
2.2 (A-C), all CPCs exhibit a network morphology composed of irregular particles (~300 nm). The
degree of deviation from BILP-5 spherical morphology (Figure 2.3) is more pronounced at
elevated activation temperatures. It has been reported that most of activated carbons lose their
spherical morphology under harsh activation conditions (activator/precursor >2).1° However,
maintaining spherical morphology under mild activation conditions or direct pyrolysis of spherical
precursors is conceivable.?%22 The TEM image of high temperature activated sample, CPC-800,
does not show any ordered domains consistent with its amorphous nature. The amorphous nature
of CPCs was further supported by PXRD studies that revealed no diffraction peaks as shown in
Figure 2.4. The nitrogen content of CPCs obtained by elemental analysis evidently decreases with
respect to activation temperature (Table 2.1). Nevertheless, CPC-550 retains a considerable
amount of nitrogen (~8 wt%) surpassing the nitrogen content of many recently reported N-doped

porous carbon materials.!® 232

2.3.2 Textural Properties. The specific surface area, pore volume, and pore size
distribution of CPCs were comparatively characterized by means of nitrogen (77 K) and carbon
dioxide (273 K) adsorption isotherms for micro/mesopores and ultramicropores, respectively. The
nitrogen sorption isotherms of all CPCs and BILP-5 are presented in Figure 2.5 A and Figure 2.6.
The isotherms of CPCs show a rapid nitrogen uptake at very low pressure region (P/Po<0.01)

followed by a plateau for most of the pressure range, suggesting that micropores are dominant in
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Figure 2.1. Synthesis of N-doped porous carbons.

the samples. For all prepared carbons, the knee between the very low pressure region and the flat
plateau of nitrogen isotherms shifts to higher values as the activation temperature rises, which is
likely due to narrow mesopores formation. The pore size distribution and cumulative pore volume
of CPCs were probed by applying QSDFT and NLDFT on their N2 (77 K) and CO (273 K)
isotherms, respectively. It is worth noting that the QSDFT model is superior for materials with
surface chemical heterogeneity when nitrogen or argon are used to probe porosity.?® Furthermore,
the use of the CO- isotherm at 273 K proved to be very beneficial in analyzing sub-nanometer
micropore distribution more accurately. In fact, the high kinetic energy of CO- at 273 K enables it
to diffuse into narrower pores.?’ Pore size distributions are given in Figure 2.5 (B) and Figure 2.7.
For CPC-550, the PSD is mainly centered at 0.7 nm indicating the presence of dominant
micropores. However, the appearance of a small peak at 2.2 nm for CPC-600 is related to the

formation of narrow mesopores apart from pre-existed micropores. As the activation temperature
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increases, the mesopore peaks shift to higher values of 2.3 nm, 2.5 nm and 3.1 nm for carbons
activated at 650, 700 and 800 °C, respectively. Due to the highly microporous nature of prepared
carbons, their sub-nanometer pore size distribution is also presented in Figures 2.5 (C) and Figure
2.8. For most of the activated carbons, the fine micropores are distributed around 0.35 and 0.85
nm. Therefore, CPCs show a variety of pore size distributions from purely fine micropores to a

hierarchy of micro and narrow mesopores (2-4 nm).

1 LB .l
1.00um

Figure 2.2. Scanning Electron Microscopy (SEM) images of (A) CPC-600, (B) CPC-700, and (C)

CPC-800 and (D) Transmission Electron Microscopy (TEM) image of CPC-800.
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Figure 2.3. SEM image of spherical aggregates in BILP-5 precursor.

9000

8000

7000

6000

5000

4000

Intensity (a.u)

3000

2000

1000

—— CPC-550
—— CPC-600
—— CPC-650
—— CPC-700
—— CPC-800

5 10 15 20 25 30 35

20

Figure 2.4. XRD pattern of prepared CPCs.
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Table 2.1. CHN elemental analysis of BILP-5 and prepared CPCs
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for clarity purpose.)
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The specific BET surface areas from nitrogen isotherms were calculated with respect to the
consistency criteria for microporous materials as discussed in the experimental section (Figure 2.9)
and summarized in Table 2.2. Pore volumes were also determined from nitrogen and CO:
adsorption isotherms using NLDFT method. Generally, the surface area and pore volume increase
with activation temperature until 700 °C and after that decrease due to over activation.?® The
specific surface area and pore volume increase significantly from 626 m? g (BILP-5) to 3241 m?
gl (CPC-700) and from 0.39 cm®g* (BILP-5) to 1.51 cm*® g (CPC-700), respectively (Table 2.2).
The lower surface area and pore volume obtained for CPC-800 are probably related to the
destruction of pore structures formed at previous steps. Porous structure development during the
activation process takes place through chemical reactions between KOH and the carbon framework
(6KOH + C = 2K + 3H2 + 2K2CO3). As a result, the yield of chemically activated carbons is notably
lower than porous carbons obtained by direct pyrolysis. In general, the yield of activated carbons
decreases by increasing the activation parameters (temperature and activator to precursor ratio).
The yield of CPCs decreases from 47% to 13% by increasing the activation temperature from
550 °C to 800 °C implying more carbon was eliminated during activation process. It was also
suggested that at higher activation temperatures, the products of K.CO3z decomposition (CO2 and
K20) further react with carbon and contribute more to pore formation either through gasification
or lattice expansion with metallic potassium.?® In fact, two activation pathways can be recognized
for porosity formation: Low temperature activation (or low KOH/precursor) leads to initiation of
pore formation followed by deepening of pores while high temperature activation results in
widening of the pores generated during previous steps of activation. Depth activation contributes
more micropores while width activation adds some mesopores to the system since the total

micropores volume is not decreasing.?®
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Figure 2.7. Pore size distribution and cumulative pore volume of BILP-5 and prepared CPCs from

N2 sorption isotherms at 77 K, using QSDFT method and assuming slit pore model.
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Figure 2.8. Pore size distribution and cumulative pore volume of BILP-5 and prepared CPCs from

CO. sorption isotherms at 273 K, using NLDFT method and assuming slit pore model.

46



Table 2.2. Textural Properties of BILP-5 and CPCs.

Seetr® | Swmic?/ | Vmic?/ V1ot ¢/ V Mmic,oFT 9/ V 1ot,oFr 4/ Vo/ Drore? | Yield N
Sample m2gt m?2gt | cmig! | cmig? cmigl cmigt cmig? nm % wt%
BILP-5 626 384 0.17 0.39 0.18 (55) 0.33 0.12 0.8 - 12.64
CPC-550 1630 1540 0.59 0.66 0.58 (97) 0.61 0.35 0.7 47 7.88
CPC-600 2059 1872 0.74 0.89 0.70 (88) 0.80 0.31 0.9 43 6.34
CPC-650 2967 2641 1.06 131 0.80 (67) 1.19 0.28 0.9/2.2 38 5.38
CPC-700 3242 2729 1.13 151 0.83 (61) 1.36 0.24 0.9/2.5 36 4.22
CPC-800 2872 1704 0.73 1.49 0.69 (51) 1.35 0.22 0.9/3.1 13 1.00

3Calculated in the partial pressure range which gives the best linear fitting. "Evaluated by the t-
plot method. Total pore volume at P/P, = 0.95. Determined by cumulative pore volume and
maxima of the PSD assuming slit-shaped pores and QSDFT model; the values in parentheses are
the percentage of micropores volume relative to total pore volume. ®Pore volume of

ultramicropores (<0.7 nm) obtained from CO> adsorption data at 273 K.

It is worth mentioning that the presence of initial microprosity in BILP-5 is not necessary
for micropores formation in activated carbons. According to above-stated mechanisms, KOH
activation is well known for introducing micropores to even linear polymers such as polypyrrole®
and polyaniline®® or non-porous biomasses.*® In all cases, carbonization of precursor occurs
through simultaneous decomposition and rearrangement of structure as temperature increases.
However, considering the fact that decomposition of BILP-5 and dehydration of KOH both take
place at 400 °C, that portion of initial micropores which has not completely collapsed might
accelerate formation of new micropore. Moreover, gradual increase of temperature adds
mesopores to system while micropore volume is still increasing. A similar phenomenon was

reported by Kuhn et al.3! where simultaneous polymerization/carbonization was performed by heat
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treatment of nitrile monomer and zinc chloride mixture. Also it is reported that retaining some of
the initial porosity during heat treatment of a sulfur rich polymer helps to further develop porous

structure of the final S-doped carbon by elevating the temperature.®2
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Figure 2.9. BET plots for BILP-5 and prepaid CPCs calculated from the N adsorption isotherms

at 77 K. (W = Weight of gas adsorbed at P/Po, r = Correlation coefficient, ¢ = C constant.)
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Micropore volumes of activated carbons were calculated by two methods: t-plot and
corresponding cumulative pore volume of pore size distribution using DFT method. Since the t-
plot method uses a relative pressure range of 0.2-0.4 to calculate micropores volume, the values
might deviate from the real value especially for mesoporous CPCs (2-4 nm) prepared at high
temperatures. As a result, the values obtained by DFT method would be more reliable. The ratio
of Vmic,ort/ V1ot,0FT Can be considered as a degree of microporosity in CPCs and BILP-5. As shown
in Table 2.2, the fraction of micropores can reach up to 97% of total porosity for CPC-550 and
decreases at elevated temperatures, but still dominants for all CPCs. It has been reported for many
carbon-based sorbents that portion of micropores, which are smaller than 0.7 nm (ultramicropores),
has more pronounced effect on gas adsorption properties at ambient pressure compared to wider
micropores or total pore volume.3*% As a result, the volume of ultramicropores was also calculated
by CO> adsorption isotherms at 273 K. Interestingly, the amount of ultramicropores drops with
increasing the activation temperature at the expense of converting some of ultramicropores to
supermicropores (0.7-2 nm) or narrow mesopores (2-4 nm).

X-ray photoelectron spectroscopy (XPS) study not only confirms the successful doping of
nitrogen into the frameworks of CPCs but also reveals important information about evolution of
nitrogen functional groups during CPCs formation. Thus, the N 1s core level spectra of BILP-5
and all CPCs are presented in Figure 2.10 after peak fitting and deconvolution. The activated
carbon prepared at 800 °C retains only 1 wt% of nitrogen and unlike other specimens, its N 1s
spectrum cannot be deconvoluted due to the high noise/signal ratio. As presented in Figure 2.10.
(A), nitrogen atoms can be found within four different environments in CPCs: pyridinic (N-6,
398.6 eV), pyrrolic/pyridonic (N-5, 400.3 eV), quaternary (N-Q, 401.3 eV), and pyridine-N-oxide

(N-X, 403.1-406.1 eV). As expected from its molecular structure, BILP-5 exhibits two peaks at
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Figure 2.10. Schematic representation for possible nitrogen functionalities of (A) CPCs and
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(F) CPC-700.
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398.4 eV and 400.1 eV. The former is assigned to non-protonated pyridinic whereas the latter is
attributed to protonated pyrrolic nitrogen atoms both located primarily in the imidazole ring.*® The
derived CPCs contain new nitrogen species indicating chemical transformation of BILP-5 into N-
rich carbons. For BILP-5 activated at 550 °C another peak around 403.1 eV appears which can be
attributed to N-oxides of pyridine-N. This may result from partial oxidation of pyridinic nitrogen
during activation or exposure to ambient air after activation. For CPCs prepared at 600, 650, and
700 °C, a new peak located at 401.2 eV can be clearly distinguished apart from three peaks
observed in CPC-550 (N-5, N-6 and N-X). The fourth peak corresponds to the most stable nitrogen
form under the current activation conditions often termed quaternary or graphitic nitrogen (N-Q).
It is worth mentioning that another type of nitrogen named pyridonic might accompany pyrrolic
nitrogen. Since both pyrrolic and pyridonic takes place at same binding energy, they are not
distinguishable by XPS. However, taking into consideration the oxidizing environment,
temperature of activation and presence of imidazole ring in BILP-5, it is likely to have a hybrid of

both pyrrolic and pyridonic (N-5) in the prepared CPCs.

2.3.3 Low Pressure Gas Storage Studies. As stated above, nitrogen doped porous carbons
are excellent candidates for CO- adsorption.® 28 3728 Therefore, the CO- capture performance of
CPCs was investigated at 273 K, 298 K, and 313 K at ambient pressure as well as at 298 K/0.15
bar (CO> partial pressure in flue gas) as summarized in Table 2.3. CO adsorption isotherms at
different temperatures are also shown in Figure 2.11 (A) and Figures 2.12 (A-B). Knowing that
increasing the activation temperature can dramatically change the textural and chemical properties
of CPCs, we investigated the effect of these parameters on CO capture. It was observed that the

CO2 adsorption capacity of CPCs decreases as the activation temperature increases. Very
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interestingly, at 1.0 bar CPC-550 exhibits the highest CO, uptake (367 mg g%, 8.3 mmol g!) and
(256 mg g1, 5.8 mmol g1) at 273 K and 298 K, respectively. Furthermore, CPC-550 displays a
high uptake of 94 mg g (2.1 mmol g) at 0.15 bar / 298 K. To the best of our knowledge, the
obtained values for CO, capture capacity especially at room temperature, are among the highest
uptakes reported to date for different type of porous carbons (Table 2.4). However the uptake of
CO; at 273 K/1bar is lower than chemically activated petroleum pitch carbon (380 mg g2, 8.6
mmol g ) and physically activated polyacrylonitrile (507 mg g, 11.5 mmol g*%).*° It has been
well documented that microporosity plays a key role in CO, adsorption of various activated
carbons. However, for the current CPCs, high microporous surface area, pore volume, and
apparent surface area obtained for materials prepared at high activation temperatures, led to a drop
in CO; adsorption. Our observation is consistent with recent studies on a series of activated carbons
that showed enhanced CO; uptake for samples having micropores below 0.7 nm.3% 4041 Gjven the
kinetic size of CO, (3.3 A), CO> adsorption inside these pores takes place by micropore filling
instead of layer by layer adsorption. According to Table 2.2, the CO> uptake has a good correlation

with the volume of ultramicropores as well as the nitrogen-doping level of CPCs.

