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ABSTRACT

This work focuses on establishing a comprehensive understanding of lignin-derived
materials as a function of carbonization with the goal of identifying processing-structure-
property-performance relationships. A combination of modeling, statistical, and empirical
materials characterization techniques are applied to lignin materials varying in feedstock
source, extraction method, and processing conditions. The first part of this study evaluates
the structure of carbon composite materials, possessing both crystalline and amorphous
domains, using scattering techniques. One approach performs atomistic simulations of
a proposed structure, from which the analogous scattering pattern can be obtained for
validation. An alternative approach based on a hierarchical decomposition of the radial
distribution function is used to generate a physics-based model allowing rapid interpretation
of scattering data. The model is compared with atomistic simulation results in order to
demonstrate that the contributions of the crystalline and amorphous domains, as well as
their interfaces, are correctly captured. Present-day challenges exist in understanding how
the distribution of monomeric units in lignin feedstocks impacts the structure and properties
of carbon composites as a function of processing. The effect of lignin feedstock and
processing conditions on the structure of carbon composites is studied. X-ray data was
collected at a synchrotron source for lignin from hardwood, softwood, and grass feedstocks,
processed under varying temperature and environmental conditions. The changes in the
pair distribution function correspond to changes in material structure and it supports the
observation that graphitic structures form and grow in size with increasing reduction
temperature. The third part of this study resolves the structure of lignin carbon composites
using small and wide angle x-ray scattering techniques. The study will help describe
particles and aggregates in the lignin carbon structure. In this experiment complementary
SAS techniques helps visualize voids and lignin structure as function of carbonization.
Ultimately, this work enriches the understanding of controlling lignin feedstocks derived
carbon product to support and develop products from systems that are sustainable and
based on renewable resources. Results will help tune lignin carbon production to enable
high-quality materials with targeted nanostructure for application in areas that are rapidly

expanding such as advanced materials, energy storage, and biochemicals.
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CHAPTER 1
INTRODUCTION



1.1 Lignin in nature

Lignin is an organic polymer found mostly in the middle lamella and cell walls of plants,
embedded along with other polymers and polysaccharides, and is a component that helps
the plant’s structural configuration by affecting stiffness, stability, and flexibility [141]. The
complex, cross-linked, aromatic, and amorphous structure of lignin is made up of phenolic
constituents, carbon-carbon bonds, and ether bonds. Functional groups are attached to
the phenyl popanoid skeleton, leading to the benzyl hydroxyl, carbonyl, and phenolic
hydroxyl groups. The frequency of these groups varies with wood species and extraction
method [97]. Depending on the wood source, the content of lignin monomeric units varies in
p-coumaryl alcohols, coniferyl alcohol, and sinapyl alcohol. Phenolic units precursors form
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Figure 1-1). The principal lignin types
analyzed in this work are: indulin AT softwood, southern yellow pine softwood, yellow

poplar hardwood, and swithchgrass.

The content of lignin varies between plant species. For example, hardwoods have
18-25%, softwoods have 25-35%, and switchgrasses contain 17-24%. Also, the quality
or composition of lignin differs among plants based on factors such as species and age.
Gymnosperms primarily contain coniferyl alcohol or guaiacyl units (G). Angiosperms
contain coniferyl alcohol and sinapyl alcohol (G and S). Grasses primarily contains p-
coumaryl alcohol (H). In other words, softwoods mainly have G units with small amount
of H, hardwoods have S and G in various proportions, and grasses contain G, H, and
S units [62, 90]. Lignin is a natural and major source of carbon with added-value to

commercial applications [58].

1.2 Extraction of feedstocks

Multiple methods to extract lignin from plants are available, which in turn produce black
liquors of different composition and containing lignin of varying properties and purity [100].
The following list describes the most common extraction methods for lignin feedstocks
[65, 97].

¢ Lignosulfonate or Sulfite Lignin: Sulfite pulping is a chemical process that bleaches
pulp grade wood for paper products using sulfurous acid salts and generates lignin as
a by-product [68]. Lignin is recovered from the spent pulping liquids. Current global
production is about 1 million metric tonnes per year. Lignosulfonates are soluble in

water and can be used in soaps and other detergent products.



OH OH OH
Y Y/ Vi
H3CO HaC OCH3
OH OH OH

p-coumaryl alcohol coniferyl alcohol  sinapyl alcohol

__oH 4 4 1

OH p-hydroxyphenyl unit guaiacyl unit syringyl unit
(H) (G) (8)

Figure 1-1. Principal monomeric units found in lignin structure.



o Kraft Sulfate Pulping: Kraft pulping is used for commercial paper production and
is also consider a chemical pulping. This method utilizes sodium sulfide as catalyst
to separate the organic lignin from the plant cellulose. The lignin to be extracted
undergoes processing during paper-production stages. The lignin is captured in the
black liquor and is typically recovered only to be burned on-site for energy. The
neutralization of the phenolic hydroxyl groups in lignin occurs when the pH level is
in the range of 10.5—11, then a precipitated and concentrated liquor is obtained. The
isolation consists of acidification, filtration, and washing. During the aforementioned
steps the black liquor is acidified with mineral acids (sulfuric and hydrochloric acid)
followed by filtration to obtain pure lignin that is then typically suctioned and washed
with water [97]. Lignin produced through this process typically contains some

residual sulfur contamination [47].

e Organosolv Lignin: The lignin is recovered via pulping liquor by precipitation in
water from organic solvents. Acid is use as catalyst at high temperature and under
pressure followed by a salt and water separation. The clean fractions make organosolv
an attractive method that can target high-value applications when compared to kraft

pulping. However, it has not achieved a high rate of commercial use.

e Soda Lignin: The soda lignin is derived from the soda anthraquinone process and
is mainly industrialized for non-wood fiber products. It is a chemical process where
wood pulp is cooked with sodium hydroxide. The alkaline pulping process is then
converted to kraft pulping due to its stronger pulp and energy efficiency. However,
biorefineries are using this process due to its ability to produce sulfur-free lignin and
crystalline cellulose. Sodium hydroxide decreases the carbohydrate degradation. The
soda process produces a high yield of hardwood pulps, and the black liquor is mainly

used for energy recovery [5].

This work focuses on kraft and organosolv fractionation as feedstock extraction methods
given that the former is an accessible recyclable byproduct of pulp industry and the latter

can be made in-house with high purity.

1.3 Commercial Impact and Applications

The abundant organic polymer has unique and large aromatic structures that make
it suitable for a wide range of applications. Nowadays, lignin material is synthesized
and chemically manipulated for applications such as: foams, carbon fibers, chemicals,

batteries, fuels, bioplastics, adsorbents, dispersants, lubricants, and emulsifiers. Initiatives



and incentives for the development of bioeconomics that focus on the use of renewable
products is calling attention to the production of bio-products such as lignin [14]. The
use of raw materials rather than fossil materials couple with bio-based innovation is
desired for upcoming technologies, which emphasize reduced carbon footprints. However,
understanding the global system is important in the development of new methods for
energy production. Promising solutions, such as using biomass instead of oil to produce
heat and chemicals, fuels, and power, give rise to value-added products for example
intermediate products such as: carbon fibers, dispersants, plastic materials, binders, and
other end products like: activated carbon, sorbents, surfactant, and chemicals [6, 95]. These
applications emphasize the use of lignin. Using such sustainable materials may have a
positive impact on the economy and environment. Table 1-1 presents an estimate of the

cost, quantity, and main producers of commercial lignin.

Lignin has a high concentration of carbon, thus, is suitable for producing domestic
graphitic carbon materials. Under controlled processing conditions, lignin-based carbons
form small graphitic crystals with high degree of crystallinity. Graphite is a parallel
2D carbon layer of carbons sp? hybrid bonding in aromatic rings, see Figure 1-2. The
turbostratic structure in carbon occurs with random stacking layers as result of translation
and rotation displacement. Graphite is attractive due to its electromagnetic properties and

high thermal stability.

Graphite is used for a numerous applications: lubricants, pencils, refractory materials,
steel industries, electronics, batteries, and carbon-based composites. Natural graphite can
be found in three types: vein, flake, and microcrystalline or amorphous. The natural
flake graphite tends to be high purity grade graphite and has desirable properties such
as: size, softness, high heat conductivity, and high heat resistance. The high purity grade
graphite enhances the efficiency of typical battery anodes [162]. Electrochemical storage
applications and vehicular industries are examples of industries that can clearly benefit
from a cheap and domestic source of lignin based carbon materials. This work extends
the characterization of a carbon material produced from kraft lignin softwood, and the

evaluation of its electrochemical properties as an anode in lithium-ion coin cells [53].

1.4 Motivation and Objectives
Understanding the atomic and microstructural properties of domestic renewable
materials that can serve as graphite substitutes is an essential step towards low-cost and

high-availability commercial carbon-based products.



Table 1-1. Global production of commercial lignin [36, 100, 158].
Extraction Annual
ac Main producers Cost (USD/ton) production
method .
(kilotons/yr)
Borregardi
Lignotech,
Lignosulfonates Tembec, and 180-500 250-2000
Nippon paper
chemicals
MeadWestvaco,
Kraft pulping Domtar 260-585 60-250
(lignoboost)
Organosolv Dedini, CIMv 280-615 3-25
Northway lignin
Soda lignin chemical, Green 200-385 5-65

value




-

Figure 1-2. Hexagonal graphite crystal structure composed of stacked graphene layers.



The main goal is to synthesize in-house carbon materials from renewable sources to serve
as substitutes for mineral and fossil derived carbon-based materials. This work presents
a comprehensive evaluation of lignin feedstocks—kraft softwood, organosolv softwood,
organosolv switchgrass, and organosolv hardwood—and their conversion into lignin carbon
composites. The relationships between degrees of graphitization of lignin carbon products
as a function of feedstock, processing conditions, and heat treatments are resolved. The
resulting nanostructure composites are composed of graphitic crystallites and amorphous
carbon domains as established by characterization techniques and a physics-based model of

the radial distribution function.

1.5 Research Chapter Summaries

1.5.1 Chapter 2: Evaluation of Nano- and Mesoscale Structural Features in
Composite Materials through Hierarchical Decomposition of the Radial Distribution
Function

Composite materials possessing both crystalline and amorphous domains, when
subjected to x-ray and neutron scattering, generate diffraction patterns that are often
difficult to interpret. One approach is to perform atomistic simulations of a proposed
structure, from which the analogous diffraction pattern can be obtained for validation. The
structure can be iteratively refined until simulation and experiment agree. The practical
drawback to this approach is the significant computational resources required for the
simulations. In this work, an alternative approach based on a hierarchical decomposition
of the radial distribution function is used to generate a physics-based model allowing rapid
interpretation of scattering data. In order to demonstrate the breadth of this approach, it is
applied to a series of carbon composites. The model is compared with atomistic
simulation results in order to demonstrate that the contributions of the crystalline and
amorphous domains, as well as their interfaces, are correctly captured. Because the model
is more efficient, additional structural refinement is performed to increase the agreement
of the simulation result with the experimental data. The model achieves a reduction in
computational effort of six orders of magnitude relative to simulation. The model can be

generally extended to other composite materials.

1.5.2 Chapter 3: Elucidating Nano- and Meso- Structure in Lignin-Based
CarbonComposites: A Comprehensive Study of Feedstock and Temperature

The production of carbon materials from renewable biofeedstocks is rapidly expanding

with commercial applications in the areas of advanced materials, energy storage, and



biochemicals. Present-day challenges exist in understanding how the distribution of
monomeric units in lignin feedstocks impacts the structure and properties of carbon
composites as a function of processing. This research investigates the effect of lignin
feedstock and processing conditions on the structure of carbon composites. X-ray data was
collected at a synchrotron source for lignin from hardwood, softwood, and grass feedstocks,
processed under varying temperature and environmental conditions. The relative abundance
of the principal monomeric units—guaiacyl, p-hydroxyphenyl, and syringyl—varies with
feedstock and result in reproducible variations in the x-ray data. Statistical analysis for over
fifty carbon materials was performed to determine the influence of feedstock, reduction
temperature, and furnace humidity. The changes in the pair distribution function are then
related to changes in material structure. The changes in the pair distribution function
correspond to changes in material structure. Taken together, the analyses support the
observation that graphitic structures form and grow in size with increasing reduction
temperature. The characteristic size of the graphitic crystallites varies with feedstock,
with kraft softwood and organosolv switchgrass leading to carbon composites with larger

graphitic domains.

1.5.3 Chapter 4: Small and Wide angle X-ray scattering of lignin-derived carbon
composites

Small and wide angle x-ray scattering were collected for powder lignin feedstocks—
softwood, hardwood, and switchgrass—processed at different temperatures in order to
resolve atomic and mesoscale features. The scattering analysis is a complementary
technique that alllows us to obtain information regarding the surface roughness, structure,
crystallite sizes, and interatomic distances. This work provides at different g-regions an

insight of the nature of the lignin during processing the structure to carbon composites.



CHAPTER 2

EVALUATION OF NANO- AND MESOSCALE
STRUCTURAL FEATURES IN COMPOSITE
MATERIALS THROUGH HIERARCHICAL

DECOMPOSITION OF THE RADIAL DISTRIBUTION
FUNCTION

Chapter 2 includes an extended draft version of the of latest published article. The chapter
includes introduction, model development and results, and conclusion. The latest version

can be found in Journal of Applied Crystallography cited as:

“Garcia Negron, V., Oyedele, A. D., Ponce, E., Rios, O., Harper, D. P., & Keffer, D.
J. (2018). Evaluation of nano-and mesoscale structural features in composite materials
through hierarchical decomposition of the radial distribution function. Journal of Applied
Crystallography, 51(1), 76-86.”
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Abstract: Crystalline and amorphous domains in composite materials, when subjected to
x-ray and neutron scattering, generate diffraction patterns that are often difficult to interpret.
One approach is to perform atomistic simulations of a proposed structure, from which the
analogous diffraction pattern can be obtained for validation. The structure can be iteratively
refined until simulation and experiment agree. The practical drawback to this approach
is the significant computational resources required for the simulations. An alternative
approach based on a hierarchical decomposition of the radial distribution function is used to
generate a physics-based model allowing rapid interpretation of scattering data. In order to
demonstrate the breadth of this approach, it is applied to lignin carbon composites processed
at high temperatures. The model is compared to atomistic simulation results in order to
demonstrate that the contributions of the crystalline and amorphous domains, as well as
their interfaces, are correctly captured. Because the model is more efficient, additional
structural refinement is performed to increase the agreement of the simulation result with
the experimental data. In this work the model achieves a reduction in computational effort
of six orders of magnitude relative to simulation. The model can be broadly implemented

to other composite materials.

2.1 Introduction

As part of the evolution in modern materials science one goal is to develop predictive
processing-structure-property-performance (PSPP) relationships, in which the processing
procedure determines the structure (at all scales including the atomistic, meso- and
macro-scales). The structure in turn dictates the functional and structural properties of the
material, which give rise to device or component performance. Without detailed
understanding of structure, one has only an empirical processing—performance
relationship (practically useful but not the end goal). In purely crystalline materials, well
developed computational tools exist to process experimental data from diffraction
experiments. Thus, delivering a definitive characterization of the structure of crystalline
materials is relatively straightforward, since their structural information in one unit cell
can be replicated at any length scale because of the perfect ordering present in their crystal
lattice structure. However, for materials with a high degree of disorder, such as glass,
organic polymers, nanocomposites, organic-inorganic perovskites, lignin, nanomagnets
and memory polymers, the extraction of a definitive structure from experimental
scattering data can be extraordinarily difficult, resulting in a crucial gap in the PSPP
relationship [43, 113]. Studying these materials are of interest in the scientific community

owing to their transformative potential in the field of advanced manufacturing,
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pharmaceuticals, energy and defense [91]. One of the common forms in which x-ray
scattering (XS) and neutron scattering (NS) reduce structural information is the radial
distribution function (RDF), g(r), where r is the separation between atoms. The RDF is
the Fourier transform of the scattering signal, S(Q). One can employ the RDF because it
is experimentally accessible and it can be directly related to the probability distributions of
statistical mechanics for liquids and other noncrystalline materials [106]. The RDF gives
the conditional probability distribution of finding an atom at distance r given an arbitrary
atom at the origin. The RDF results when the more general pair correlation function,
g(r,,r,), is applied to spatially homogeneous materials and averaged radially, r = |r,r,|.
The RDF represents a significant reduction in the degrees of freedom (DOF) used to
describe structure. This reduction in DOF corresponds to a loss of information. For a
three dimensional crystalline material with N, atoms per unit cell, there are at most
Nyor = 3N, — 6. The reduction by 6 accounts for arbitrary translation of and rotation
about the center of mass; symmetry constraints may further significantly reduce the DOF.
The DOF accounted for by g(r) are at most N f)(gl’,m”x = R, /6r, where 6r is the
discretization of the radial dimension and R, is the maximum radial position at which
the RDF is measured. A typical value of or is 0.1 A and a generous value of R, is
50.0 A, resulting in N, """ = 500. Of course, not all of these DOF are independent since
adjacent points along the RDF which describe common features (e.g., peaks or valleys) are
highly correlated. For crystalline materials, it is often the case that N %™ < N f)(g’F'"“x,
which allows for routinely reliable extraction of atomic coordinates from the RDF. Such is
not the case for complex or amorphous materials. In the amorphous case, the maximum

number of independent atoms may well equal the number of atoms in the sample, resulting

a, max g(r), max
DOF DOF

information in the RDF to extract atomic coordinates from it. Of course, knowledge of the

in an intractable number of DOF, N > N . In this case, there is insufficient
position of every atom is not essential to characterizing the structure of the material.
Other, coarser-grained elements of structure may be invoked, which perform two tasks.
First, coarse-grained or mesoscale structural elements reduce the DOF required to
describe the structure. Second, when methodically implemented and accounted for,
coarse-graining can provide materials scientists with the essential structural information
required to generate predictive PSPP relationships. It is in this spirit that the pursuit of a

hierarchical decomposition of the RDF is justified.