Table 2.3. Gas Uptakes in mg g (mmol g 1), Isosteric Heats of Adsorption in kJ mol™?, and
Selectivity (CO2/N2 and CO2/CHa4) mol mol at 273 K (298 K) for BILP-5 and CPCs.

CO, CH,4 Selectivity
0.15 bar 1.0 bar 1.0 bar

Sample 298 K 273 K 298 K 313K Qst 273 K 298 K Qst | CO2/N2 | CO2/CHy

BILP-5 | 25(0.6) 128 (2.9) 87 (2.0) 53(1.2) | 28,5 | 15(0.9) | 10(0.5) | 14.6 | 95(36) 10 (6)
CPC-550 | 94 (2.1) | 367 (8.3) 256 (5.8) | 189(4.3) | 35.3 | 43(2.7) | 27(1.7) | 21.0 | 65(59) | 13(12)
CPC-600 | 59 (1.3) | 331(7.5) 207 (4.7) | 147(3.3) | 30.8 | 37(2.3) | 24 (1.5) | 18.5 | 48(26) 10 (6)
CPC-650 | 40(0.9) | 297 (6.8) 176 (4.0) | 117 (2.7) | 244 | 35(2.2) | 21(1.3) | 19.5| 24 (17) 6 (5)
CPC-700 | 30(0.7) | 257(5.9) 147 (3.3) | 102(2.3) | 24.2 | 34(2.1) | 22(1.4) | 16.2 | 16(12) 4(3)
CPC-800 | 31(0.7) | 236(5.4) 137 (3.1) | 88(2.0) | 279 | 32(2.0) | 20(1.2) | 18,5 | 19(15) 5 (4)
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Figure 2.11. Gas uptake isotherms of (A) CO; and (B) CHsat 273 K and 1.0 bar, isosteric heat of

adsorption of (C) CO; and (D) CH4 for BILP-5 and all CPCs.

To investigate CPCs/CO- surface interactions, isosteric heats of adsorption (Qst) were
calculated by the virial method using CO2 adsorption isotherms collected at 273 K and 298 K.*2
The Qst values as a function of CO> loading increase with nitrogen content. These values range
between 24-35.3 kJ mol™? and are comparable with those of N-doped polypyrrole-based porous
carbon (19-32 kJ mol™),'® spherical nitrogen-containing microporous carbon (25-31 kJ mol*)?2

and polyaniline-based porous carbon (21-35 kJ mol™).%° The relatively high Qs value for CPC-
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Figure 2.12. Gas sorption capacities of (A) CO. at 298 K, (B) CO; at 313 K and (C) CH4 at

298 K for BILP-5 and prepared CPCs at 1 bar.
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Table 2.4. CO- capture capacity, Heat of adsorption and N-level of the most recent porous carbons

CO, Uptake in mmol g*

extra framework

Sorbent 298K, | 298K, 273K, kJ?TS]‘ é " \A',\t'(fﬁ) Sa“;'[r’]f r';']f‘me
0.15 bar 1 bar 1 bar
BILP-5 derived carbon by KOH CPC-550
activation 2.1 58 8.3 353 79 This work
Petroleum pitch derived carbon 7
by KOH activation N/A 4.2 8.6 N/A 0 VR-5-M
N-doped activated carbon by 39
CO:; physical activation of PAN N/A 51 115 652 18 ACM-5
Porous organic polymer derived N/A 3.71 6.51 o5 236 FCDTPA-
carbon by KOH activation (1.13 bar) | (1.13 bar) ' K-700 %8
Carbonized PAF with extra 1.35 4.1 N/A 270 0 PAF-1/C-900
framework (295K) | (295K) ' 43
Terephthalaldehyde/phenylenedi 200 44
amine KOH activated Carbon N/A 2.8 4.9 28.0 0.86 MPC-700
Direct carbonized PAF-1 N/A N/A 4.5 27.8 0 PAF-1-450
Fungi-based porous carbon N/A 3.5 55 N/A 0 PC-14
Polyacrylon!trlIg-derlved carbon N/A 44 N/A N/A 8.1 PAN-PK ¢
by KOH activation
KOH activated of polypyrrole 4.3 7 i 47
functionalized graphite sheet N/A a-NDC6 N/A N/A (At%) a-NDC
N-doped algae-derived carbon N/A 4.5 7.4 25 15 AG-2-700 8
N-doped polypyrrole based N/A 3.9 6.2 315 | 101 | CP-2-600°
porous carbon
Poly(acrylonitrile-co-acrylamide) 5.9 CSA-700 *°
KOH activated carbon 21 38 6.6 NIA 1 (at6) | CSA-800
p-diaminobenzene+ furfural 1.75 IBN9-NC1-
alcohol KOH activated carbon (0.2 bar) 4.50 N/A 36.1 129 A%
Resorcinol-formaldehyde KOH 1 E0n 23
activated carbon (0.1 bar) 3.1 N/A N/A 19 RFL-500
Phenolic resin-based carbon
. 1.42 CS-6-CD-4 %

sph_ere§ by CO; physical (0.2 bar) 4.55 8.03 21.7 0 CS-6-CD-8
activation
Polyimine based carbon by KOH |/ 3.10 5.26 43 | 411 | NPC-6507
activation
PAF-1 derived carbon by KOH 2.2 K-PAF-1-600
activation (273 K) N/A 7.2 26 0 %0
Sawdust derived carbon by KOH AS-2-700 ¥°
activation N/A 4.8 6.6 22 0 AS-2-600
Graphene/polyaniline based 25
carbon by KOH activation N/A 2.7 58 56 4.19 NG7
Direct carbonized ZIF-8 with 153 39 51 2 27 NC900 5
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550 at low coverage indicates a very favorable interaction between CO> molecules and the
chemically heterogeneous surface of the ultrafine pores. The binding affinity of CO> drops at
higher coverage as the favorable binding sites become less accessible. These moderate heats of
adsorption of CPCs provide not only a good affinity for CO> capture but also a facile adsorbent
regeneration without heating which is vital for large scale CCS processes. To find out the
mechanisms of CO» adsorption on the surface of CPCs both textural properties and surface
chemistry should be taken into account. Three distinct regions can be distinguished in CO:
adsorption isotherms of CPCs (Figure 2.11 A): Low pressure (<0.2 bar) with a sharp increase in
uptake, intermediate pressure (0.2-0.8), and high pressure up to 1.0 bar. As we mentioned above,
COz ultramicropores volume filling and interaction with nitrogen functionalities is the common
adsorption mechanism in the first stage of CO> capture. Adsorption in the intermediate pressure
range most likely takes place by filling larger micropores through layer by layer adsorption. The
final step involves free volume filling by CO: as the pressure reaches 1.0 bar. It can be clearly seen
that as the activation temperature increases, the low pressure region shrinks and changes the overall
shape of the CO> isotherms to a more steady increase with pressure. Notably, all isotherms are far
from saturation at 1.0 bar indicating that all CPCs would accommodate more CO> upon applying
higher pressure.

Methane uptake by CPCs was also investigated to study CO./CH4 separation at low
pressure and methane storage at high pressure. As summarized in Table 2.3 and shown in Figure
2.11 (C), activation processes resulted in methane uptake improvement for all CPCs with respect
to BILP-5. The general trend of CH4 adsorption at 1.0 bar is similar to that observed for CO>
adsorption isotherms; CPC-550 exhibits the best methane uptake among all CPCs storing 2.7

mmol gt and 1.7 mmol gt at 273 K and 298 K, respectively. These values are comparable to KOH
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activated carbons derived from PAF-1 (2.4 mmol g* at 273 K and 1.0 bar),>® and the poly-
(vinylidene chloride)-based carbon (1.8 mmol g at 298 K and 1bar).>? Therefore, at atmospheric
pressure the surface area of CPCs has minimum contribution to methane uptake. Unlike CO,, CH4
has no quadropole moments and much lower polarizability which limit its interaction with the
Lewis basic nitrogen functionalities of CPCs.>® A simulation study on porous carbon using Grand
Canonical Ensemble has shown that the optimum pore diameter for adsorption of two layers of
methane should be about 0.8 nm.>* As a result, the very high methane sorption capacity of CPC-
550 can be ascribed to its higher ultramicropores volume. The Qst for methane was calculated to
be in a range of 16.2 to 21.0 kJ mol™. The highest was observed for CPC-550 then dropped with
higher activation temperatures up to 800 °C when the collapse of large pores, reestablishes the

formation of narrower pores relevant to favorable CHs interactions.
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2.3.4 High Pressure Gas Storage Studies. Motivated by the high uptake of CO2 and CH4
at ambient pressure, we explored the storage capacity of CPCs at high pressure settings. The CO-
excess and total adsorption isotherms are depicted in Figure 2.13 (A-B) and Figure 2.14 (A-B),
respectively. These results indicate that unlike low pressure uptake, which is mostly governed by
ultramicropores, large micropores and narrow mesopores, are the predominant attributes for
attaining high storage capacities at elevated pressure. Our findings are in a good agreement with a

sorption study on a series of mesophase pitch derived porous carbons reported recently by
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Silvestre-Albero et al. > . More specifically, they discovered while narrow micropores has the
major contribution to atmospheric CO> uptake, total micropore and small mesopores (2-3 nm)
volumes play a key role at high pressure (up to 45 bar) uptake. Similarly, Gogotsi et al. 3 analyzed
a series of activated carbons and concluded when the pressure is in the range of 1 to 10 bar, the
volume of ultramicropores is the major contributor to high CO; uptake at 298 K. In contrast, at a
pressure higher than 10 bar the uptake is mainly controlled by total pore volume of micro and
mesopores as well as the apparent surface area. A similar study on a series of porous carbon
indicated that high pressure (>20 bar) CO> adsorption increases linearly with BET surface area,
pore volume and average pore size.®® The highest total CO, uptake was recorded for CPC-700
(25.7 mmol g at 30 bar and 298 K). This value exceeds the CO_ adoption capacity of graphene
oxide derived carbons which show similar pore volume but lower surface area.>® This amount is
also comparable to those of commercialized activated carbons, MAXSORB, having similar
textural properties.>’>® CPC-700 is outperformed by MOF-5 derived carbons due to their
exceptionally high pore volume (up to 5.53 cm® g) and hierarchy of micro, meso and macro
pores.%® A petroleum pitch derived carbon, VR5-4:1, also shows superior CO, adsorption capacity
under similar condition owing to its higher percentage of large micropores/narrow mesopores.>®
In addition to high CO- uptake, the working capacity of an adsorbent is of similar significance.
Table 2.5 lists the working capacity of CPCs at 298 K defined as the difference between total
adsorption values at 30 bar and 1.0 bar. Not surprisingly, CPC-700 which has the highest uptake
at high pressure and low uptake at 1.0 bar shows the best working capacity of ~23 mmol g*. This
value is very comparable to the working capacity of the recently studied MOF-5 derived carbon
(24.3 mmol g1)® as well as most of the commercially available activated carbons including

MAXSORB (21.2-24.5 mmol g't).57-59 61
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Figure 2.14. CO- high pressure (A) excess and (B) total adsorption isotherms and CH4 high

pressure (C) excess and (D) total adsorption isotherms at 298 K in mmol g2.

To see whether CPCs meet the new DOE target for methane (0.5 g/g), isotherms of CH4
up to 65 bar at 298 K were collected. The results depicted in Figure 2.13 (C-D) and Figure 2.14
(C-D) and summarized in Table 2.5 indicate that CPC-800 has the highest total storage ability of
20.5 mmol gt at 65 bar. For methane storage, it has been shown that adsorption on porous carbons
at room temperature and high pressures (< 30 bar) is governed by total micropore volume.®* The
improved performance of CPC-800 over CPC-700 (at P > 30 bar), despite its lower surface area,
can be related to the presence of hierarchy of meso/micro pores in this sample. The storage capacity

60



of CPC-800 reaches 66% of the new DOE gravimetric target and is comparable to similar activated
carbons derived from a variety of precursors.®® °2 The deliverable methane capacity, which is
defined as the difference between storage and discharge pressures of 65 and 5 bar, respectively,
reaches a high value for CPC-800 (0.273 g g) due to its low uptake at low pressures and high

uptake at high pressures, which makes it promising for practical applications.

Table 2.5 CH4 and CO: High Pressure Uptake Characteristics of CPCs at 298 K.

CHs (65 bar and 298 K) | CO> (30 bar and 298 K)

CPCs Excess | Total WC | Excess | Total wC
gg* | 9g* | 9g* | gg* | gg* | gg?
CPC-550 0.142 | 0.171 | 0.118 | 0.599 | 0.648 | 0.462
CPC-600 0.143 | 0.182 | 0.130 | 0.705 | 0.763 | 0.618
CPC-650 0.191 | 0.249 | 0.192 | 0.855 | 0.939 | 0.807
CPC-700 0.218 | 0.284 | 0.219 | 1.033 | 1.131 | 1.007
CPC-800 0.265 | 0.330 | 0.273 | 0.944 | 1.040 | 0.953

The working capacity is defined as the difference in total uptake between 65 to 5 bar for CH4 and

30 to 1.0 bar for CO..

2.3.5 Selective CO2 Uptake Studies. In addition to their remarkably high CO uptake,
CPCs should exhibit facile regenerability and high selectivity for CO2 over N2 and CHj to be useful
under practical conditions. To evaluate recyclability, we have selected CPC-600 and tested it by
six continuous CO> adsorption/desorption cycles under ambient condition. As shown in Figure
2.15, CPC-600 maintains its initial CO> uptake capacity after six cycles, which confirms excellent
recyclability of the sample. To evaluate the merit of CPCs for CO2/N; and CO2/CHa separation,

single component adsorption isotherms of CO2, CH4 and N2 were collected at 273 K/ 298 K and
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1.0 bar for all CPCs. Utilizing these isotherms and applying Henry’s law constant to their low
pressure region, the initial slope ratios for all gases were calculated as summarized in Table 2.3
and Figures 2.16-2.19. Results in Table 2.3 show that the selectivity values of CPCs generally
decrease as the activation temperature increases. It is worth mentioning that CPC-550 exhibits
comparable selectivity values to BILP-5. However, the general drop in CPCs selectivity is driven
by the activation process that leads to nitrogen loss, increase in surface area, and pores
enlargement. The larger pores and low nitrogen content reduce CO- binding affinity and provide
better access for N> and CH4 molecules. For CPC-800, the selectivity values of CO2 over both N2
and CHa are higher than those of CPC-700 because the former has narrower pores due to partial
structure collapse that favor CO uptake. The optimal CO2/N> selectivity value of CPC-550 at
ambient temperature (59) is significantly higher than those of recently reported activated carbons
such as (benzoxazine-co-resol)-based porous carbons (27.8),%? N-doped microporous carbons with
extra cation framework (33),%® nitrogen doped hollow carbon nanospheres (29),% fungi-based
carbons (18.5),%* polypyrrole-graphene based carbons (34),*" imine-linked derived porous carbons

(12.5)*" and algae derived carbons (10).%

5.5
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35}
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Figure 2.15. CO> adsorption isotherms on CPC-600 at 298 K for six repeat runs.
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Figure 2.16. Gas sorption capacities for BILP-5 and prepared CPCs at 273 K. CO> (black square),

CHa (red circle) and N2 (Blue triangle).
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Figure 2.19. Adsorption selectivity of CO2 over N> and CH4 for BILP-5 and prepared CPCs from

obtained by initial slope calculations at 298 K. CO. (black), CHa4 (blue) and N2 (red).
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2.4 Conclusion

In conclusion, chemical activation of benzimidazole-linked polymers with KOH followed
by thermolysis afforded a series of highly porous and N-doped activated carbons with a wide range
of textural properties relevant to gas storage and separation. The unique combination of high
nitrogen content and ultramicroporosity in one of the prepared carbons, CPC-550, enabled high
CO2 uptake at 298 K and 1.0 bar (5.8 mmol g). The porosity of CPCs increased significantly with
activation temperature until 800 °C at which pores collapse seemed to take place. The improved
textural properties (surface area and pore volume) led to very high CO> and CH4 uptakes and
working capacities at high pressure. In contrast, the enhanced textural properties hamper selective
COz separation form N2 and CH4 gas mixtures. For practical application of CPCs in CO; capture
and separation, however, challenges such as reducing the cost and scalability of precursor should

be solved.
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Chapter 3: From Azo-Linked Polymers to Microporous Heteroatom Doped Carbons:

Tailored Chemical and Textural Properties for Gas Separation

3.1 Introduction

Design of task-specific single source precursors (of carbon and desired heteroatom) for
generation of high performance nanoporous carbons has been the subject of many research works
in recent years.2 Accordingly, various promising single sources of nitrogen and carbon including
nitrogen-decorated metal-organic-frameworks (ZIF-8),>* nitrogen containing porous organic
polymers (imine-linked, benizimidazole-linked and hypercross-linked polymers),>’ ionic
liquids®® and biomasses and derivatives*'"*2 have been employed. However, the elimination of
non-carbon atoms upon carbonization results in low dopant level in final product. This challenge

can be addressed by selecting a precursor with intrinsically more robust heteroatom bonds.

In this chapter, we introduce a new series of nitrogen and oxygen co-doped porous carbons
by using an azo-linked polymer as precursor. The task-specific ALP-6 precursor consists of high
nitrogen content (14.7 wt%) and initial porosity (SAser= 800 m? g1). Additionally, it is believed
that highly stable nitrogen linkage will benefit high doping level of heteroatoms and CO> selective
adsorption. Direct carbonization, ZnCl, and KOH activation were applied to obtain three different
classes of ALP-6 derived carbons (ALPDCD, ALPDCZ and ALPDCK, respectively). Textural
properties, surface chemistry and gas adsorption and selectivity of prepared carbons along with
ALP-6 were comparatively investigated.
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3.2 Experimental

3.2.1 Preparation of Heteroatom Doped Carbons. The single source precursor, ALP-6,
was synthesized through copper (I)-catalyzed oxidative homocoupling of N,N,N’,N'-tetrakis
(4-aminophenyl)-1,4-phenylenediamine monomer following the procedure we recently
reported.>1* ALP-6 batches were combined (~ 3.0 g) and outgassed at 120 °C and 150 mTor for
24 h. The first class of porous carbons was synthesized by direct carbonization of ALP-6. In a
typical synthesis, 300 mg of outgassed ALP-6 was placed in a ceramic boat then directly heated to
the targeted temperatures of 600, 700 and 800 °C with a heating rate of 5 °C /min under ultrahigh
purity Ar flow and held for 1 h at the desired temperature. ALP-6 derived carbons synthesized by
this procedure were labeled as ALPDCDT, where D and T represent direct pyrolysis and the
targeted carbonization temperature, respectively. The second and third classes of porous carbons
were synthesized by pyrolysis of ALP-6 after activation with KOH and ZnCl,, respectively. In a
typical procedure, 400 mg of activated ALP-6 precursor was thoroughly mixed with 800 mg of
KOH or ZnCl> (2:1 weight ratio of activating agent to polymer). To minimize the effect of water
absorption on the surface of activated polymers and reaction with activation agents, this step was
carried out under nitrogen inside a glovebox. The uniform powder mixture obtained by physical
mixing and grinding was placed in a boat then transferred to a tube furnace and heated up to 500,
600 and 700 °C as discussed above. After cooling to room temperature, the black carbon samples
were soaked and washed three times with HCI (1.0 M) to remove unreacted KOH, ZnCl, or
residual salts. Further purification was performed by washing with distilled water and ethanol,
respectively. The resulting activated carbons were dried under vacuum at 200 °C for 12 h. These

classes of ALP-6 derived carbons were denoted as ALPDCKT and APLDCZT in which, K, Z and
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T represent chemical activation by KOH, ZnCl> and activation temperature, respectively. Synthetic

routes of porous carbons are depicted in Figure 3.1.
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N NT*
Il Il
N N
\©\N/©/ (1) 600-800 °C, Argon
(2) KOH (2:1) + 500-700 °C, Argon
(3) ZnCl, (2:1) + 500-700 °C, Argon
T
N N
Il Ul
z N No s
ALP-6 Heteroatom Doped Carbons (ALPDC)

Figure 3.1. Schematic representation of the synthesis of ALP-6 derived carbons.

3.2.2 Measurements and Characterization. Gas adsorption isotherms for N2 (at 77, 273
and 298 K), CO» (at 273 and 298 K) and CHj4 (at 273 and 298 K) were measured on Autosorb-iQ2
volumetric adsorption analyzers (Quantachrome Inc.) using ultrahigh purity grade adsorbates.
Before adsorption measurements, each sample was degassed under vacuum for at least 12 h at
200 °C. The specific surface area of the samples was measured using the Brunauer—Emmett—Teller
(BET) method. Incremental pore size distributions (PSD) were obtained from adsorption branch
of N2 (at 77 K) isotherms by the QSDFT (Quench Solid Density Functional Theory) method as
well as adsorption branch of CO, (at 273 K) isotherms by the NLDFT (Non Local Density
Functional Theory) method assuming slit-like geometry on carbon material kernel. The volume of

micropores (Vwmic) was estimated by cumulative pore size distribution curves and corresponding
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volume at pore size of 2 nm. As a control, t-plot method provided by Quantachrome was also
utilized to confirm Vwmic obtained by PSD curves. The volume of ultramicropores (Vo) was
estimated from CO, (273 K) isotherms after adjustment of CO. pressure at 273 K. Scanning
Electron Microscopy (SEM) images were obtained using Hitachi SU-70 scanning electron
microscope. The samples were prepared by dispersing each specimen onto the surface of a sticky
carbon attached to a flat aluminum sample holder. Then, the samples were coated with platinum
at a pressure of 10° mbar in a N, atmosphere for 60 seconds before SEM imaging. Elemental
analyses of carbon, nitrogen, hydrogen, and ash were performed at the Midwest Microlab, LLC.
X-ray photoelectron spectroscopy (XPS) analysis was performed on a ThermoFisher ESCALAB
250 spectrometer employing Al Ka (1486.68 eV) X-ray source equipped with a hemispherical

analyzer.

3.3 Results and Discussion

3.3.1 Textural Properties. Nitrogen sorption measurements were carried out to investigate
the porous nature of ALP-6 derived porous carbons. The BET equation was applied to the N
adsorption isotherms to obtain the surface area where the P/Po range was chosen by micropore
BET assistant software to yield a high R? value and a positive line intersect of multi-pint BET
fitting (Figure 3.2). To compare the porosity levels, nitrogen isotherms for each class of prepared
carbons were stacked along with isotherm of ALP-6 in a separate graph as illustrated in Figures

3.3 (AC).
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Figure 3.2. BET plots for ALP-6 and its derived carbons calculated from the N> adsorption

isotherms at 77 K. (W = Weight of gas adsorbed at P/Pg, r = Correlation coefficient, ¢ = C constant).

80



[}
o
o

500 900

N B C
(A) . 800 00000’5)’)0‘0‘0000@& 500 ( )
— _ * —
& 400 o | Eroo] £ £
@ »> @ N CmOwOmuUsgoooo® [0 ¥
o 5600{f  .a=a" & 400 o i
3 300 N 8 ] hr kR AT AR KK A KF S
=1 SN LA -t 3300{"’ : §E
> ° > o
£ LA s | £ 400] e coegegessgpprb il
S 200+ > RQE 2 kkir ‘8' E L
g 2 3001 200
P é:x:&:&:ixhh“ E N T T T L 2
E 100 £ 200 1 By g
3 > ALP-6 ALPDCD700 | 3 400 > ALP-6 - ALPDCKe00 | 2 %0 > ALP-6 * ALPDCZ600
> 4 ALPDCDB00 » ALPDCD800 > ALPDCK500 + ALPDCK700 | = ALPDCZ500 = ALPDCZ700
O T T T T T T 0 T T T T T T T T T
00 02 04 06 08 10 00 02 04 06 08 10 0 02 06 08 10
(PIP) (PIPy) (PIPy)
0.48 1 (D) 0.48 1 (E) 0481 (F)
— AP —ALP-6 ——ALP-6
ALPDCK500 0.40 ALPDCZ500

4 —— ALPDCD600 4
o s — ACpocKk7o0 — ALpoczion
—_ —— ALPDCD800 —

5 032 032 5 0321

g E 0.24 1

£ .24 0.24 £o.

S k)

> >

3 0.164 J\‘/\ 3
_ 000 ]

0.16
Mo T
0.00 1 0.00 1 0.00 1
2 4 6 8 10 12 14 16 18 20 4 8 12 16 20 24 28 32 36 40 4 8 12 16 20 24 28 32 36 40
Pore Size (&) Pore Size (&) Pore Size (4)

o
N
s
dV(d) (cc/A/g)

Figure 3.3 (A-C) Nitrogen isotherms at 77 K and (D-F) pore size distributions calculated by DFT
method for ALP-6 derived carbons and ALP-6 precursor (All PSD curves are offset vertically in

steps of 0.1 for clarity purpose).

Consistent with the most of the porous organic polymers, ALP-6 exhibits type I/IV
isotherm with a notable hysteresis loop at P/P, = 0.2-0.8 that vanishes upon carbonization.
According to Figures 3.3 (A-C) direct carbonized samples show lower uptakes with respect to
ALP-6, whereas, activated carbons feature enhanced uptakes. The nitrogen adsorption isotherms
of all ALP-6 derived carbons can be classified as type | with a sharp uptake at low partial pressure
region (P/P, < 0.01) followed by a plateau for most of the remaining pressure range, which is

indicative of microporosity. Compared with the BET surface area of ALP-6 (800 m? g1), the BET



surface areas of ALPDCD600, ALPDCD700 and ALPDCD800 drop to 489, 458 and 582 m? g,
respectively. This drop in porosity level is most likely driven by collapse of pores and the lack of
activation mechanisms during direct carbonization process. In contrast, the surface areas of KOH
activated carbons found to be 881, 2347 and 2952 m? g* for ALPDCK500, ALPDCKG600 and
ALPDCKT700, respectively. The ALPDCKS500 sample features almost an identical surface area to
the pristine polymer; however, the nature of porosity in these two materials is different. The type
I nitrogen isotherm of ALPDCK500 (Figure 3.3 B) as well as the numerical values for micropore
and ultramicropore volume (Vwmic and Vo in Table 3.1) clearly indicate that unlike ALP-6 this
carbon sample is mainly composed of fine micropores. The significant enhancement of surface
area for samples synthesized at higher temperatures (600 and 700 °C) can be correlated to the
higher degree of activation achieved by KOH through mechanisms such as etching (by redox
reactions), gasification (by evolving gaseous species such as CO and COz) and expansion (by
metallic potassium) of carbon framework.'® The use of higher activation temperatures also leads
to narrow mesopores formation as evidenced by the broadening of the N. isotherms knees at
relatively low pressures as well as pore size distribution studies as we discuss below. Similarly,
activation of ALP-6 with zinc chloride also led to improved porosity 1585, 1395 and 1057 m? g
for ALPDCZ500, ALPDCZ600 and ALPDCZ700, respectively. It seems that activation by ZnCl;
has the most pronounced effect at 500 °C while increasing the activation temperate to 600 and
700 °C has negative impact on porosity. The mechanism of activation by ZnCl. differs from that
of KOH. While the latter is a strong base, the former is a Lewis acid. In general, KOH activation
mechanism is governed by evolution of COx or CxHy gaseous species due to oxidative
environment, whereas, ZnCl, activation is mainly dictated by dehydration of carbon precursor

upon increasing the temperature.’® ZnCl; reacts with the precursor after initial dehydration and
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inhibits further development in porous structure. As a result, slight degradation of textural
properties for carbons activated at temperatures above 500 °C can be realized.!” Olivares-Marin
et al. performed a comprehensive study on the ZnCl, activation parameters (temperature and
impregnation ratio) effect on textural properties of prepared carbons using Chery stone as
precursor. In a similar trend to our results, they noticed that among five carbons obtained by
activation between 400-800 °C, the one prepared at 500 °C presented the highest surface area and

micropore volume.*®

Table 3.1. Textural Properties of ALP-6 Derived Carbons and ALP-6

Textural properties
SBer | Vit | VmicS/ | Vmic” | Vo ¥
Sample m?g! |em’g! | em’g! |[emig! | cm’g’!
ALP-6 803 0.50 |0.23(46) | 0.23 0.14
ALPDCD600 | 489 0.31 |0.16(52)| 0.16 0.12
ALPDCD700 | 458 0.28 |0.15(54)| 0.15 0.12
ALPDCD800 | 582 0.29 |0.20(69)| 0.20 0.15
ALPDCKS500 | 881 0.37 |0.31(84)| 0.32 0.22
ALPDCK600 | 2347 | 0.99 |0.77(78) | 0.84 0.35
ALPDCK700 | 2952 1.26 1090 (71)| 1.0 0.30
ALPDCZ500 | 1585 0.71 |0.54(76) | 0.56 0.26
ALPDCZ600 | 1395 0.60 | 0.48(80)| 0.50 0.25