Current approaches to obtain structural information include the application of
molecular dynamics simulation to interpret experimental scattering data. The comparison

of experimental and simulated scattering data is relatively common for both x-ray and

12



neutron scattering. Typically, a model is proposed and the comparison is made between
experiment and simulation without iterative refinement of the model, for example with
x-ray [15, 21, 29, 34, 38, 44, 49, 64, 72, 108, 130, 151, 165] and
neutron [8, 40, 41, 50, 63, 67, 92, 102, 104, 122, 123, 125, 128, 172] scattering. In fewer
cases, some element of refinement of the structural parameters is included through an
iterative refinement of the model, for example with x-ray [33, 78] and
neutron [42, 89, 101] scattering. Complex materials with both nanoscale and mesoscale
structure may require large systems in order to capture long-range order [102]. In such
large-scale systems, molecular dynamics simulations typically require high-performance
computing (HPC) resources and iterative refinement may be limited. Ongoing efforts to
develop a general approach for extracting the structural information of complex materials
via diffraction and scattering exist. DISCUS [120, 135], reverse Monte Carlo
(RMC) [80, 88, 159, 160] and iterative PDF fitting software [45, 119, 133, 138] are
examples of these approaches. The search for broadly applicable tools to extract structure
from RDFs of complex materials remains an active research area. Recently, [117]
proposed a hierarchical decomposition of the RDF, in which the total RDF was
successively decomposed into components until a satisfactory atomistic or mesoscale
model existed to generate each component. This hierarchical model was presented as a
physics-based model free of arbitrary fitting parameters. However, experimentally, only
the total RDF is available, making a decomposition approach susceptible to non-physical
fitting optimization. In the initial application of the hierarchical decomposition of the
RDF, the approach was applied to a carbon composite, in which both crystalline
(graphitic) and amorphous domains were present. Molecular dynamics simulations of this
system had been performed [102]. Unlike experiment, the arbitrary decomposition of the
RDF is available from simulation. Thus, the hierarchically decomposed model could be
successfully validated on a component-by-component basis. In this contribution we
extend the hierarchical decomposition approach to a set of three carbon composites.
Several structural variables change in these materials, including the volume fraction of the
crystalline domain, the size of the graphitic nanocrystallites and the density of the
material. These different composites were generated experimentally by changes in the
processing conditions [157]. For all composites, both NS experiments at the Spallation
Neutron Source (SNS) and molecular dynamics simulations have been performed and can
be used for comparison [102]. While this article is limited to carbon composites, the
hierarchical decomposition approach is directly applicable to any material in which

crystalline nanoparticles are distributed in an amorphous domain or amorphous domains
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are distributed in a polycrystalline material. In fact, in the three carbon composite samples
upon which we report, the volume fraction of the crystalline domain ranges from 10 to
90%. Nanocomposites have shown interesting properties, including enhanced thermal
conductivity, electronic conductivity and high surface area for energy storage
applications [170]. The carbon composites in this work have application as anodes in
Li-ion batteries [157]. Recent work has shown that the method of lithium-ion storage in
these composites occurs via a fundamentally different mechanism than the intercalation in
bulk graphite [104, 105]. These composite materials provide a demonstration of the ability
of the hierarchical decomposition model to provide the structure that links the changes in
processing to the observed electrochemical performance via the PSPP relationship. Before
presenting the model, we should note that, given infinite computational resources and
time, any coarse-grained model will provide a less accurate characterization of the
structure than atomistic simulations. However, it is important to understand the iterative
nature of the process of interpretation of experimental RDFs. An initial structure is

guessed and the corresponding RDF is generated.

Comparisons of the experimental and simulated RDFs are made. On the basis of
any discrepancy between the two RDFs, a refinement of the simulated structure is then
proposed. Therefore, whether purely atomistic simulation or a hierarchical model is
used, the successful convergence of the approach depends upon the number of iterations
performed. If the atomistic simulations are computationally expensive, then perhaps only
a single iteration is performed, as done by [102]. However, substantial reductions in the
DOF of the hierarchical model can allow numerous iterations. The final accuracy of the
simulation or model relative to the experiment is not exclusively a function of the DOF
in each iteration, but is also a function of the degree of convergence due to the number
of iterations performed. Oyedele et al. report a reduction in computational requirements
of a factor of one million when moving from atomistic simulations to the hierarchical
decomposition model; thus it is possible, as demonstrated below, for the hierarchical
decomposition model to provide a better understanding of the structure than atomistic

simulation alone [117].

Finally, from a practical point of view, since HPC resources are not ubiquitous, the
hierarchical decomposition model provides a low-cost alternative that can be run on
personal computers. In defense of atomistic simulation, we have developed the hierarchical
decomposition model with information from simulation available to us. It is our intention

that, in the future, such computationally expensive simulations will not always be required.
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We accept the likely possibility that some new materials will be engineered with structures
that initially require atomistic simulation to give insight into the structure, before the
hierarchical decomposition model can be modified to accommodate such features. This
approach may not work on all materials. Specifically, if a material does not possess
hierarchical structure, then a hierarchical decomposition of the RDF will not be appropriate.
In this work, we rapidly obtained the RDF of a lignin-based carbon composite via the
hierarchical decomposition of the RDF. The hierarchy present in complex materials like
carbon composites allows for the decomposition of their structures into components in
which each component can be evaluated by theory. In the case of lignin, there are six
components of the RDF, evaluated by either the atomic or the mesoscale [117]. We extend
the hierarchical model to lignin pyrolyzed at three different temperatures, 1000, 1500, and
2000 °C. In the remainder of the article, we present the description of the decomposition,
followed by the analysis of the decomposition components. In each component, the RDF
obtained from the model is compared with that obtained from experiments and simulations
for the three different composites processed under different temperature conditions. The
characterization of the RDF in experiment, simulation and model is performed at room

temperature.

2.2 Model Development and Applications

2.2.1 General Form of the Decomposition

To begin we consider a general, composite material composed of 7, phases, a, B,
7, ... The total RDF of the composite material, g,,(r) , a quantity available from XS or
NS, can be decomposed into contributions from atom pairs based on the phase in which

those atoms are located,

) '14;‘1 e
INGEDWINGEI NI NG @.1)
a=1 a=1 fZa

where g* ﬂ(r) represents the component of the RDF due to pairs of atoms in which one atom
resides in phase « and the other in phase . The asterisk is added to the components because,
as will be seen in the specific example below, these component RDFs do not necessarily
satisfy the rigorous definition for RDFs, which require that they be normalized such that they
approach unity in the limit of infinite separation. The first term in equation 2.3 represents
intraphase contributions to the RDF. The second term in equation 2.3 represents interphase

contributions. This decomposition according to phases is sensible since theory is better
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posed to provide the RDF of a single phase or an interaction between two phases than the
total altogether. Several types of subsequent further decomposition are possible. If phase
a is distributed in discrete domains, for example nanocrystallites in a continuous matrix
of phase f, then g* (r) can be further decomposed into intra-domain and inter-domain

contributions.

g;a(r) = g:a,intra(r) + g;a,inter(r) (22)

Alternatively, if a phase contains a molecular component, then the formal decomposition in
equation 2.2 may just as well correspond to intramolecular and intermolecular contributions
to the RDF. In general, the decomposition must account for differences in scattering
length density between different atoms. In the decompositions given above, the respective
prefactors are absorbed in the individual components. The components are additive since
there is only one type of atom present in the model, that is, carbon, therefore, there is only
a single scattering length and no cross-terms. The goal of the decomposition is to render
the total RDF in terms of components that can individually be evaluated with a simple,
atomistic or mesoscale model or theory. The number of the levels in the hierarchy is chosen
to meet this goal. In the carbon composite, there are three levels in the decomposition as
shown in Figure 2-1. The first level of decomposition corresponds to equation 2.3 for a

material with only two phases, crystalline (C) and amorphous (A), resulting in

8ot (r) = 84 4(r) + 85 (r) + 85, (r) (2.3)

We consider the crystalline phase to be dispersed into distinct nanocrystallites, thus we
invoke equation 2.2 as a second decomposition of the CC term, in terms of intra-crystallite

and intercrystallite components,

gCC(r) = géC,intraC(r) + gé‘C,interC(r) (24)

Because the material in questions is highly aromatic carbon, the crystallites are graphitic.
This is initially an assumption, but can be validated via comparison with experimental data.
Thus g7 ;rac(r) can be decomposed at a third level into contributions arising from pairs
of atoms within the same plane of graphene (intraplanar) and between planes of graphene
(interplanar),

(2.5)

* % *
gCC,intraC(r) - gCC,intraC,intraP(r) + gCC,intraC,interP(r)
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Amorphous (A)

Figure 2-1. Model structure and the general formulation of the hierarchical
decomposition of a carbon composite. (a) Structural model of lignin-derived
carbon composite used as a battery anode material consisting of crystalline
graphitic nanoparticles (in grey) distributed in a matrix of amorphous
carbon (in blue). Terminating hydrogen atoms are not shown. (b) Schematic
of the six components of the hierarchical decomposition of the structure.
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For lithium-ion storage, the intercalation process distorts the graphitic crystal by
increasing the planar separation. Decomposing the crystalline phase to a depth of three
levels seemed appropriate to understand interactions in the stacked sheets of graphene.
In general, the number of levels in the hierarchy of the decomposition depends upon
the structure of the material. The amorphous phase is modeled as disordered aromatic
carbon, or randomly oriented fragments of graphene. Various models of amorphous carbon
exist. If the material is thought to be dominated by sp?> bond hybridization, one can
imagine randomly oriented sheets of graphene of finite size to which various defects have
been added. Alternatively, if the sp® bond hybridization is dominant in the material, one
can imagine amorphous carbon as a disordered diamond structure, in which numerous
vacancies are present. In this application, there was experimental evidence for a high
degree of aromaticity, which corresponds to the disordered graphene model. Thus the
same decomposition used in the third level for the crystalline phase (equation 2.5), namely
intraplanar and interplanar components, can be used at the second level for the amorphous

domain.
gAA(r) = g::A,intraP(r) + gle,inlerP(r) (26)
Substitution of equations (2.4) to (2.6) into equation 2.3 yields the 6 component

decomposition of the total RDF,

% ® *
gmf(r) - gAA,intraP(r) + gAA,interP(r) + gCC,intraC,intraP(r)

* *
+ gCC,intraC,interP(r) + gAC(r)

2.7)

2.2.2 Description of Components at the Atomic Level

Sharp peaks in the RDF that correspond to covalent bonds in a molecule or to short-range
crystal structure require atomistic detail. In the carbon composite case, terms that describe
the interactions between atoms within the same sheet of graphene (intraplanar) will result
in sharp peaks that correspond to the rigid crystal structure of graphene. To evaluate terms,
the equilibrium crystal structure is used as an input. Because the planes are finite, explicit

evaluation of the RDF through pairwise summation is computationally tractable.

gAA,intra (r)y =

Na —1 Napp 28)
Xo 1 2 : : 2.
— e o(r —ri)f(r=riu,=r,.,6, =07, /)
Proy dmr? N app ; j§1 v ¢ vs Toimra’y "i7
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where N, is the number of atoms per plane. The additional information that is required is
a “mesoscopic parameter”, the characteristic size and shape of the planes, which determine
N,,,- The size of the crystallites was estimated from peak widths obtained from x-
ray scattering. The density, p,,,, was measured experimentally (see Table 2-1) and was
specified for each composite without adjustment in this work. The weighting function for
this component, the atom fraction of the amorphous domain, x,, was determined from
knowledge of the total density, the crystallite (graphite) density and the volume fraction
of the crystalline domain, ¢, which was measured experimentally in this work and is
reported in Table 2-1. The amorphous fraction of the material was estimated based on
visual inspection of micrographs, in which the crystalline and amorphous domains were
distinguishable. If either p,, or x, is unavailable, they could be fit. The additional

function, fg, is a Gaussian distribution centered on each peak, He =T intended to

ij
provide thermal noise. It has associated with it a standard deviation that grows as the
square root of the separation between atoms, 6, = 07 ., \/ﬁ . The factor o7, is the
thermal standard deviation (units of A) at a distance of »r = 1 A. This factor is the same
for all composites studied here because it represents effect of the temperature at which
the scattering experiment was performed, room temperature for all samples. The two
components, g, iuop()* and gec inrac.imrap(r)”> Which are treated with atomistic detail,

are described below.

2.2.3 Amorphous-amorphous, Intraplanar (AA, intraP)

The amorphous phase is modeled as randomly oriented fragments of graphene. While
in both experiment and simulation, there is a distribution of fragment shapes and sizes, in
the model only a single fragment with a given shape and size is used. This fragment is
chosen to be ellipsoidal in shape. Figure 2-2, shows the results of this model, equation 2.8,
compared to the atomistic simulation. For the model, the separation between atoms is taken
from a static model of defect-free graphene using a bond length of 1.42 A. For the atomistic
simulation, an interaction potential was used (see [103]). The Gaussian was included for
thermal noise in the model only. The atomistic simulations are run at a finite temperature
and generate the corresponding thermal distribution. In Table 2-1, we present the values
of the major and minor axes of the ellipsoids used to model this system. The comparison
of model and simulation is excellent. Note that the radial separation is the same for each
composite, but the radial distribution function varies, reflecting the different amorphous
content in each composite. In Figure 2-2, every peak position is captured, confirming the

presence of graphene fragments in the system.
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Table 2-1. System parameters grouped by origin
(experiment or model) or scale within the model.

Parameter Value
Pyrolysis temperature (°C) (experiment) 1000 1500 2000
Radius of crystallites (A) (experiment) 5 7 17
Volume fraction of crystalline domain ¢ (experiment) 0.9 0.5 0.1
Total density (g cm™) (experiment) 1.94 1.51 1.38
Minor radius of graphene plane in A phase (A) 2.5 4.0 15.0
Major radius of graphene plane in A phase (A) 2.5 24.0 15.0
Intraplanar thermal noise o7 ., (A) 0.025 0.025 0.025
Distance between planes in crystallite d, (A) 3.0 34 34
Number of planes per crystallite 3 3 9
Presence of density peak at close-packing No No Yes
Fraction of RDF due to atomic packing step (CC, interC) 0.44 0.20 0
Fraction of RDF due to atomic packing step (AA, interp) 0.88 0.80 1.0
Interface width (A) (AA, interp) 5 12 17
Initial crystalline fraction (AA,interp) 0.4 0.11 0.28
Fraction of RDF due to atomic packing step (AC) 0.84 0.70 0.08
Interface width (A) (AC) 5 7 10
Initial crystalline fraction (AC) 0.4 0.1 1.0
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Figure 2-2. Comparison of the model and simulation RDF for the amorphous-amorphous
intraplanar (AA intraP) in the three different composites. Note that the reported temperature
corresponds to processing conditions. All RDFs were measured at room temperature.
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If the amorphous carbon possessed sp® bond hybridization, the peak positions would be
different. The relative magnitude of the peaks is also captured well. One notes that the size
of the amorphous plane increases with increasing processing temperature. One can also
note that the shape of the fragments is circular at the low and high temperatures. A circular
fragment was the initial assumption for all models. Only at the intermediate temperature
was it necessary to adjust the minor and major axes independently in order to capture the
relative peak heights of the peaks at small and large separation. At high crystalline volume
fractions, the amorphous fragments are small and can be modeled as small circles. At low
crystalline volume fractions, the fragments of graphene in the amorphous domain are much
larger, but their aspect ratio remains close to unity. Only at intermediate values of ¢, where
the fragments remain large but the shape of the amorphous domain is significantly impacted
by the presence of the crystalline domain, is it necessary to introduce non-circular particles

to accurately reproduce the component RDF.

2.2.4 Crystalline-crystalline, Intracrystallite, Intraplanar (CC, intraC,intraP)

The intraplanar component has the same form in the amorphous and crystalline phases.
The only difference is that if a particular shape of nanoparticle is assumed, then there is
a distribution of planes in the nanocrystallite. For example, in this work, we assumed
spherical nanocrystallites, a choice that results in larger sheets of graphene (with the radius
of the nanoparticle) near the center of the nanocrystallite and increasingly smaller sheets
located further from the midplane. Thus a direct pairwise summation is performed over a

distribution of plane sizes.

The parameters, which determine the number of planes, are the radius of the crystallite,
r., (determined experimentally in this work and reported in Table 2-1) and the distance
between planes, d e As shown in Figure 2-3, the agreement between model and simulation
for the crystalline-crystalline, intracrystallite, intraplanar component is excellent. They are
evaluated using equation 2.8. The magnitude of the peaks decreases as the processing
temperature increases because the volume fraction of the crystalline domain decreases.
The peaks extend to greater separations as the processing temperature increases because
the size of the crystallites increases. As reported in Table 2-1, the optimal value of the
distance between planes is smaller for the composite processed at the lower temperature,
an observation which is attributed to the higher density of the material, which packed the
nanoparticles in tighter and limited the breathing modes of motion observed for isolated

nanocrystallites [103].
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intracrystallite intraplanar (CC intraC intraP) in the three different composites. Note that the reported
temperature corresponds to processing conditions. All RDFs were measured at room temperature.
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2.2.5 Description of Components at the Mesoscale

Some components to the RDF need not be represented at the atomic scale. Components
that represent structures in which significant disorder exists will present a broad feature
rather than the sharp peaks of Figures 2-2 and 2-3. These broad features can be captured
well with a mesoscale model in which the atomic resolution has been discarded in favor of a
continuous distribution of atom density. The essence of this approach requires the definition
of two-dimensional and three-dimensional structural objects. A mesoscale distribution

function, g*

»eso()s between objects is defined. The functional form of the contribution

to the RDF due to a single pair of objects, g* (r), is determined as a function

meso,1—pair

of their separation. This function is convoluted with g* (r) in order to generate the

full contribution to the component RDF A general, four-step procedure is employed to

%

meso,1—pair

distribution is formulated in terms of the independent coordinates over which the RDF

generate the mesoscale, single-pair RDF, g (r). In the first step, a joint probability
is to be averaged. These coordinates correspond to the 2D or 3D mesoscale objects.
Since the coordinates are independent, the joint probability distribution is the product
of the single variable probability distributions. In the second step, the argument r of

gmeso,l —pair

the third step, integration over all the independent variables is performed, which generates

(r) is defined as a function of the independent coordinates in the system. In

a cumulative distribution function in the single variable of interest, r. In the fourth and
final step, the cumulative distribution is differentiated with respect to r in order to obtain

the probability distribution function, which is directly related to the component RDF, g(r).