ALPDCZ700 | 1057 045 |0.37(82)| 0.37 0.21

2 Calculated in the partial pressure range which gives the best linear fitting. ° Total pore volume at
P/P, = 0.95. ¢ Determined by cumulative pore volume and maxima of the PSD assuming slit-
shaped pores and QSDFT model; the values in parentheses are the percentage of micropores
volume relative to total pore volume. ¢ Evaluated by the t-plot method. ¢ Pore volume of

ultramicropores (<0.7 nm) obtained from CO> adsorption data at 273 K.
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Pore size distribution (PSD) of ALP-6 and its derived carbons were thoroughly investigated
by N2 (77 K) isotherms and quenched solid density functional theory (QSDFT) model which is
widely employed for carbons with heterogeneous pore walls.!® Moreover, CO2 isotherms (273 K)
and non-local density functional theory (NLDFT) model were employed to assess the distribution
of fine micropores where nitrogen molecules diffusion is limited by extremely slow and time
consuming Kkinetic. In other words, higher kinetic energy of the CO, molecules at 273 K enables
them to penetrate and probe narrower pores than N2 at 77 K or Ar at 87 K are able to perform. That
is to say, the COz isotherm presents more reliable data for distribution of pores below 0.7 while
N2 is more beneficial to evaluate the distribution of larger micropores, mesopores and any possible
macropores. Consequently, the overall PSD spectra are achieved by information gathered from
both N2 and CO> isotherms and results are depicted in Figure 3.4. In a similar manner to N>
isotherms, PSD curves for each class of ALP-6 derived carbons together with the ALP-6 parent

precursor are stacked and demonstrated in Figures 3.3 D-F.
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Figure 3.4. Pore size distribution curves for ALP-6 and its derived carbons. Red circles obtained
by applying QSDFT model on adsorption branch of N2 (77 K) isotherms assuming slit shape pores
and black squares obtained by applying NLDFT model on adsorption branch of CO, (273 K)

isotherms assuming slit shape pores.
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The pore size distribution of ALPDCDs is predominantly centered around 5 A in contrast
to the randomly distributed pores of ALP-6 all across the micropore size range (< 2 nm). The PSD
curves of KOH activated carbons (Figure 3.3 E) indicate that their porosity is made up mostly of
micropores. The pore size of low temperature activated ALPDCKS500 centers around 5 and 9 A.
Increasing the activation temperature to 600 and 700 °C not only shifts the dominant peaks to
slightly higher values, but also adds a small fraction of narrow mesoporosity which distributed
around 23-24 A to the system. The pores of ZnCl; activated carbons were also realized to distribute
around 5 and 9 A (Figure 3.3 F). A slight reduction in dominant pore size as well as appearance of
narrow mesopores around 22 A were observed upon increasing the activation temperature from

500 to 700 °C.

The pore volume of microporous carbons was extensively studied due to its significance in
gas adsorption properties. Accordingly, the total pore volume (Vrot, at P/Po= 0.95), the micropore
volume (Vwic, calculated by DFT and t-plot), the ratio of micro to total pore volume (Vmic/V1ot, s
a degree of microporosity) and the volume of ultramicropores (Vo, pores below 7 A) were
calculated and summarized in Table 3.1. The total pore volume of merely carbonized samples
decreases with respect to ALP-6. However, micropore volume, ultramicropore volume and
percentage of microporosity increase by increasing the carbonization temperature and reach to the
highest values of 0.20 cm® g%, 0.15 cm® g* and 69% for ALPDCD800, respectively. Among KOH
activated carbons, the ALPDCK500 exhibits lower total pore volume of 0.37 cm?® g comparing
0.50 cm?® g* of ALP-6 but enhanced micropore and ultramicropore volume. The ALPDCK700
exhibits the highest total and micropore volume of 1.26 cm?® g* and 0.90 cm?® g, respectively,
among all studied carbons. Importantly, ALPDCKG600 possesses the highest volume of

ultramicropores (0.35 cm?® g1), which benefits small gas adsorption performance. The degree of
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microporosity dropped from 84 to 71% by increasing the activation temperature from 500 to
700 °C due to the mesopores formation. Activation by ZnCl; led to enhancement in all types of
pore volumes compared to ALP-6. As discussed above for surface area studies, the most effective
activation mechanism at 500 °C results in the highest values for total, micro and ultramicro pore
volume up to 0.71, 0.54 and 0.26 cm?® g%, respectively. However, unlike KOH-activation the lack
of effective pore formation mechanism at elevated temperatures (600 and 700 °C) results in
narrower pores. Therefore, the microporosity level shows slight improvement up to 80 and 82%

for ALPDZ600 and ALPDCZ700, respectively.

(B) ALPDCD600

Figure 3.5. Scanning electron microscopy (SEM) images of (A) ALP-6, (B) ALPDCD600, (C)

ALPDCK®600 and (D) ALPDCZ600.
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Figure 3.6. Additional SEM images of ALP-6 derived carbons. (A-C) ALPDCDs (D-F) ALPDCZs

(G-1) ALPDCKG.

3.3.2 Microstructure and Composition of Carbons. The SEM images of ALP-6 together
with one representative sample of each series of carbons (synthesized at 600 °C) are presented in
Figure 3.5 for comparison. The ALP-6 precursor displays a spherical morphology. The direct
carbonized samples retain the original spherical shape with slight shrinkage in size compared to

parent ALP-6. The ZnCl activated carbons display somewhat diverse microstructure. The most

88



effective activation at 500 °C leads to destruction of the most of the primary spheres existed in
ALP-6 and converts them to smaller and more irregular-shaped phases. Interestingly, activation at
600 and 700 °C seems to be more effective in maintaining original spherical morphology as
ALPDCZ700 is just composed of spherical morphology with reduced particle size (Figures
3.6 D-F). In contrast to ALPDCD and ALPDCZ series, a dramatic morphological change was
observed for KOH activated carbons. The activation by KOH results in total destruction of the
original spherical morphology and formation of massive irregular-shaped structures at all

temperatures. (Figure 3.5 D and Figure 3.6 G-1).

Table 3.2. Elemental Analysis and XPS Data for ALP-6 Derived Carbons and ALP-6

CHN Elemental Analysis XPS
C H N | Ash | C 0) N
Sample wt% | wt% | wt% | wt% | wt% | wt% | wt%
ALP-6 69.5| 42 | 147 | - |76.7]10.8]| 125

ALPDCD600 | 78.7 | 2.7 | 143 | 0.5 | 83.5| 4.7 | 11.8
ALPDCD700 | 803 | 1.7 | 126 | 1.2 [ 844 | 62 | 94
ALPDCD800 | 80.0 | 1.0 | 85 | 2.5 | 84.6| 8 7.4
ALPDCKS500 | 61.5 | 2.3 | 12.1 | 45 | 723|179 | 9.8
ALPDCK600 | 68.7 | 1.6 | 93 | 1.9 | 743|172 | 85
ALPDCK700 | 732 | 1.0 | 47 | 19 | 79 |16.1 | 49
ALPDCZ500 | 60.0 | 1.9 | 11.1 | 20.2 | 77.3 | 11.6 | 11.2
ALPDCZ600 | 71.7 | 1.7 | 12.6 | 43 | 79 | 10.2 | 10.8
ALPDCZ700 | 71.4 | 1.4 | 13.7| 25 | 774|112 | 114
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The chemical composition was evaluated by elemental analysis (EA). The CHN elemental
composition (carbon, hydrogen and nitrogen wt%) as well as remaining ash content (wt%) of the
studied carbons and parent polymer are provided in Table 3.2. It is clear that both carbonization
and activating led to diminution of nitrogen level with respect to ALP-6. The results showed that
the nitrogen content in ALPDCD and ALPDCK classes of carbons decreases by increasing the
temperature whereas in ALPDCZ series it slightly increases. The latter can be justified by the
optimum ZnCl, activation at 500 °C as it was explained above. Namely, three samples of
ALPDCD600, ALPDCK500 and ALPDCZ700 retained the highest nitrogen level (wt %) of

14.3,12.1 and 13.7, respectively.

To study the oxygen and nitrogen species on the pore walls of ALPDCs, X-ray
photoelectron spectroscopy (XPS) was performed. Survey spectra of all ALP-derived carbons as
well as ALP-6 distinctly feature three dominant peaks centered at 285.1, 399.9 and 532.7 eV
corresponding to the presence of C 1s, N 1s and O 1s, respectively (Figure 3.7). The absence of
any other peaks in the full survey pattern clearly confirms the removal of metal traces during acid
washing process. The surface concentration of C, N and O are calculated from the corresponding
peak areas of XPS spectra and results are summarized in Table 3.2. The percentages of carbon and
nitrogen obtained by XPS are in a good agreement with values tested by elemental analysis. It
should be taken into account that elemental analysis is carried out in the bulk of carbon material
but XPS is a surface sensitive method and values for C, N and O content usually are gathered from
the surface of samples. This reveals that the amounts of the surface nitrogen groups are slightly
lower than the ones in the bulk materials. Reversely, the relatively higher amounts of carbon and
oxygen reported by XPS can be ascribed to the possible adsorption of carbon dioxide and water

on the surface of porous carbons. Moreover, the consistent results of XPS and EA reflects the

90



uniform distribution of heteroatoms into the porous carbon framework. The nature of oxygen and
nitrogen functionalities was further investigated by deconvolution of their 1s core level spectra. In
general, four nitrogen species as N-6 (pyridinic), N-5 (pyrrolic and/or pyridonic), N-Q (quaternary)
and N-X (oxidized) as well as three different components of oxygen groups as O-1 (quinone), O-
Il (phenol and/or ether) and O-I11 (carboxylic groups and/or water) are mostly recognizable in
porous carbons.?%?! A schematic representation of all possible nitrogen and oxygen species for a
typical porous carbons and ALP-6 molecule along with their binding energy has been depicted in
Figure 3.8. High resolution deconvoluted N 1s and O 1s spectra of the ALP-6 derived carbons and
the ALP-6 are depicted in Figure 3.9 and Figure 3.10, respectively. Clearly, two different types of
nitrogen (Amine and Azo) can be distinguished by molecular formula of ALP-6 which are not
correlated to any four species found in N-functionalized carbons. Surprisingly, after deconvolution
and peak fitting just one single peak at 399.8 eV was recognized (denoted as N-A, hereafter).
Interestingly, we found that Amine and Azo nitrogen groups have almost identical N 1s binding
energies which well explains their overlapping.? It is expected that pristine N-A nitrogen species
evolve to N-5/N-6/N-Q/N-X surface groups in the course of heat treatment and activation.
Consequently, the ALPDCD class possess all four types of nitrogen and three oxygen surface
groups. They also contain the lowest oxygen content, which might be attributed to the adsorption
of water, O, and CO2 from ambient. By contrast, the ALPDCK and ALPDCZ classes are lacking
quaternary nitrogen (N-Q) and pyrrolic/pyridonic nitrogen (N-5) is dominating. Notably, the
chemical activation awards higher amounts of oxygen surface group to the resultant carbons owing
to the oxidative and dehydrating effects of KOH and ZnCly, respectively. It also has been observed
that nitrogen functional groups oxidize easily'’ 2% which further supports the presence of N-X type

of nitrogen in all studied carbons. For the sake of comparison, nitrogen species of one
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representative sample of each class of carbons (ALPDCD600, ALPDCK®600, ALPDCZ600) and

ALP-6 are also shown in Figure 3.11 together.

O1s C1s — ALP-6
N1s
—— ALPDCD600

N S
o J ALPDCD700
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Figure 3.7. X-ray photoelectron spectroscopy (XPS) survey spectra of ALP-6 and its derived

carbons.
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Figure 3.8. The schematic representation of nitrogen species in (A) ALP-6 and (B)

nitrogen/oxygen species in a hypothetical porous carbon.
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Figure 3.9. High resolution deconvoluted N 1s spectra of (A-C) ALPDCDs, (D-F) ALPDCKs, (G-

I) ALPDCZs (G-I) and (J) ALP-6.
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Figure 3.10. High resolution deconvoluted O 1s spectra of (A-C) ALPDCDs, (D-F) ALPDCKSs,

(G-1) ALPDCZs and (J) ALP-6.
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Figure 3.11. High resolution deconvoluted N 1s spectra for (A) ALPDCD600, (B) ALPDCK®600,

(C) ALPDCZ600 and (D) ALP-6.

3.3.3 CO2 and CHs Capture Performance. Motivated by the large portion of
microporosity and high level of basic heteroatoms (O and N) generated during
carbonization/activation process, the CO. capture performance of ALP-6 derived carbons were
explored by collecting their isotherms up to 1 bar. A comparative analysis of CO adsorption
isotherms measured at 273 and 298 K for each class of ALP-6 derived carbons as well as parent
polymer is illustrated in Figures 3.12 A-F. As shown in Figure 3.12 A, at 273 K the low

temperature carbonized samples at 600 and 700 °C exhibit slightly lower CO> uptake at 1 bar
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compared to ALP-6 while ALPDCDB800 features slight improvement in final uptake. As evidenced
by Figure 3.12 D, at 298 K ALPDC800 features noticeable improvement in uptake while
ALPDCD600 and ALPDCD700 show almost similar uptake to the parent molecule. All three KOH
activated carbons show substantial enhancement in final uptake owing to the generation of
micropores and evolution of basic nitrogen and oxygen surface groups during chemical activation.
However, the ALPDCK500 with the highest microporosity and heteroatom level presents a lower
rate of increase in uptake at pressures higher than 0.4 bar. By contrast, ALPDCK600 and
ALPDCK?700 demonstrate steady rise in CO, uptake for the entire pressure range thanks to the
existence of larger micropores and narrow mesopores despite their lower nitrogen content (Figure
3.12 B and Figure 3.12 E). At 1 bar the ALPDCKG®600 features the highest CO, uptake values of
8.3 and 5.2 mmol g? at 273 and 298 K, respectively, which are comparable to the highest
heteroatom doped microporous carbon reported to date.> 1% 2427 Similarly, three ZnCl. activated
carbons show superior adsorption capacity at 1 bar with respect to ALP-6 (Figure 3.12 C and
Figure 3.12 F). The highest CO. uptakes, 6.2 mmol g* and 3.9 mmol g were achieved on

ALPDCZ500 at 273 and 298 K, respectively.

In order to investigate the binding affinity of ALP-derived carbons for CO., isosteric heats
of adsorption (Qst) were calculated by the virial method using CO- adsorption isotherms collected
at 273 and 298 K.28 The plots of Qs (kJ mol™) as a function of CO; uptake (mmol g*) are shown
in Figures 3.12 G-I and Qs values at zero coverage are provided in Table 3.3. The polymer
precursor features the intermediate isosteric heat of adsorption of 28.5 kJ mol™ at zero loading.
After direct carbonization the Qs values significantly increased to 34.7-36.3 kJ mol™t. This
dramatic improvement in Qs can be explained by collapsing of the initial microporosity in ALP-6

and providing much smaller pores, which are more beneficial for interaction with CO2 molecules.
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The Qs values of 37.2, 32.0 and 25.4 kJ mol™* were obtained for samples which are KOH activated
at 500, 600 and 700 °C, respectively. The decreasing trend with relatively large steps in Qs of
ALPDCKs can be rationalized by noticeable loss of the heteroatom content and pore widening
upon increasing the temperature. Considering the fact that ZnCl» activated carbons possess almost
identical amounts of heteroatom, the Qs values are just controlled by the pore size altercation.
Both ALPDCZ600 and ALPDZ700 samples show the highest Qs values of 34 kJ mol™ evidently

because of higher percentage of micropores.
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Figure 3.12 CO; adsorption isotherms at (A-C) 273 K and (D-F) 298 K, and (G-1) CO. isosteric

heats of adsorption for ALP-6 derived carbons and ALP-6.
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Table 3.3. Gas Uptakes, Isosteric Heats of Adsorption, and Selectivity (CO2/N.> and

CO2/CH4) ALP-6 Derived Carbons and ALP-6 2

CO; CH,
0.15 bar 1.0 bar 1.0 bar Selectivity
Sample 273K | 298K | 273K | 298 K | Qs | 273K | 298 K | Qst | CO2/N, | CO,/CH4
ALP-6 1.2 0.6 3.4 22 286 10 0.60 | 19.0 | 45(48) 10 (7)

ALPDCD600 | 1.5 0.8 2.8 20 (358 1.2 0.7 | 252 | 89(54) 12 (8)

ALPDCD700 | 1.7 1.0 3.0 23 363 | 14 1.0 | 248 | 79 (54) 9(8)

ALPDCDS800 | 2.0 1.2 3.5 27 347 17 12 | 243 | 64 (42 9(7)

ALPDCK500 | 2.7 1.5 5.2 38 (372 17 11 | 225 |115(62) | 18(11)

ALPDCK®600 | 2.9 1.5 8.3 52 320 24 14 |20.3| 62(36) 13 (8)

ALPDCK700 | 1.8 0.9 7.2 41 | 254 | 24 15 |18.2 | 22(14) 5(4)

ALPDCZ500 | 2.1 | 1.0 | 62 | 39 [294| 19 | 11 [211] 47(27) | 10(6)

ALPDCZ600 | 2.4 13 6.0 39 |340| 20 1.2 | 21.2| 70 (41) 12 (9)

ALPDCZ700 | 2.2 12 5.0 34 |338| 18 11 | 222 | 74 (45) 13 (9)

2 Gas uptake in mmol g2, isosteric heats of adsorption (Qst) in kJ mol™ and selectivity mol mol™

at 273 K (298 K)
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Figure 3.13. Low pressure (<0.15 bar) CO. capture capacity for ALP-6 derived carbons and

ALP-6 at 273 K and 298 K.
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To have a more accurate assessment about merit of our ALP-6 derived carbons as sorbents
for the practical CO, capture and separation, their CO, adsorption behavior should be studied at
low pressure region of their isotherms which corresponds to CO> pressure in flue gas condition (3-
15 % by volume).?® Thus, low pressure uptake isotherms of each class of ALP-6 derived carbons
as well as ALP-6 precursor at 273 and 298 K are presented in Figure 3.13. All studied carbon
materials show improved CO. capture at 0.15 bar which further highlights the effectiveness of our
carbonization and activation strategies. Namely, ALPDCD800, ALPDCK500 and ALPDCZ600
show substantial CO uptake of 1.2, 1.5 and 1.3 mmol g* at 298 K / 0.15 bar, respectively,
featuring a minimum of two times improvement compared to 0.6 mmol g value for ALP-6
precursor (Figure 3.14). This result is coherent with Qst observations and the fact that enhanced
CO2 uptake at low pressure is mostly governed by synergistic effect of high fraction of
ultramicropores (Vo in Table 3.1) and basic heteroatoms on the pore walls. The former provide
stronger adsorption potential for confinement of the CO2 molecule (kinetic size 3.3 A)* while the
latter introduce high charge density (N and O sites) to the carbon network and favor binding to

polarizable acidic CO, through hydrogen bonding and/or Lewis acid-base interactions.3!-34
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Figure 3.14. Low-pressure CO2 comparison of selected ALPDCs and ALP-6 at 298 K.
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Figure 3.15. CH4 adsorption isotherms at (A-C) 273 K and (D-F) 298 K, and (G-1) CHg isosteric

heat of adsorption for ALP-6 derived carbons and ALP-6.

We also investigated the methane adsorption at 273 and 298 K and low pressure for gas

separation studies. The results are displayed in Figures 3.15 (A-F) and summarized in Table 3.3.

All ALP-6 derived carbons exhibit superior methane adsorption performance for the entire

pressure range in comparison with the polymer precursor. The role of basic heteroatom can be
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ruled out due to the very low polarizability of methane (26 x 10 cm?®).% Therefore, the
improvement of methane uptake can be solely correlated with modified textural properties after
carbonization/activation. A closer observation of methane isotherms for three classes of carbons
reveals that direct carbonized samples show higher uptake at low pressures (up to 0.2 bar) while
ALPDCZ and ALPDCK series exhibit greater uptake at higher pressures (0.2-1 bar). Moreover,
none of the studied carbons reaches to saturation uptake at 1 bar pressure range suggesting a higher
CHa capacity could be achieved by increasing the pressure above 1 bar. From the last two
statements, it can be concluded that methane uptake at very low pressures is governed by narrow
pores. As the pore size increases, the higher amount of methane will also be adsorbed at higher
pressure. The measured methane heats of adsorption (Figures 3.15 G-I and Table 3.3) further
validate previously explained adsorption trend where direct carbonized samples presented
extremely high heat of adsorption ranging 24.3-25.3 kJ mol™ at zero coverage. This high amount
of energy compared to 19 kJ mol™ for ALP-6 can be justified by increasing the number of very

small pores generated by shrinkage of the primary porosity.

3.3.4. Selective Adsorption of CO2 over N2 and CHa. To this end, we showed that
transformation of azo-linked polymer to heteroatom doped carbons resulted in improvement of
CO; adsorption capacity. However, for the practical application such as separation of CO, from
flue gas, landfill gas and natural gas, selective adsorption of CO2 over other gases in the mixture
(mainly N2 and CHa) also needs to be fulfilled along with high uptake value. Excellent uptake of
studied carbons at low pressure, high amounts of basic heteroatoms and abundance of
microporosity would be expected to afford high selectivity for CO, over N2 and CHs4. The

selectivity was probed using the initial slope ratios measured according to Henry’s law constant
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for single component adsorption components at low pressure coverage. Subsequently, N:
isotherms at 273 and 298 K were also collected and presented together with previously measured
CO2 and CHyg isotherms in Figure 3.16 and Figure 3.17. It is clearly observed that the amount of
CO: adsorbed is much higher than for CHs and N2 in all tested pressure range. The initial slopes
calculation for ALP-6 derived carbons at 273 and 298 K are shown in Figure 3.18 and Figure 3.19
and selectivity values of CO2/N2 and CO2/CHjs are provided in Table 3.3. The analogous trend of
selectivity results to Qs values at low loading indicates the importance of heteroatom and
ultramicropores. It should be emphasized that since N2 and CH4 are not able to interact with basic
functionalities through hydrogen bond and/or dipole-quadrupole, it is expected that any decrease
in heteroatoms content reduce the CO: selectivity values. In other words, CO»-philic sites (N and
0) are considered as key parameters for the selective CO, adsorption over Nz and CH4.% Thus, it
is believed that basic functional groups on the pore walls of carbons play more important role than
pore size in selectivity. As in direct carbonized samples, the ALPDCD600 sample shows the
highest CO2/N2 and CO2/CH4 of 89 and 12 at 273K, respectively. Further increase in carbonization
temperature resulted in elimination of more basic surface groups and decline of selectivity values.
The ALPDCKS500 carbon features remarkable CO> selectivity values of 118 (over N2) and 18 (over
CHs) at 273 K, mainly due to collaborating effect of narrow micropores and high level of
heteroatoms (~ 30 wt% total). Considering the similar amount of total heteroatom in all three ZnCl>
activated carbons, the highest selectivity was observed for ALPDCZ700, which has smaller pores.

These values reaches up to 74 and 13 for CO2/N2 and CO2/CHg at 273 K, respectively.
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Figure 3.16. Experimental pure component curves for ALP-6 derived carbons at 273 K; CO>

(blue), CHa (red) and N2 (green).
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Figure 3.17. Experimental pure component curves for ALP-6 derived carbons at 298 K; CO;

(blue), CH4 (red) and N2 (green).
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Figure 3.18. CO2/N2 and CO./CHs4 adsorption selectivity for ALP-6 derived carbons using the

Henry’s law constant in the linear low pressure range. CO2 (blue), CH4 (red) and N2 (green)

isotherms collected at 273 K.
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Figure 3.19. CO2/N2 and CO./CH,4 adsorption selectivity for ALP-6 derived carbons using the

Henry’s law constant in the linear low pressure range. CO2 (blue), CH4 (red) and N2 (green)

isotherms collected at 298 K.
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3.4 Conclusion

Three different strategies based on direct carbonization, ZnCl, and KOH activation were
applied to transform an azo-linked polymer (ALP-6) into microporous heteroatom doped carbons.
By adjusting the activation temperature, a diverse range of textural properties such as surface area,
pore volume and well-developed microporosity was modulated. The resultant carbons contained
high amount of Lewis basic functionalities (nitrogen and oxygen), which vary with activation
methods and pyrolysis temperatures. The carbon materials show high CO; adsorption capacity
with value as high as 5.2 mmol g at 1 bar and 1.5 mmol g* at 0.15 bar and 298 K. This high CO;
uptake capacity is obtained due to the combined effect of high levels of narrow microporosity and
a high density of oxygen and nitrogen basic functionalities of the pores. Moreover, the prepared
carbons discriminate CO> from other gases with relatively similar sizes such as CH4 and N2 to
attain high selectivity levels of 115 for CO2/N, and 18 for CO2/CHjs at 273 K. Thus, microporous
carbons derived from ALP-6 are highly desirable for practical applications such as selective CO2

capture from flu and landfill gas as well as natural gas upgrading.
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Chapter 4: Heterocyclic Building Block Transformation to Nanoporous Carbons: Toward a

Very High Surface Area and CO2 Uptake

4.1 Introduction

In order to incorporate nitrogen into the carbon matrix, employing a single source precursor
of carbon and desired elements followed by activation/carbonization is considered as an efficient
strategy. Progressively, the main effort during recent years has been focused on utilizing synthetic
polymers (POPs, MOFs...) or biomasses as single source precursors of carbon and desired
heteroatoms.!* However, using a synthetic porous polymer as sole precursor has been somewhat
restricted due to vigorous reaction condition (toxic organic solvents and chemicals) and multistep
nature of synthesis.’>® On the other hand, the biomasses also demand steps of preparation such as
cleaning, drying, grinding and pre-carbonization to be applicable as single source precursors.”®
The recently established method of carbonization of ionic liquids® and organic salts'® has overcome
these drawbacks but the control over porous structure remains a challenge. However, the utilization
of simple organic building blocks as precursors has been ignored so far and the role of heteroatom
in the feasibility of their chemical activation has not been investigated. In this chapter, we report a
facile, template/solvent free and one-step synthesis of nanoporous carbons through KOH
activation of benzimidazole (BI) building block as a low-cost, commercially available and highly
enriched nitrogen (24 wt%) single source precursor. Textural and chemical properties as well as

CO» capture and working capacity of prepared carbons will be investigated.