*
meso,1—pair

The two components, g/, .. () and g. .. .(r), which are treated with mesoscale

Once g (r) is known, it is convoluted with g* (r) to obtain the component RDF.

detail, are described below.

2.2.5.1 Crystalline-crystalline, Intracrystallite, Interplanar (CC, intraC, interP)
The interaction between atoms arranged in adjacent planes of a single crystallite can be
modeled by the interaction of a pair of two-dimensional discs, in which the atomic density

is distributed uniformly over each disc. For circular discs, the interaction between one

*
meso,l—pair

pair of discs, g (r), can be analytically evaluated following the four step procedure
described above. The planes defining these two discs are assumed to be parallel. The discs
have centers located on a common normal vector. The inputs to this process are the radius

of plane 1, Fols the radius of plane 2,r

12, and the separation between center points, d,.

The derivation of the analytical formula describing the resulting contribution to the RDF

from one pair of discs is provided in Appendix A. A characteristic plot for g* l_pm.r(r)
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is shown in Figure 2-4a. The mesoscopic distribution, g* (r), of discs corresponds to
a spherical crystallite. A graphitic nanocrystallite is modeled as a series of such discs,
oriented parallel to each other and spaced at intervals of d,. The individual radius of
each disc corresponds to their position within the sphere, refer to Figure 2-4b [103]. The
number of discs in a crystallite in this study is small, ranging from 3 to 9. The values
are reported in Table 2-1. Thus, the contribution from all combinations of pairs can
be explicitly summed with minimal computational expense. The crystalline-crystalline
intracrystallite interplanar component of the RDF is plotted in Figure 2-5, where the
bottom curve represents a crystallite with nine discs and corresponds to Figure 2-4b. The
composites processed at 1000 and 1500 °C contain three discs (not shown). As shown in
Figure 2-5, the CCintraCinterP component displays peaks corresponding to the separation
between planes and is located at integer intervals of d,. The peaks are broadened by the
same Gaussian distribution used in the previous components to account for the thermal

noise. From Figure 2-5, it is evident that the model agrees very well with the simulation.

2.2.5.2 Crystalline-crystalline, Intercrystallite (CC, interC)
The interaction between atoms arranged in distinct crystallites can be modeled by the
interaction of two three-dimensional spheres, in which the atomic density is distributed

uniformly over each sphere. For spherical particles, the interaction between one pair

*
meso,l—pair

of spheres, g (r), can be analytically evaluated following the four step procedure

described above. The inputs to this process are the radius of crystallite 1, r, ,, the radius

¢l
of crystallite 2, r_,, and the separation between center points, d.. The derivation of the
analytical formula describing the resulting contribution to the RDF from one pair of spheres

*
meso,l—pair

is provided in the Appendix A. A characteristic plot for g
4a.

(r) is shown in Figure 2-

It has been shown that shape of a nanoparticle influences the resulting RDF [115]. In
this work, we limit ourselves to spherical particles. In future work, we intend to remove
this restriction though we will be forced to replace the analytical result with numerical
integration for non-spherical particles. The mesoscopic distribution, g* (r), of spheres
must be chosen to correspond to a given model. In this model, we assume a distribution of
crystallites with three features. At short separations, there is a region of excluded volume
preventing overlap of spheres. At the nearest possible distance, there is a delta function
corresponding to close-packing. Beyond that there is a uniform distribution chosen to
correspond to the bulk density of crystallites. A schematic of this mesoscale distribution of

crystallites is shown in Figure 2-6(b).
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of single crystallite displaying model mesoscale distribution of discs.
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The close-packing peak was required only for the largest crystallite with a low crystallite
volume fraction, as reported in Table 2-1. In contrast to the mesoscopic distribution of
planes within a crystallite, which was discrete, the mesoscopic distribution of crystallite
is continuous. Therefore, a simple explicit evaluation of the convolution of g* ()

meso,l—pair
(Figure 2-6(a)) and g*

" 5o (Figure 2-6(b)) is not possible. In this case, we numerically

convoluted the functions. Although this is not essential, in some but not all cases, the curve
can be fit well by a complementary error function, see Figure 2-6(a). In a previous work,
we note there is substantial disorder within the nanocrystallite due to “sliding”, “rocking”
and “breathing” modes of graphene planes with respect to each other [103]. There is also
an additional element of disorder in the random orientation of the crystallites. The former
elements of disorder effectively smear out atomic detail. Averaging the RDF over all pairs

of crystallites presents a smooth component.

We determined that this mesoscopic distribution of the model only describes the system
well at low crystallite volume fraction. At high crystallite volume fraction, there is an initial
step-like feature located at a separation corresponding to the diameter of a carbon atom.
This feature in the contribution is due to the deformation of crystallites that pack tightly
against each other. This abrupt atomic scale feature is distinguished from the much more
gradual contribution due to the mesoscopic spacing of the crystallites. Ultimately, we chose
to capture this behavior with two erfc functions, the first representing atomic packing and
the second representing the mesoscale distribution. The height of the step in the component
RDF due to the atomic packing as a fraction of the asymptotic value is reported in Table 2-1.
The crystalline-crystalline intracrystallite interplanar component of the RDF is plotted in

Figure 2-7. As can be seen this model agrees well with simulation for all three composites.

2.2.6 Contributions Described with Perturbations to a Mean Field

The two remaining components in the RDF decomposition include the amorphous-
amorphous interplanar component (AA, interP) and amorphous-crystalline component
(AC). In these cases, we cannot resort to atomistic detail as was done in the first two
components, nor is the geometry of the interacting domains sufficiently clear to allow for a
reasonable mesoscale approximation as was done in the second two components. In these
cases, we build a model featuring four assumptions: (i) excluded volume up to the size
of the atoms (AEV), (ii) mean-field (MF) approach, in which we assume that the atoms
contributing to this component are the result of a uniform distribution of atoms distributed
over the volume, (iii) a perturbation to the mean-field based on excluded volume due to the

mesoscale crystalline phase (MEV), and (iv) the presence of partially crystalline elements
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within the amorphous domain. To this we add the same thermal noise applied to other
intermolecular components. In Figure 2-8(a), the effects of the atomic excluded volume
and mesoscale excluded volume are graphically illustrated. The presence of partially
crystalline elements can be readily accommodated since we have already described the
crystalline-crystalline, interplanar components as shown in Figure 2-5. Thus a signature
that corresponds to a diffuse interface in which both amorphous and crystalline elements
are present can be obtained by combining these two components. In Figure 2-8(b), a linear
weighting function is used to combine the AA, interP with MF+AEV+MEV effects, as
shown in Figure 2-8(a), with a C-C,interP signature, from Figure 2-5, to generate an RDF
component for a phase that shows both amorphous and crystalline elements in a diffuse

interface that spans, in this example, 20 A.

2.2.6.1 Amorphous-amorphous, Interplanar (AA, interP)

The interaction between pairs of atoms, in which both atoms are located in the
amorphous domain but in distinct planes, comprises the amorphous-amorphous,
interplanar component. For all three composites, the partially crystalline nature of the
phase is described by a linear weighting between an amorphous signature and a crystalline
subcomponent. The crystalline subcomponent is taken directly from the
crystalline-crystalline, intracrystallite, interplanar contribution as shown in Figure 2-5(a).
The amorphous subcomponent is modeled, as described above, with a mean field
including perturbations from AEV and/or MEV effects. The distinct contribution due to
the crystalline subcomponent is short-ranged; at longer distanced it is indistinguishable
from the amorphous contribution. The parameters of the weighting function are described
in Table 2-1. These parameters include the maximum fraction of crystallinity (the
y-intercept of the weighting function) in Figure 2-8(b) and the interface width (the
x-intercept of the weighting function) in Figure 2-8(b). The resulting comparison of the
model and simulation is shown in Figure 2-9. As can be seen, the agreement between the
model and simulation is quite good. The top plot in Figure 2-9 looks poor but the y-axis is
on the order of 1073, so this error is on the order of noise in the experimental signal. This
simple approach demonstrates the capability of describing a partially crystalline phase.
The choice of a linear weighting function was made strictly with the intent of minimizing
the number of parameters. A more sophisticated weighting function could certainly be

used, though it was not justified for these materials.
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Figure 2-8. Schematic of amorphous-amorphous, interplanar modeling
approach. (a) The impact of atomic excluded volume (AEV) and mesoscale
excluded volume (MEV) on the mean field approximation. (b) A typical diffuse
interface modeled as a linear weighting of the amorphous contribution from
Figure 2-8(a) and the crystalline contribution from Figure 2-5 (2000 °C).
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2.2.6.2 Amorphous-crystalline (AC)
The interaction between pairs of atoms, in which one atom is in the amorphous domain
and the other in the crystalline domain is captured in the AC contribution to the RDF. This

contribution in general involves integration over a complex geometry.