114



4.2 Experimental

4.2.1 Materials and Methods. Benzimidazole and potassium hydroxide were purchased
from TCI America and Alfa Aesar, respectively. To minimize the effect of ambient moisture,
various ratios of as received Bl and KOH were mixed inside glovebox prior to carbonization. The
mixtures then were transferred to a temperature-programmed tube furnace and carbonized at
elevated temperature under Ar flow. The obtained benzimidazole derived carbons are designated
as “BIDC-x-y,” where “x” indicates KOH to BI weight ratio and “y” represents applied activation
temperature. To examine the textural and chemical characteristics of carbons more accurately, four
representative samples were synthesized by tuning the relative amount of KOH to BI (0.5, 1, 2 and
3) at 700 °C. It is worth mentioning that any KOH to BI ratio less than 0.5 resulted in under
activation and mostly sublimed precursor while ratios more than 4 led to formation of totally burnt
and over activated products. The 700 °C temperature was adopted as optimum activation
temperature, which can retain considerable amounts of nitrogen and develop porous structure

simultaneously according to our previous studies.

4.2.2 Characterization and Measurements. Elemental microanalyses were performed at
the Midwest Microlab, LLC. To obtain Scanning Electron Microscopy (SEM) images, each sample
was dispersed onto a sticky carbon surface attached to a flat aluminum sample holder. Then, the
sample was coated with platinum at a pressure of 1 x 107> mbar in a nitrogen atmosphere for 90 s
before imaging. SEM images were taken on a Hitachi SU-70 Scanning Electron Microscope. TEM
images were recorded on a JEOL 2010 apparatus operated at an accelerating voltage of 200 kV.
Samples were dispersed in ethanol and then drop cast onto a 200 mesh carbon-coated copper grid.
Powder X-ray diffraction data were collected on a Panalytical X’pert pro multipurpose

diffractometer (MPD). Samples were mounted on a sample holder and measured using Cu Ka.
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X-ray photoelectron spectroscopy (XPS) analysis was performed on a ThermoFisher ESCALAB
250 spectrometer employing Al Ka (1486.68 eV) X-ray source equipped with a hemispherical
analyzer. Atmospheric gas (N2, CO; and CH4) sorption measurements were carried out on a
Quantachrome Autosorb iQ volumetric analyzer using UHP grade adsorbates. Prior to the

adsorption analyses the samples were degassed at 200 °C for 12 h.

4.2.3 Working Capacity Calculation. The pure component isotherms of CO> were fitted
with the dualsite Langmuir (DSL) isotherm model with a temperature dependent parameter. CHs
and N isotherms were fitted to single site Langmuir isotherms. Fitting parameters were used to
calculate IAST selectivities and then sorbent selection parameters. Details about the calculations

were explained previously.!t*2

Dual site Langmuir model = g4 + gg; Single site Lagmuir model = g,

E E
Gsat,a * (ba * €xp (—R :T) *D  Qsar * (bp * €xp (R *BT) *p
q=qstqp = B

1+bA*exp(REiAT>*p 1+bB*eXp(RE:kT)*p

where, g is total molar loading; g, is saturation loading, mol kgX; p is total system pressure, Pa;
R is ideal gas constant, 8.314 J mol* K; b is Langmuir constant, Pa™*; T is absolute temperature, K.

Subscripts A and B refers to site A and site B, respectively.
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4.3 Results and Discussion

4.3.1 Organic Molecule Conversion to Carbon. The carbonization of sole benzimidazole
building block results in complete mass loss at around 400 °C due to sublimation of the organic
moiety as evidenced by its TGA (red curve in Figure 4.1.a). However, it is shown that the hydrogen
present in NH group of benzimidazole is sufficiently acidic to react with different bases to form
N-metal benzimidazole salts.!* This unique property of benzimidazole originates from the high
stability of the corresponding ions due to resonance. Moreover, benzimidazole has high degree of
stability at high temperatures and harsh acidic/basic conditions.!* In order to suppress the
evaporation of BI building blocks and ensure subsequent activation, we took advantage of this fact
and mixed BI building units with KOH prior to high temperature carbonization. Heating the
mixture of BI and KOH to the melting point of benzimidazole leads to reaction of KOH with

molten BI to yield potassium-N benzimidazole salt.

s
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Figure 4.1. (a) TGA graph of bare BI and BI-KOH mixture, (b) Schematic representation of BI

building blocks transformation to a heteroatom doped porous carbon.
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The activation/carbonization of non-volatile molten salt proceeds by means of excess KOH
present in the system and further heating of the mixture according to well established mechanisms
such as etching (by redox reactions), gasification (by evolving gaseous species such as H,O and
CO») and expansion of carbon framework (by metallic potassium).'®> The TGA results of bare BI
and BI-KOH mixture, which further support this finding, are shown in Figure 4.1(a). The

transformation of BI to heteroatom-doped carbon is also depicted schematically in Figure 4.1(b).

4.3.2 Textural Properties. The N> (77 K) adsorption isotherms were collected to assess
textural properties of activated carbons (Figure 4.2) and the results are summarized in Table 4.1 in
detail. Notably, all prepared carbons features unexpectedly high Brunauer—-Emmett—Teller (BET)
surface area (1316-4171 m? g'!') and large total pore volume (0.53-2.39 cm?® g'!) with respect to
their nonporous precursor (Figure 4.3). The samples which are activated at KOH/BI of 0.5 and 1
show microporous type-I behavior featured by a sharp rise in very low pressure area (<10~ bar)
and a plateau for the rest of their pressure range. On the other hand, BIDC-2-700 and BIDC-3-700
represent a hybrid of type I-IV isotherms with gradual increase of uptake after rapid initial rise
indicating the generation of narrow mesopores (2-5 nm). The pore size distribution (PSD) analysis
from Ny isotherms (77 K) based on quenched solid density functional theory (QSDFT) model,
which is widely employed for carbons with heterogeneous pore walls'® also supported the
existence of micropores for all samples. The PSD curves are distributed around 6.4 A (for BIDC-
0.5 and BIDC-1), 8.5 A and 9.3 A (for BIDC-2-700 and BIDC-3-700, respectively). The former is
slightly lower than twice of the kinetic size of CO> (3.3 A) and is expected to be beneficial to
effective carbon dioxide capture. Unfortunately, due to extremely slow diffusion mechanism of

nitrogen molecules at cryogenic temperature and very low pressure, obtaining reliable information
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below 6 A is a tedious and time-consuming process. Consequently, CO, isotherms (at 273 K) and
non-local density functional theory (NLDFT) model were employed to assess the distribution of
ultramicropores. The overall cumulative pore volume and pore size distribution for all BIDCs are

depicted in Figure 4.4.

The ratio of micropore volume to total pore volume (Vwmic/ Vror) calculated from cumulative
pore volume of PSD curves, can be regarded as a reasonable indication for microporosity level.
The obtained percentage of microporosity not only confirms the results by nitrogen isotherms
shape, but also reveals that the sample BIDC-1-700 is consist of pure micropores. It is noteworthy
to mention that the introduction of mesopores into the BIDC-2-700 and BIDC-3-700 does not
occur at the expense of micropores conversion to larger pores, since the volume of micropores is
steadily increasing. In other words, the newly formed mesopores will be added to the initially

formed micropores as the amount of KOH increases.!”
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Table 4.1. Textural Properties and CHN Elemental Analysis of BIDCs

Seer | Viot® | Vmicorr? | Vieworr ° | Vo© C H N
Sample m?g! | emig! | cmig! em’g! | emPg! | wt% | wt% | wt%
BIDC-0.5-700 | 1316 | 0.53 0.47 (96) 0.49 0.30 | 66.0] 1.2 | 14.5
BIDC-1-700 2642 1.06 | 0.97 (100) 0.97 043 |69.0] 1.2 | 10.7
BIDC-2-700 3477 1.61 0.85(57) 1.48 028 |72.6| 0.5 | 5.1
BIDC-3-700 4171 | 2.39 0.87 (39) 2.23 0.25 | 741 02 | 3.5

aTotal pore volume at P/P, = 0.95. ® Determined by PSD assuming slit-shaped pores and QSDFT
model from N adsorption data at 77 K; the values in parentheses are the percentage of micropores
volume relative to total pore volume. ¢ Pore volume of ultramicropores (<0.7 nm) obtained from
CO: adsorption data at 273 K.

[ e BIDC-0.5-700
18001 4 BIDC-1-700 N, at 77 K
__1600| 4 BIDC-2-700 .
o ¢ BIDC-3-700 Ceo e OO o KK
» 1400 } ‘QQ
N3 L <>
o 1200 | .
€ ¢
< 1000 - ‘AAAAAAAAAAAAAAM
[) A
S 800
éeoo IE\IDIDIDIE\IDIDDDDDED
(0]
E 400
° m‘O‘OOOOOOO‘O‘OOOOOCO
> 200
1 1 1 1 | L

0 " 1 " " " 1 " " " 1 " 1 " "
00 01 02 03 04 05 06 07 08 09 1.0
Relative Pressure (P/P)

Figure 4.2. Nitrogen adsorption isotherms of BIDCs at 77 K.
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Figure 4.4. Cumulative pore volume and (inset) pore size distribution for N2 (calculated by using

a slit pore QSDFT model) and CO> (calculated by using a slit pore NLDFT model) for (a) BIDC-

Pore Size (A)

Pore Size (A)

0.5-700, (b) BIDC-1-700, (c) BIDC-2-700 and (d) BIDC-3-700.
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4.3.3 Morphology and Crystal Structure. The scanning electron microscopy (SEM)
images reveal sheet-like morphology for BIDCs with diverse thickness and rough topography.
These sheet-like structures are very different from huge blocks of BI precursors confirming
complete destruction of precursor and its transformation to porous carbon (Figure 4.5). The ratio
of KOH does not have any significant effect on the texture and morphology of the porous carbon
indicating changes take place in much more smaller scale. To confirm uniform distribution of
nitrogen and oxygen heteroatoms into the carbon framework, the SEM elemental mapping was
also carried out. The results for BIDC-0.5-700 and BIDC-1-700 with highest level of heteroatoms
are demonstrated in Figure 4.6 and Figure 4.7, respectively, which represent homogenous
distribution of oxygen and nitrogen heteroatoms. The transmission electron microscopy images of
BIDCs (Figure 4.8) evidence mainly disordered slit-shape micropores randomly distributed all
over the microstructure. The so-called “worm-like” interlocked pore structure is formed by

stacking of curved graphene layers.

The structure of BIDCs was investigated by wide-angle X-ray diffraction (XRD). As
illustrated in Figure 4.9, no sharp peaks are observed in the XRD pattern, which is indicative of
the amorphous nature of BIDCs. The parent Bl building block, however, features well-resolved
crystalline peaks. This further validates the total destruction of initial crystalline building blocks
caused by salt formation and subsequent carbonization. Moreover, the target temperature of 700

°C was not high enough to graphitize newly formed porous carbon sheets.
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Figure 4.5. SEM images of BIDCs with different magnifications. (al-a3) BIDC-0.5-700, (b1-b3)

BIDC-1-700, (c1-c3) BIDC-2-700, (d1-d3) BIDC-3-700 and (e1-e3) BI.
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Figure 4.6. (a) SEM image and (b) carbon (c) nitrogen and (d) oxygen elemental mapping for

BIDC-1-700.
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Figure 4.7. (a) SEM image and (b) carbon (c) nitrogen and (d) oxygen elemental mapping for

BIDC-1-700.
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Figure 4.8. High resolution TEM images of BIDCs with different magnifications.

(a) BIDC-0.5-700, (b) BIDC-1-700, () BIDC-2-700 and (d) BIDC-3-700.
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Figure 4.9. XRD patterns of BIDCs and BI precursor.

4.3.4 Composition Study of BIDCs. The chemical compositions of carbons are evaluated
by CHN elemental analysis and results are shown in Table 4.1. The X-ray photoelectron
spectroscopy (XPS) survey of all four prepared carbons confirmed the presence of the C 1s peak,
N Is peak, and O 1s peak at 284, 400 and 530 eV, respectively (Figure 4.10). The nature of oxygen
and nitrogen moieties on the surface of prepared BIDCs was further investigated by deconvolution
of their 1s core level spectra. For oxygen, three main contributions are visible in the high-resolution
O Is: 1) C=0 quinone type oxygen at 531 eV (O-I), ii)) C—OH phenol and/or C—O—C ether groups
at 533 eV (O-II) and iii) COOH carboxylic groups and/or water at 536 eV (O-III).'* Similarly, for
nitrogen four peaks around 398, 400, 401 and 405 eV represent pyridinc (N-6), pyrrolic and/or
pyridonic (N-5), quaternary (N-Q) and pyridine-N-oxide (N-X), respectively.!” Owing to the
oxidative condition of chemical activation by KOH and relatively high temperature ( > 600 °C),

the pyridonic nitrogen most likely has the major contribution to N-5 species (Figure 4.11).
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Deconvoluted N 1s and O 1s spectra of BIDCs are also shown in Figures 4.12 and 4.13,

respectively.
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Figure 4.10. X-ray photoelectron spectroscopy (XPS) survey spectra of BIDCs.