Therefore, a mean field approach with perturbations was again invoked. In an
approach identical to that taken for the AA, interP contribution, the diffuse interface is
described by a linear weighting between an amorphous signature and a crystalline
subcomponent. As before, the crystalline subcomponent is taken directly from the
crystalline-crystalline, intracrystallite, interplanar contribution as shown in Figure 2-5.
The amorphous subcomponent is again modeled with a mean field including perturbations
from AEV and/or MEV effects. The resulting comparison of the model and simulation is
shown in Figure 2-10. As can be seen, the agreement between the model and simulation is
quite good. This simple approach demonstrates the capability of describing a diffuse
interface between a crystalline and amorphous domain. Of course, the limitation of this
approach is obvious; if the interface demonstrates a different crystal structure than the
“bulk”, then this approach will obvious not capture the interfacial structure. For materials
where this limitation is not present, this model should suffice. Again, the choice of a linear
weighting function was made strictly with the intent of minimizing the number of
parameters. The agreement in Figure 2-10 can be improved by using a nonlinear profile to
describe the crystalline component of a diffuse interface. However, we chose not to do this
because ultimately we hope that this tool will be used to interpret experimental data. In
the experiment, only the total RDF and not the components of the RDF are available. As
we shall see below, where the total RDF is shown, the shortcomings of Figures 2-9
and 2-10 are not apparent. So, while it is possible to correct them where a decomposition
is available, the need to include nonlinear profiles of the diffuse interface is not

immediately clear, at least for these materials.

2.2.7 Total RDF

Sumation of the six individual component RDFs results into the total RDF of the system.
For the three cases being examined, Figure 2-11 shows the comparison of the total RDF for
the model, simulation, and experiment. The parameters used in the model are those obtained
from fitting the model to the simulation data. As noted in Table 2-1, some parameters
were not fit at all, but were simply transferred from the simulation. Thus, the model and
simulation are almost indistinguishable. The ability of the simulation (and equivalently

model) to describe the data is excellent.
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All peaks are accounted for because all peaks originated with an intraplanar contribution
either in the crystalline or amorphous phase. The relative magnitude of a peak based on
processing temperature as observed in the experimental system is also reproduced in both
simulation and experiment. However, the agreement between simulation and experiment is
not flawless. There are discrepancies, particularly in the important range between 3.0 and
4.0 A, where the interplanar spacing is located. Refer to the inset in Figure 2-11. Regardless
of whether one uses simulation or a model to interpret the scattering data, it is an iterative

process.

In the work invoking simulations, the interpretation was ended after a single iteration,
largely because of the HPC resources required to perform a second iteration. The
reduction in the computational requirement from the simulation to the model is significant,
approximately in at least six orders of magnitude [117]. Since the model is computationally
tractable, no such limit on the number of iterations exists. Therefore, we further optimize
the model, beginning with the current parameter set, to the experimental data. This
fit is shown in Figure 2-11. The largest discrepancy between the simulation and the
experiment lies in the region between 3.0 and 4.0 A for the 1000 °C composite. For the
type of material, the improvement in the agreement between the model and experiment
was achieved through a reduction in the volume fraction of the crystalline domain. We
note that the hierarchically decomposition of the RDF provides a tractable, physically-
meaningful and tractable approach to the interpretation of scattering data of complex
materials, especially for the routine users without access to HPC resources. These approach
provide reasonable guesses of parameter values, such as volume fraction of the crystalline
domain, crystallite radius and diffuse interface width, that can be used in the construction
of atomistic models, thus reducing the total number of simulation iterations required. In
this demonstration of the model, some parameters were taken from the simulation, in order
to emphasize that this is not purely an optimization process, in which the parameters have
no physical meaning. By holding certain parameters constant at the values used in the
simulation, we are removing variables from the optimization that could improve the fit.
Our good comparison is consequence of this “physics based” model and not an exercise
in curve fitting. Of course, in the absence of simulation data, good initial guesses for all

parameters will be optimized.
2.2.8 Conclusion

Neutron scattering signature of a series of carbon composites was successfully

interpreted via the hierarchical decomposition of the RDF using a computationally
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tractable model. The model achieves a reduction in computational effort of up to six
orders of magnitude relative to molecular dynamics simulation, making this approach
available as a routine tool for interpretation of the scattering patterns of complex
materials. The model’s efficiency, relative to simulation, allows performing additional
structural refinement to improve the agreement of the model result with the experimental
data. Use of the model provides both quantitative and qualitative insight into the structure
of the composite, providing parameters that correspond to the volume fraction of
crystalline and amorphous phases and crystallite sizes. Experimental information from
small angle scattering techniques, Guinier analysis, and temperature effects on particle
size might be used in future developments to refine the model considering material
dispersity. Furthermore, the model provides parameters not directly generated from the
simulation including the interface width for diffuse interfaces. The model can be generally
extended to other composite materials making it suitable for MD simulation that requires

high performance computation.
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CHAPTER 3

ELUCIDATING NANO- AND MESO- STRUCTURE IN
LIGNIN-BASED CARBON COMPOSITES: A
COMPREHENSIVE STUDY OF FEEDSTOCK AND
TEMPERATURE

Chapter 3 includes an unpublished draft version of the of latest published article. The
chapter includes introduction, experimental procedure, results and discussion, and

conclusion. The latest version can be found in Carbon cited as:

“Garcia Negron, V., Kizzire, D. G., Rios, O., Keffer, D. J., & Harper, D. P. (2020).
Elucidating nano and meso-structures of lignin carbon composites: A comprehensive study

of feedstock and temperature dependence. Carbon, 161, 856-869.”
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Abstract: The production of carbon materials from renewable biofeedstocks is rapidly
expanding with commercial applications in the areas of advanced materials, energy storage,
and biochemicals. Present-day challenges exist in understanding how the distribution
of monomeric units in lignin feedstocks impacts the structure and properties of carbon
composites as a function of processing. This research investigates the effect of lignin
feedstock and processing conditions on the structure of carbon composites. X-ray data was
collected at a synchrotron source for lignin from hardwood, softwood, and grass feedstocks,
processed under varying temperature and environmental conditions. The relative abundance
of the principal monomeric units—guaiacyl, p-hydroxyphenyl, and syringyl—varies with
feedstock and result in reproducible variations in the x-ray data. Statistical analyses for over
fifty carbon materials were performed to determine the influence of feedstock, reduction
temperature, and furnace humidity. The changes in the pair distribution function correspond
to changes in material structure. Taken together, the analyses support the observation that
graphitic structures form and grow in size with increasing reduction temperature. The
characteristic size of the graphitic crystallites varies with feedstock, with kraft softwood

and organosolv switchgrass leading to carbon composites with larger graphitic domains.

3.1 Introduction

Understanding state-of-the-art processing methods of biorenewable sources has
become a major focus for obtaining low-cost bioproducts suitable for high-end
applications. Moreover, the production of carbon materials from renewable biofeedstocks
is rapidly expanding with commercial applications in the areas of advanced materials,
energy storage, and biochemicals. = One such example in the wood industry is
manufacturing carbon-based products from lignin feedstocks due to its rich carbon
content. Demystifying lignin structure has proven to be a challenge, particularly due to its
seemingly random and complex network arrangement of organic groups and its variants
across wood species [16, 24, 26, 69, 70, 166]. The principal monomeric units present in
lignin species are coniferyl, sinapyl, and p-coumaryl alcohols. These are phenolic
precursors to p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) [53, 69]. The variety of
monomeric units drives the selection and processing of the raw material source toward
specific. Previous studies have measured chemical composition, purity, and ratios of the
monomeric units found in lignin [16, 23, 69, 70, 97, 154, 166]. Valorizing lignin remains
one of the top challenges towards commercial production of many plant derived fuels and
chemicals [2]. Valorization controls include native biocrop manipulation, biosynthesis,

and chemical modification [22, 35, 143]. In addition, understanding the physicochemical
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impact of isolating lignin from the cell wall is important as it impacts the purity, yield, and

ability to convert the raw source to new products.

In this work, lignin feedstocks were extracted from hardwoods, softwoods, and
grasses. These organic materials were thermochemically decomposed and reduced at high
temperatures resulting in nanostructured composites, composed of graphitic crystallites
and amorphous carbon domains. Previous work examined graphite structure at high
temperature where crystallographic changes are present and surface chemistry is improved
as result of heat treatments [51]. The conversion of renewable feedstocks to lignin-based
carbons is used to establish relationships between structural features as a function of
feedstock source, extraction method, and carbonization stages. The carbon product
contains both disordered amorphous and ordered crystalline carbon domains. A goal of
this work is to produce low-cost graphitic materials which, as an example, have been
investigated for energy storage applications [53, 175]. Characterization of the interaction
of lignin carbons in electrode systems can provide support to engineered carbon products

used in electrochemical applications.

In this chapter, we investigate the pair distribution function (PDF), which correlates
atomic positions by measuring the probability of an atom being located at specific distance
from other atoms. A PDF serves as a standard characteristic of the atomic structure of
a material [11]. The PDF, G(r), was analyzed for processed carbonized material to help
describe the local atomic structure in lignin carbon at the nano- and mesoscales [112, 118,
132-134, 136].

G(r) = 4nr(p(r) — pol (3.1)

G(r) depends on the local (p) and average p, atomic densities, and the radial distance
(r) [11]. In a carbon-rich material, the radial distance primarily corresponds to carbon-
carbon pairs. An approach for computing G(r) consists of using the normalized and
corrected total structure function, S(Q), obtained from x-ray powder diffraction data. Once
the experimental x-ray data is collected and processed to obtain scattering vectors (Q),
corrections are methodically performed for background, Compton, and multiple scattering
as well as geometric effects and absorption [43]. The normalized total structure factor is
calculated as [eohereng 3 e | 1O

SQ)=1+ — (3.2)

12 ¢ f:0°

The coherent scattering intensity per atom is 1¢°#¢"" in electron units, and for atom type i,

the atomic concentration is ¢; and the scattering form factor is f; [28]. The PDF is obtained
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from the total structure factor via Fourier transform,

G(r) = %L O [S(Q) — 1]sin(Qr)dQ (3.3)
In crystalline materials, PDFs tend to exhibit defined and narrow peak intensities whereas
amorphous materials have characteristically broader peaks. Commercial software packages,
such as PDFgetX3, GSAS-II, xPDFsuite, and Fit2D, are commonly used to process x-
ray scattering and obtain G(r). A non-iterative partial least square principal component
analysis (PCA) was applied to the PDFs of carbon composites. PCA can be interpreted as an
orthogonal linear transformation where the coordinates of the new projection correspond to
a score based on the variance of the data, ordered from largest to lowest, thus it is a common
approach for dimensionality reduction of large data sets [S57, 86]. A complementary
statistical analysis used to relate the effects of temperature in lignin carbon structure is the
correlation coefficient which identifies linear relationships between two variables, X and Y.

The correlation coefficient is defined as

(03
Pyy = —=2 — (3.4)
2 2
0x\/ Oy

and provides a measure of the covariance of two variables. The coefficient is normalized
by the standard deviations and is bounded by [-1,1]. If X = Y, then py, = 1
and if X = =Y, then p,, = —1. A high positive correlation coefficient means that,
from a statistical point of view, as X increases, Y also increases, and viceversa. A
high negative correlation coefficient means that changes in X have an opposite effect on
Y. A recent study applied a multivariate statistical analysis using x-ray data collected
from cellulose material to investigate the degree of crystallinity. Correlation calculations
for various diffraction angles and pretreatments were compared to the original data set.
Furthermore, statistical methods have helped identify the most efficient pretreatment
method and understand crystallinity changes and degree of polymerization in materials [82].
In our work, correlations were used to investigate relationships between PDFs obtained from
x-ray data and the controlled variables such as lignin feedstock, reduction temperature, and
humidity. This systematic approach achieves a complete study of lignin carbon structure
that enables tuning and tailoring for application-specific carbon products. Using high-
resolution transmission electron microscopy (HR-TEM), atomic structure of the amorphous
and crystal in the synthetic carbon product can be investigated. In a recent study, HR-

TEM and diffraction patterns were collected when processing a fibrous lignin carbon mat at
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1000 and 2000 °C [157]. The diffraction patterns exhibited components similar to graphite
and disordered nanocrystal structures with larger crystals formed at 2000 °C compared to
1000 °C. In our experiments, HR-TEM and diffraction patterns were collected for lignin
feedstocks reduced at 1050 and 2000 °C. The TEM work provides complementary and

corroborative data to the PDF analyses.

In this work we present the relationship of carbon composite structures as a function
of lignin feedstock, processing conditions, and heat treatments. In the remainder of the
manuscript, , we present the techniques used for lignin extraction, carbonization, and
materials characterization. Results include x-ray data, elemental analysis, and HR-TEM. In
addition, statistical analyses from PDFs are used to distinguish structural features between

lignin feedstocks.

3.2 Experimental Section

3.2.1 Processing

3.2.1.1 Feedstock Extraction

Lignin was extracted from Alamo switchgrass (Panicum virgatum), hardwood yellow
poplar (Liriodendron tulipifera), and softwood pine (Pinus taeda). The lignin extraction
methods consisted of kraft pulping and organosolv fractionation. Kraft softwood was
obtained from lignin precipitated Indulin AT, from MeadWestvaco.  Organosolv
fractionation followed the recipe from Hosseinaei’s and Bozell’s methods [16, 69]. For the
organosolv fractionation, a solvent mixture was conducted in-house consisting of
16:34:50 wt.% of methyl isobutyl ketone (MIBK), ethanol, water, and 0.05 M of sulfuric
acid (H,SOy). The solvent mixture and wood chips were placed in a flow-through reactor
to 160 °C and 145 psi. Once the reaction reached the set temperature and pressure, these
conditions were held for 90 min. Sodium chloride (NaCl) was added to black liquor
collected (50% v/v of black liquor times 0.15) in a separatory funnel to induce a phase
separation organic and aqueous soluble fractions. Once the phase separation occurred, the
organic material was collected. A water wash was performed by adding 30% v/v deionized
water to the organic liquor. This removed any presence of residual sugars and ethanol that
may be present after salt separation. Then, the lignin-rich organic material was isolated by
rotary evaporation and diethyl ether washed until material was completely dried. To
remove impurities of sugars and extractives, the sample was placed in a flask with

magnetic stir bar at speed of 175 revolutions per minute (rpm) and water washed at room
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temperature until a homogeneous mixing was achieved. The content of the organic lignin
and water were filtered, and the solid content was collected and dried for approximately

12 h under vacuum at 80 °C.

3.2.1.2 Carbonization

The carbonization process followed the method used in [53]. Lignin was loaded in
alumina crucibles and placed inside a tube furnace, then pyrolysis was performed in a
nitrogen gas environment with 18 gm™ of water content at a flow rate of 3 L min~'. The
furnace was set to 1000 °C at 10 °C min~! and held for 1 h at 1000 °C. After pyrolysis, the
carbon material is ball milled at 350 rpm for 3 h to reduce particle sizes. The reduction step
was conducted at 1050 °C with a mixed gas of 96% argon-4% hydrogen environment where
the content of oxygen is reduced. A second graphite furnace was used to reduce samples
at 1500 and 2000 °C with a mixed gas of 95% argon-5% hydrogen environment. Samples
were reduced at three different temperatures, though no sample was exposed to more than

one reduction temperature.

3.2.2 Material Characterization

3.2.2.1 APS X-ray Data

The 11-ID-B station at the Advanced Photon Source (APS) facility at Argonne
National Laboratory was used for data collection of x-ray powder diffraction and pair
distribution functions. The capabilities of high-energy electrons from this synchrotron
source enable results of high-quality and high-resolution data gathered in a short time
(5 minutes per sample). Lignin powder samples were prepared in Kapton capillary tubes
(Cole-Palmer)for triplicates of 51 samples of the material. The capillary tubes were placed
in a sample holder provided at beamline. The tubing sizes are: 1.105 mm OD and
1.02 mm ID. The instrument was operated with an energy of 58.69 keV and
wavelength (1) of 0.2113 A. The detector was placed 20 cm for PDF collection and 95 cm
for powder diffraction collection. The shutter was left open to 0.5 seconds per frame. For
PDF data, 600 frames were collected at 300 seconds per sample, and for powder
diffraction data, 60 frames were collected at 30 seconds per sample. The radial distances
of PDF data range from 0 to 50 A, with a spatial resolution of 0.01 A. Powder diffraction
of each experimental condition was collected in triplicate to validate homogeneity of the
carbon composites and attain reproducibility. Figure 3-1 overlays one set of triplicates to
confirm that reproducible PDF patterns are generated for a given combination of feedstock

and processing condition.
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The minor variations in intensity reflects the packing differences of carbon powder when
capillary tubes were prepared. Reproducibility comparable to that shown in Figure 3-1 were

generated for all samples.

3.2.2.2 Lignin NMR Spectroscopy

In general, lignin possesses three principle monomers, guaiacyl (G),
p-hydroxyphenyl (H) and syringyl (S), formed from the precursor alcohols, coniferyl,
p-coumaryl and sinapyl, respectively. In order to determine the presence of G, H, and S
units in a given feedstock, 2D-NMR was performed. All 2D-NMR data acquisition was
performed with a Varian 400-MR spectrometer at a 400 MHz operating frequency. First,
samples were prepared by dissolving 60 mg of lignin in 0.6 mL deuterated-DMSO (99%
dimethyl sulfoxide d6). Then, samples were examined at 25 °C using a (HC)bsgHSQCAD
pulse program with an acquisition time of 0.16 s and a relaxation delay of 1.5 s. The
acquisition in *C consisted of 256 time increments with a resolution of 79 Hz. The
collected spectra were processed with MestReNova (version 14.0.1, Mestrelab Research).
Qualitative analysis was performed to determine the relative abundance of aromatic units

G, H, and S in each lignin feedstock.

3.2.2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed to provide independent
evidence of local structure to corroborate observations from x-ray scattering. Carbon
composite powder was mixed with methanol, 0.2:99.8) wt.% respectively, and sonicated
for 20 min to allow separation of particles. A drop of the solution was suspended in the
surface of a lacey carbon 200 mesh copper grid that is specific for TEM from EMS (Cat. #
LC200-CU). The sample holder was inserted in the chamber of the Libra 200 MC, where
the column vacuum pressure was lower than 2.0 X 107% mbar with an accelerating voltage
of 200 kV. Diffraction patterns of carbon composites were analyzed using custom Python
code. The images were imported, then centered and aligned to one of the rings.
Diffraction data was converted to polar coordinates and plotted to obtain an intensity
profile. A peak fit was performed to determine Bragg’s peaks, structure factors were
calculated, and ring patterns were modeled with graphite in order to index the peaks.