Figure 4.11. Schematic illustration of various nitrogen and oxygen functionalities on the pore

walls of a typical porous carbon.

129



(A) BIDC-0.5-700 N-6 (B) BIDC-1-700 N-5
5 35
8 s
2 2
£ £
g 3
£ £
412 410 408 406 404 402 400 398 396 394 412 410 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
(C) BIDC-2-700 N-5 (D) BIDC-3-700 N5
5 5
s s
2 2
£ £
8 3
£ £
" hﬂ ) AA
LAA VoY

410 408 406 404 402 400 398 396 394 412 410 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)

Figure 4.12. High resolution deconvoluted N 1s spectra of (A) BIDC-0.5-700, (B) BIDC-1-700,

(C) BIDC-2-700 and (D) BIDC-3-700.
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Figure 4.13. High resolution deconvoluted O 1s spectra of (A) BIDC-0.5-700, (B) BIDC-1-700,

(C) BIDC-2-700 and (D) BIDC-3-700.
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4.3.5 CO: Capture Performance. Owing to the high level of heteroatom surface groups
and large micropore volume of BIDCs, we decided to evaluate their performance as CO; adsorbent
at low pressure (0-1 bar). Accordingly, their CO> capture capacity are measured at 273, 298, and
323 K up to 1 bar (Figure 4.14 a-c) and the uptake values at 0.15 and 1 bar are listed in Table 4.2.
It should be noted that the adsorption capacity at 0.15 bar is of great significance because it
represents the typical partial pressure of CO; in flue gas. These results clearly demonstrate the
outstanding CO, uptake capacity of BIDCs even at high temperatures. At 273 K and 1 bar, all
samples exhibit CO; capture value greater than 6 mmol g! which among them the BIDC-1-700
sample reaches a remarkable value of 10.1 mmol g'!. The BIDC-1-700 sample also shows the
highest overall uptake of 6.2 and 3.3 mmol g ! at 298 and 323 K, respectively. Such a high capture
capacity outperforms quite most of the activated carbons under similar condition. Only Nandi et
al. reported greater value of 11.5 mmol g ! at 273 K and 1 bar for a polyacrylonitrile-derived
carbon.?’ However, they take advantage of physical activation with CO» gas at very high
temperature with a complex and multistep procedure to achieve such a high capture capacity. In
contrast, our strategy is facile, straightforward and reproducible. At 0.15 bar the trend is slightly
different and BIDC-0.5-700 features the highest capture capacity of 3.5, 1.9 and 1.0 mmol g! at

273,298 and 323 K, respectively.

Table 4.2. Gas Uptakes in mmol g~* and Isosteric Heats of Adsorption (Qst) in kJ mol™

CO> at 0.15 bar COz at 1 bar
Sample 273K [298 K [ 323K [ 273 K [ 298 K [ 323 K | Qst

BIDC-0.5-700 | 3.5 1.9 1.0 7.2 5.1 3.2 33.1
BIDC-1-700 | 3.3 1.6 0.8 10.1 | 6.2 3.3 30.3
BIDC-2-700 | 1.7 0.8 0.4 6.8 3.9 2.1 25.3
BIDC-3-700 | 1.3 0.7 0.3 6.0 3.4 1.7 21.8
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To investigate the strength of the interaction between CO2 molecules and BIDCs, isosteric
heat of adsorption (Qst) was calculated by fitting CO> adsorption isotherms at 273 and 298 K to
the virial equation. At zero coverage the values of Qs decrease from 33 to 22 kJ mol ™! as the KOH
to Bl ratio increases from 0.5 to 3 (Figure 4.14 d). This further confirms that the highest measured
isosteric heat of adsorption for BIDC-0.5-700 is mainly due to interaction of its nitrogen
functionalities (14.5 wt%) with CO> molecules. The impact of nitrogen functionalities on CO»
uptake enhancement of numerous porous polymers and carbons has been fully investigated.?!"?}
In general, nitrogen functionalities on the pore walls are able to anchor CO2 molecules either
thorough dipole-quadropole interaction or hydrogen bonding. It is worth mentioning that
formation of oxygen functionalities in KOH activated carbons is unavoidable as confirmed earlier
by XPS analysis. Nevertheless, the role of oxygen functionalities in CO, adsorption of activated
carbons is widely underestimated. The oxygen basic groups can contribute positively to higher
level of adsorption with similar mechanisms of nitrogen functionalities.?**> The Qs observation
well explains the relationship between heteroatoms doping level and low pressure CO> uptake.
However, the outstanding overall CO> capture capacity of prepared carbons cannot be solely
rationalized by basic functional groups. It has been proven that narrow micropores can effectively
strengthen the interaction between pore walls and CO2 molecules.” 26?7 Thus, the ultrahigh CO;
uptake can be correlated to the synergistic effect of basic dopants (oxygen and nitrogen) and
narrow micropores developed during chemical activation. More specifically, Presser et al.?®
showed that in order to achieve a high CO, uptake for carbide-derived carbons (CDCs) at 1 bar,
pores smaller than 8 A are preferred while at lower pressure of 0.1 bar pores smaller than 5 A are
needed. Thus, the excellent performance of BIDC-1-700 in spite of almost similar level of

heteroatom and percentage microporosity to BIDC-0.5-700 must be driven by higher volume of
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ultramicropores (Vo in Table 4.1). The difference between low pressure and final (1 bar) CO;
uptake values of these two samples also can be observed in their CO; isotherms by an intersection
point. It can be deduced that at relative pressures lower than intersection point surface
heterogeneity is more beneficial to the CO, uptake, whereas narrow micropores play more
important role at higher pressures. This intersection point takes place at relative pressures of 0.2
bar for 273 K isotherm and shifts to higher values of 0.5 and 0.8 bar for 298 K and 323 K isotherms,
respectively. This further indicates that at higher temperatures the CO» uptake is more controlled

by electrostatic interaction rather than physical adsorption through weak van der Waals interaction.
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Figure 4.14. CO; adsorption isotherms at (a) 273 K, (b) 298 K, (¢) 323 K and (d) isosteric heat of

adsorption for BIDCs.
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4.3.6 Working Capacity. The fact that BIDCs showed remarkable CO. uptakes at ambient
temperature and pressure encouraged us to perform the calculation of sorbent evaluation criteria
described by Bae and Snurr.?® These criteria should be considered together for a comprehensive
evaluation of sorbents as it gives insight into the trade-off between gas uptake and selectivity.
Therefore, this analysis helps us to attain the best candidate for different industrial conditions yet
it only requires the use of pure gas isotherms. These five criteria can be summarized as CO uptake
under adsorption conditions (N13%); working CO2 capacity (AN1), difference between CO, uptake
capacity at the adsorption pressure (N12%) and the desorption pressure (N1 %°); regenerability (R),
(AN1/N13%) x 100 %); Selectivity under adsorption conditions (a12°®); sorbent selection parameter
(S) is defined as S=(a12°%)%(c112%) % (AN/AN2) where superscripts ads and des represent the
adsorption and desorption conditions, respectively. Since the S value combines the selectivity and
the working capacity (uptake) of the gases, it provides an insight into trade-off between these two

parameters.

Landfill gas-fired power plants are feasible alternative to coal-fired power plant as the
former has much lower carbon footprint. However, landfill gas contains up to 50% CO> which
needs to be separated in order to increase the energy density.® Here, we considered the landfill
gas composition as equimolar mixture of CO2 and CHs, and vacuum swing process that operates
between 1 bar (adsorption pressure) and 0.1 bar (desorption pressure). As shown in Table 4.3,
BIDC-1-700 shows the highest working capacity (3.27 mol kg') among all listed in the same table.
The combined effect of high N-content, high micropore volume and high surface area in BIDC-1-
700 resulted in remarkable CO, uptake (3.86 mol kg™) at 298 K and 0.5 bar, and therefore a
noteworthy working capacity of CO2 (3.27 mol kg). Despite the presence of open metal sites in

Ni-MOF-74, its CO2 working capacity (3.16 mol kg) is lower than that of BIDC-1-700 under the
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same conditions.?® In addition, BIDC-1-700 presents 83.7% regenerability value, which is 65%
higher, compared to Ni-MOF-74 caused by optimal Qst value of the former. The lower surface area
of TBILP-2 and SNU-CI-va results in higher selectivity and therefore higher S values compared
to BIDC-1-700, however, the former present much lower working capacity.?> 3! High working
capacity and moderate selectivity of BIDC-1-700 result in high S value, which makes it a

promising solid adsorbent for carbon dioxide separation from methane rich gases.

Table 4.3. Adsorbents for VSA in Landfill Gas (CO2/CHa4: 50/50)
Separation at 298 K, Pags = 1 bar and Pges = 0.1 bar

Adsorbent Ni2®  AN; %R 012 S
BIDC-0.5-700 3.74 284 758 7.0 47
BIDC-1-700 391 327 837 6.1 38
BIDC-2-700 220 190 86.5 3.9 15
BIDC-3-700 1.79 1.58 87.9 3.2 11
Ni-MOF-74 6.23 3.16 50.7 8.5 21
Zeolite-13X 3.97 197 49.6 13.2 19
TBILP-2 220 184 837 7.6 63
BILP-12 201 171 853 6.0 34
SNU-ClI-va 1.51 1.21 80.6 9.7 84
Dimide-POP 1.39 105 76.0 5.8 16

Table 4.4. Adsorbents for VSA in Flue Gas (CO2/N2 : 10/90)
Separation at 298 K, Pags = 1 bar and Pges = 0.1 bar

Adsorbent Ni2% AN1 %R @12% S

BIDC-0.5-700 1.60 1.37 855 36 138
BIDC-1-700 1.19 1.05 87.9 25 67
BIDC-2-700 055 049 88.7 13 18
BIDC-3-700 0.42 0.37 89.2 10 11
HKUST-1 0.62 055 89.0 20 46
TBILP-2 0.67 0.59 88.3 42 192
BILP-12 0.55 049 88.7 27 73
ZIF-78 0.60 058 96.3 35 396
SNU-ClI-va 0.47 041 87.3 38 262
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Another industrially important gas mixture that needs to be separated from CO: is flue gas.
For flue gas separation, the CO2/N2> mixture is considered to be 10/90 and adsorption and
desorption pressures are taken to be 1 bar and 0.1 bar, respectively. Additionally, the VSA is
considered to be more economically viable compared to temperature swing adsorption (TSA) for
flue gas separation.®? Since the partial pressure of CO; is lower in the flue gas compared to landfill
gas, the initial CO, uptake (at 0.1 bar) is much more important. High percentage of micropore
volume and COz-philic sites are known to increase CO> uptakes at lower partial pressures. The
BIDC-0.5-700 sample consists of 14.5 wt% nitrogen atoms and 96% micropores and exhibits
significant CO, uptake (1.52 mol kg™) at 0.1 bar and 298 K. Therefore, the working capacity of
the BIDC-0.5-700 is ~30% higher compared to BIDC-1-700 despite much higher surface area of
the latter. High binding affinity (33.1 kJ mol™?) for CO2 in BIDC-0.5-700 results in high CO2 over
N2 selectivity (35.8) and thus, a remarkable sorbent selection parameter, S, value. ZIF-78 and
SNU-ClI-va samples present the highest S but because of their low CO2 working capacities, their
practical use is limited. Experimental data and corresponding fittings of CO2 CHas, and N2

adsorption isotherms for all BIDC samples are presented in Figures 4.15-4.18.
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4.4 Conclusion

In summary, the synthesis of novel oxygen and nitrogen-doped activated carbons has been
demonstrated by a facile, solvent-free, cost-effective, and readily reproducible approach. The
heteroatom doped porous carbons were synthesized by one-step chemical activation of inexpensive
benzimidazole building unit, which serves as a single source precursor of both carbon and nitrogen.
The synthesis parameters can be adjusted to tailor the textural properties and heteroatom contents
in order to achieve the best gas sorption properties. The BIDC-1-700, with a high amount of
dopants and fine micropores exhibited outstanding CO> capture performance of 10.1 and 6
mmol g at 273 and 298 K, respectively. Moreover, BIDCs feature high working capacity values
for practical separation applications of CO2 from N> and CH4. In particular, for CO» separation
from land fill gas, the BIDC-1-700 sample featured a very high working capacity (3.27 mol kg™!)
which is comparable to values obtained by MOFs with open metal sites. The synthetic approach
is reproducible and scalable and can easily be extended to other building blocks, which meet the

criteria.

142



4.5 References

1. Toyao, T.; Fujiwaki, M.; Miyahara, K.; Kim, T. H.; Horiuchi, Y.; Matsuoka, M., Design
of Zeolitic Imidazolate Framework Derived Nitrogen-Doped Nanoporous Carbons Containing
Metal Species for Carbon Dioxide Fixation Reactions. ChemSusChem 2015, 8, 3905-12.

2. Gadipelli, S.; Guo, Z. X., Tuning of ZIF-Derived Carbon with High Activity, Nitrogen
Functionality, and Yield - A Case for Superior CO2 Capture. ChemSusChem 2015, 8, 2123-32.

3. Kim, J.; Oliver, A. G.; Hicks, J. C., Enhanced CO, Capture Capacities and Efficiencies
with N-Doped Nanoporous Carbons Synthesized from Solvent-Modulated, Pyridinedicarboxylate-
Containing Zn-MOFs. CrystEngComm 2015, 17, 8015-8020.

4. Modak, A.; Bhaumik, A., Porous Carbon Derived via KOH Activation of a
Hypercrosslinked Porous Organic Polymer for Efficient CO,, CHa, H> Adsorptions and High
CO2/N2 Selectivity. J. Solid State Chem. 2015, 232, 157-162.

5. Wang, J.; Senkovska, I.; Oschatz, M.; Lohe, M. R.; Borchardt, L.; Heerwig, A.; Liu, Q.;
Kaskel, S., Highly Porous Nitrogen-Doped Polyimine-Based Carbons with Adjustable
Microstructures for CO, Capture. J. Mater. Chem. A 2013, 1, 10951-10961.

6. Ashourirad, B.; Sekizkardes, A. K.; Altarawneh, S.; El-Kaderi, H. M., Exceptional Gas
Adsorption Properties by Nitrogen-Doped Porous Carbons Derived from Benzimidazole-Linked
Polymers. Chem. Mater. 2015, 27, 1349-1358.

7. Sevilla, M.; Fuertes, A. B., CO2 Adsorption by Activated Templated Carbons. J. Colloid
Interface Sci. 2012, 366, 147-154.

8. Wang, J.; Heerwig, A.; Lohe, M. R.; Oschatz, M.; Borchardt, L.; Kaskel, S., Fungi-Based

Porous Carbons for CO2 Adsorption and Separation. J. Mater. Chem. 2012, 22, 13911-13913.

143



9. Paraknowitsch, J. P.; Zhang, J.; Su, D.; Thomas, A.; Antonietti, M., lonic Liquids as
Precursors for Nitrogen-Doped Graphitic Carbon. Adv. Mater. 2010, 22, 87-92.

10.  Sevilla, M.; Parra, J. B.; Fuertes, A. B., Assessment of the Role of Micropore Size and N-
Doping in CO; Capture by Porous Carbons. ACS Appl. Mater. Interfaces 2013, 5, 6360-6368.

11. Myers, A. L.; Prausnitz, J. M., Thermodynamics of Mixed-Gas Adsorption. AIChE J. 1965,
11, 121-127.

12. Sekizkardes, A. K.; Islamoglu, T.; Kahveci, Z.; El-Kaderi, H. M., Application of Pyrene-
Derived Benzimidazole-Linked Polymers to CO> Separation under Pressure and Vacuum Swing
Adsorption Settings. J. Mater. Chem. A 2014, 2, 12492-12500.

13. Grevy, J. M.; Tellez, F.; Bernés, S.; Noth, H.; Contreras, R.; Barba-Behrens, N.,
Coordination Compounds of Thiabendazole with Main Group and Transition Metal lons. Inorg.
Chim. Acta 2002, 339, 532-542.

14. Wright, J. B., The Chemistry of the Benzimidazoles. Chem. Rev. 1951, 48, 397-541.

15.  Wang, J.; Kaskel, S., KOH Activation of Carbon-Based Materials for Energy Storage. J.
Mater. Chem. 2012, 22, 23710-23725.

16. Hu, X.; Radosz, M.; Cychosz, K. A.; Thommes, M., CO>-Filling Capacity and Selectivity
of Carbon Nanopores: Synthesis, Texture, and Pore-Size Distribution from Quenched-Solid
Density Functional Theory (QSDFT). Environ. Sci. Technol. 2011, 45, 7068-7074.

17. Kuhn, P.; Forget, A.; Su, D.; Thomas, A.; Antonietti, M., From Microporous Regular
Frameworks to Mesoporous Materials with Ultrahigh Surface Area: Dynamic Reorganization of

Porous Polymer Networks. J. Am. Chem. Soc. 2008, 130, 13333-13337.

144



18. Hulicova-Jurcakova, D.; Seredych, M.; Lu, G. Q.; Bandosz, T. J., Combined Effect of
Nitrogen- and Oxygen-Containing Functional Groups of Microporous Activated Carbon on Its
Electrochemical Performance in Supercapacitors. Adv. Funct. Mater. 2009, 19, 438-447.

19. Pels, J. R.; Kapteijn, F.; Moulijn, J. A.; Zhu, Q.; Thomas, K. M., Evolution of Nitrogen
Functionalities in Carbonaceous Materials During Pyrolysis. Carbon 1995, 33, 1641-1653.

20. Nandi, M.; Okada, K.; Dutta, A.; Bhaumik, A.; Maruyama, J.; Derks, D.; Uyama, H.,
Unprecedented CO, Uptake over Highly Porous N-Doped Activated Carbon Monoliths Prepared
by Physical Activation. Chem. Commun. 2012, 48, 10283-10285.

21. Rabbani, M. G.; El-Kaderi, H. M., Template-Free Synthesis of a Highly Porous
Benzimidazole-Linked Polymer for CO. Capture and H> Storage. Chem. Mater. 2011, 23, 1650-
1653.

22. Arab, P_; Rabbani, M. G.; Sekizkardes, A. K.; Islamoglu, T.; El-Kaderi, H. M., Copper(l)-
Catalyzed Synthesis of Nanoporous Azo-Linked Polymers: Impact of Textural Properties on Gas
Storage and Selective Carbon Dioxide Capture. Chem. Mater. 2014, 26, 1385-1392.

23.  Sevilla, M.; Valle-Vigon, P.; Fuertes, A. B., N-Doped Polypyrrole-Based Porous Carbons
for CO, Capture. Adv. Funct. Mater. 2011, 21, 2781-2787.

24.  Torrisi, A.; Mellot-Draznieks, C.; Bell, R. G., Impact of Ligands on CO, Adsorption in
Metal-Organic Frameworks: First Principles Study of the Interaction of CO> with Functionalized
Benzenes. I. Inductive Effects on the Aromatic Ring. J. Chem. Phys. 2009, 130, 194703.

25. Liu, Y.; Wilcox, J., Effects of Surface Heterogeneity on the Adsorption of CO: in
Microporous Carbons. Environ. Sci. Technol. 2012, 46, 1940-1947.

26.  Wickramaratne, N. P.; Jaroniec, M., Activated Carbon Spheres for CO2 Adsorption. ACS

Appl. Mater. Interfaces 2013, 5, 1849-1855.

145



27.  Zhang, Z.; Zhou, J.; Xing, W.; Xue, Q.; Yan, Z.; Zhuo, S.; Qiao, S. Z., Critical Role of
Small Micropores in High CO2 Uptake. Phys. Chem. Chem. Phys. 2013, 15, 2523-2529.

28.  Presser, V.; McDonough, J.; Yeon, S.-H.; Gogotsi, Y., Effect of Pore Size on Carbon
Dioxide Sorption by Carbide Derived Carbon. Energy Environ. Sci. 2011, 4, 3059-3066.

29. Bae, Y.-S.; Snurr, R. Q., Development and Evaluation of Porous Materials for Carbon
Dioxide Separation and Capture. Angew. Chem., Int. Ed. 2011, 50, 11586-11596.

30. Farha, O. K.; Bae, Y.-S.; Hauser, B. G.; Spokoyny, A. M.; Snurr, R. Q.; Mirkin, C. A,;
Hupp, J. T., Chemical Reduction of a Diimide Based Porous Polymer for Selective Uptake of
Carbon Dioxide Versus Methane. Chem. Commun. 2010, 46, 1056-1058.

31. Xie, L.-H.; Suh, M. P., High CO>-Capture Ability of a Porous Organic Polymer
Bifunctionalized with Carboxy and Triazole Groups. Chem._Eur. J. 2013, 19, 11590-11597.

32. Chaffee, A. L.; Knowles, G. P.; Liang, Z.; Zhang, J.; Xiao, P.; Webley, P. A., CO, Capture
by Adsorption: Materials and Process Development. Int. J. Greenhouse Gas Control 2007, 1, 11-

18.

146



Chapter 5: Concluding Remarks

The research shown in this dissertation provides reasonable clues as to why activated
carbons with a high level of porosity and heteroatom are attractive materials in the field of gas
storage and separation. The objective of this dissertation is to gain systematic knowledge about
outcomes of task-specific precursors, their transformation into heteroatom-doped carbons and the
gas adsorption behavior of final products. The important outcomes of this research study are

summarized below.

First, a specific benzimidazole-linked polymer, BILP-5, was selected as a single source
precursor of carbon and nitrogen. Five different carbons were synthesized by physical mixing of
BILP-5 and KOH inside the glovebox and subsequent heating under Ar atmosphere. Isolation of
black fine powders after acid washing validated the successful transformation of BILP-5 into a
porous carbon. Inspired by carbons prepared from BILP-5, we deliberately targeted an azo-lined
polymer, ALP-6 as the next precursor. ALP-6 not only benefits from the higher nitrogen level and
easier synthetic procedure but also features robust nitrogen linkage. In order to convert ALP-6 to
microporous carbon, the synthetic strategies were expanded to ZnCl; and KOH activation as well
as direct carbonization under mild temperatures. To this end, four different classes of doped
carbons synthesized by employing porous organic polymers as precursors. However, complex
steps as well as low yield and toxic features of organic polymer synthesis encouraged us to use

more sustainable precursors. Accordingly, the possibility of carbonization of molecular
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benzimidazole as a non-porous organic building block and highly rich in nitrogen was evaluated
in our last work. Considering the successful conversion of BILP-5 to carbon and the protic nature
of benzimidazole molecules, KOH was employed as both neutralizing and activating agent. By
varying the ratio of KOH to benzimidazole precursor and thermolysis temperature, a new family

of carbons were obtained.

Secondly, all carbons were subjected to elemental analysis and X-ray photoelectron
spectroscopy (XPS) for compositional studies. These crucial characterization steps not only
confirmed successful doping of nitrogen into final carbons but also provided quantitative levels of
heteroatoms. In addition to nitrogen doping originated from the precursor, oxygen groups were
also realized on the pore walls of carbons. Regardless of precursor used, deconvolution of nitrogen
spectra confirmed the presence of pyridinic, pyrrolic/pyridonic and pyridine-N-oxide in all
carbons. Elemental analysis results confirmed that the amount of nitrogen dopants in the bulk of
final carbons depends upon the selected precursor and synthesis temperature. For example,
benzimidazole with 24 wt% initial nitrogen content retained 3.5-14.5 wt% after activation.
Retaining 4.7-14.3 wt% of nitrogen in carbon derived from ALP-6 precursor with an initial
nitrogen level of 14.7 wt% further validated the robustness of nitrogen-nitrogen linkage with

respect to nitrogen-carbon bonds.

Thirdly, the heteroatom-doped carbons were subjected to nitrogen sorption studies at 77 K
to evaluate their porosity parameters. These studies revealed superior textural properties (surface
area and pore volume) of prepared carbons when compared to their parent precursors. The surface
area and pore volume of carbons derived from non-porous benzimidazole precursors range
between 1316-4171 m? gt and 0.53-2.39 cm® g%, respectively. The initial rapid uptake in nitrogen

isotherms confirmed the microporous nature of all prepared carbons. The pores size distribution
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curves featured the dominant pore size around 0.9 nm for all carbons. Nevertheless, carbons
activated at relatively high temperature consisted of additional narrow mesopore (2-4 nm) while
low temperature synthesized carbons were made of mainly ultramicropores (<0.7 nm). The low
pressure CO2 and CH4 adsorption capacity of carbons were also thoroughly investigated. The
results confirmed superior performance of carbons with higher amount of fine micropores and
heteroatoms. A benzimidazole derived carbon synthesized under KOH/BI=1 and 700 °C condition
exhibited remarkably high CO; uptake of 10.1 mmol g* at 273 K and 1 bar. It is found that,
electron-rich oxygen and nitrogen functional groups anchor CO> acidic molecules and contribute
more positively to physisorption process. In general, the cooperative effect of developed
microporosity and high heteroatoms level account for excellent CO2 adsorption performance of
carbons. In contrast to CO, capture, the adsorption of less polarizable methane molecule just
governed by pore size of carbons. Small pore size resulted in higher methane uptake at lower

pressure. Accordingly, wider pores contributed more to adsorption at higher relative pressures.

Finally, the merit of carbons for selective CO> separation from N2 and CH4 gas mixtures
was evaluated by initial slopes of their single-component sorption isotherms. The results indicated
higher selectivity for carbons with higher amounts of heteroatom and narrow microspores.
However, the drop in CO> selective adsorption of highly activated carbons was observed at the
expense of nitrogen loss, increase in surface area, and pore enlargement. This trend is found to be
consistent with isosteric heat of adsorption data at zero loading. Among different classes of
prepared carbons, ALP-6 based carbon showed superior selectivity values. Namely, ALPDCK500

was able to reach ultrahigh selectivity levels of 115 for CO2/N2 and 18 for CO,/CH4 at 273 K.

Extending of our research work can be classified into two main categories: applications

and materials/methods. As mentioned earlier in the introduction section, the polarity induced by
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basic heteroatoms makes resultant carbons attractive materials for capturing polarizable molecule
besides COz. As such, the adsorption behavior of SO, NO, and water vapor can be investigated
by using our porous carbons. In addition, the conductive nature of carbons coupled with modified
surface chemistry by dopants makes them promising electrode materials for energy storage
applications. Addressing the materials and methods aspects, a wide range of task-specific organic
building blocks can be converted to carbons. The importance of molecular precursor becomes
more prominent when sustainability, scalability, reproducibility and simplicity of procedure is

considered.

In summary, we have introduced five series of heteroatom-doped carbons by one-pot
activation or carbonization of a single source precursor. The precursors were chosen based on
either presence of nitrogen in pyridinic/pyrrolic positions or robustness of nitrogen linkage.
Chemical activation by KOH and ZnCl; as well as direct carbonization was applied to transform
precursors to highly porous and heteroatom doped carbons. Overall, the research works presented
in this dissertation open a new chapter of using efficient and sustainable materials and methods in
the field of gas storage and separation. Although our prepared carbons featured remarkable gas
sorption properties, there is still much more room for additional scientific investigations. With
further research and effort, the molecule-derived carbons can be commercialized and used in

relevant industrial applications.
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