Experimental data in Cartesian coordinates was overlaid with the rings.
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3.3 Results and Discussion

Characterization of lignin feedstocks was conducted using a high-resolution x-ray
diffractogram from a synchrotron source. The experiments produced both x-ray diffraction
patterns as a function of 26 as well as PDFs. Both the diffraction patterns and the PDFs
are useful given that they emphasize features from different regions of the pattern and thus
provide different insights. The diffraction patterns show the positions of scattering planes
and can be used to visualize the extent of graphitization in the material as a function of
processing condition. The PDFs provide direct insight into the atomic structure of the

carbon composites.

The normalized intensity against 20 position was evaluated for kraft softwood (KSW),
organosolv hardwood (HW), organosolv softwood (SW), and organosolv switchgrass (SG)
for reduction temperatures 1050, 1500, and 2000 °C (Figure 3-2). The carbon composites
were compared to a graphite standard that contains peaks at crystallographic planes: (002),
(010), (011), (004), (013), (110), (112), (021), and (022) with corresponding 26 positions
of 26.5°, 42.4°, 44.6°, 54.7°, 59.8°, 77.5°, 83.5°, 93.9°, and 98.5°. The most general
characteristic of Figure 3-2 is that carbon composites from all lignin feedstocks show a
variety of peaks. Some of the most prominent peaks correspond to graphite peaks. The
peaks are sharper for the lignin carbon reduced at high temperatures. In Figure 3-2, the first
sharp peak at 26.5° has the highest intensity for all carbon composites and is associated with
the (002) lattice plane in graphite, which corresponds to the d-spacing of approximately
3.35 A between the graphene sheets. The intensity of this peak ordered from highest
to lowest corresponds to SW, HW, SG, and KSW composites. At 2000 °C the peak is
similar in shape and intensity for all composites, indicative of crystalline domains in the
material. Other peaks in the scattering pattern do not correspond to graphite peaks. In
general, the non-graphite peaks are common to all feedstocks, though the magnitude varies
from sample to sample. The non-graphite peaks are attributed to the presence of iron
content (e.g., Fe;C, y-Fe, and Fe) introduced from the ball-milling process as detected by
composition analysis [53, 144]. The ball-milling is performed after the pyrolysis step, which
explains the absence of Fe in the raw lignin or in the pyrolyzed material. These impurities

are labeled in Figure 3-3, and are also present in Figure 3-2.

Figure 3-3 presents x-ray data for all lignin feedstocks as a function of their extent of
processing (raw, pyrolyzed, and reduced). The raw lignin shows the characteristic broad
features of amorphous materials. KSW, in particular, presents few small peaks due to

residual sulfur impurities from kraft pulping [3, 39].
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Figure 3-2. Comparison of reduced lignin carbon composites.
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The first processing stage, pyrolysis, decomposes the organic matter by breaking the
backbone structure of the raw lignin under an inert gas environment. Specifically, H,O,
CO,, H,, and CO are released from the hydroxyl, carboxyl, aliphatic and methoxy, and
aldehydes groups [19, 53]. Consequently, as temperature increases a rearrangement of
compounds gives rise to an evolution of strongly bound aromatic structures that includes
phenols, ethers, and C-C linkages. This step produces hard-carbons which are responsible
for the formation of carbon structures [53, 98, 164]. For all lignin feedstocks, pyrolysis
gives rise to four broad peaks centered at 26 values of 42°, 63°, 81°, and 98°. These peaks
correspond to the initial evolution of the amorphous carbon into ordered structures and as
carbonization continues, they become sharp and aligned to graphite peaks, or, in the case
of the peak at 63°, disappear. The peaks at 42°, 81°, and 98° are close to the (010), (112),
and (022) peaks of graphite. Figure 3-2 shows, for all species, reduction at 1050, 1500,
and 2000 °C results in the growth of graphite peaks with the trend that graphitic structures
are preferentially formed at higher temperatures. It is evident in Figure 3-3 that the kraft
softwood sample has the most graphite-like x-ray pattern followed by switchgrass sample,
and both show a markedly lower presence of iron. Also, we note that there exist variations of
iron contamination between samples as observed by the presence of different non-graphitic

peaks.

3.3.1 Control of Crystallite Size

Gaussian peak fits and the Scherrer equation were used to measure crystallite sizes of
the carbon composites from the x-ray data by identifying the full peak width at the half
maxima and peak position. In Table 3-1 the crystal sizes corresponding to the largest
peak at (002) lattice plane range from 4.49 to 5.55 nm for 1050 °C, 6.90 to 24.08 nm for
1500 °C, and 22.37 to 34.88 nm for 2000 °C. The increase in reduction temperature reveals
larger crystal sizes in the graphitic structure. KSW and SG composites have crystallite
sizes similar to graphite after reduction of 2000 °C. However, SW and HW produced the
largest crystallite size, over 30 nm. It is important to note that Scherrer model and peak fits
are mainly used for crystalline systems and have limitations when dealing with disordered
materials containing amorphous domains [12, 31]. Previous reports of carbon composites
from hardwood lignin reported graphitic crystallite sizes as much as an order of magnitude
smaller in size. However, the trend of increasing crystallite size with increasing reduction

temperature was observed [157].
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Table 3-1. Crystallite size based on (002) plane for
lignin carbons at processed reduction temperatures.

Carbon Reduction temperature °C
Property composite
p 1000 1500 2000
KSW 0.39 0.30 0.30
p . HW 0.31 0.30 0.30
~paciig SW 0.31 0.31 0.30
(nm)
SG 0.31 0.30 0.30
Graphite 0.30
KSW 4.49 6.90 22.37
Crvstallit 4.54 8.68 30.23
Fystatite SW 4.66 1409 34.88
size (nm)
SG 5.55 24.08 24.74
Graphite 23.13
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3.3.2 Effect of Reduction Temperature

The pair distribution function reveals information of local structural properties such
as average interatomic distances (peak position), structural disorder (peak width), atomic
coordination number (peak area), and particle size (peak cut-off). Although the PDFs are not
independent, being Fourier transforms of the scattering patterns shown in Figures 3-2 and 3-
3, they are able to provide insight that is not as immediately clear when the data is plotted
as a function of 26. Local structural details are not readily available in x-ray diffraction data
which deals with average structural properties. Traditional XRD techniques are insufficient

for localized nanocrystalline materials and non-crystalline materials [12, 127, 169].

In Figure 3-4, the PDF is shown for KSW at various stages in the processing. The
raw lignin possesses only short-range structure. After carbonization, the short-range peaks
become sharper and long-range features appear as a consequence of converting aliphatic
carbon to aromatic carbon and growth of aromatic structures. These effects are more
pronounced as reduction temperature is increased. Previous modeling work has shown that
the peaks that arise from scattering of these materials is due to carbon pairs within the same
plane of graphene. In these models [54, 105, 117], the crystalline domain was assumed
to be composed of nanocrystallites of graphite. The amorphous domain was modeled as
randomly oriented fragments of graphene. Therefore, both the crystalline and amorphous
domains give rise to the same intraplanar peaks. The range of the peaks is therefore a
combination of the size of the crystallites and the size of the fragments in the amorphous
domain. The intensity of the peaks depends upon the relative volume fraction of the two
domains. What is clear in Figure 3-4 is the generation and growth of graphene sheets,
some of which are stacked in crystallites, with increased processing. As the sheets become
sufficiently large with increased temperature, some degree of layering occurs, resulting in
diffuse interfaces between the amorphous and crystalline domains, as shown by Garcia-
Negron et al. [54]. In Figure 3-5, the PDFs for the four feedstocks reduced at three
temperatures are shown. At 1050 °C (Figure 3-5a), SG exhibits the sharpest peaks over
all ranges of the PDF, followed by SW, HW, and KSW. For samples reduced at 1500 °C
(Figure 3-5b), SG continues to have more distinguishable peaks and, particularly, has a
broader peak at 5 A compared to the other feedstocks. On the other hand, the PDFs of
HW and SW remain consistent and similar as function of temperature. Nevertheless, when
samples were reduced at 2000 °C (Figure 3-5c¢), and in short-range distances, KSW appears
the most similar to graphite having well-defined and independent peaks at 3.7—4.2 and 6.1—

6.5 A. These peaks are present in other feedstocks but seem spread out and overlap.
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Figure 3-5. Pair distribution functions of reduced carbon composites.
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The elevated temperature produces similar PDFs for SG, HW, and SW, but higher peak
intensities for SG. To the eye, the differences in the PDFs are difficult to extract. However,
the sample repetitions (Figure 3-1) demonstrated the reproducibility of each scattering
pattern. The differences between patterns arising from different feedstocks and processing
conditions is well beyond any statistical uncertainty. Therefore, in order to more clearly
observe differences due to changes in feedstock and processing temperature, the short-range

components of the PDFs can be analyzed, and statistical tools can be brought to bear.

To enable visual comparisons of short-range carbon pair distances between
experimental and reference data, PDFs are shown from 0O to 10 Ain Figures 3-6a to 3-6¢.
A graphite hexagonal plane is shown in Figure 3-6d with the carbon atoms that create
unique C-C neighbor distances with respect to C1 [56]. The PDF graphs present graphite
and the carbon composites at all reduced temperatures, and compares the peak positions to
the C-C distances obtained from an intracrystalline-intraplanar model (dashed lines) [54].
The experimental data is consistent with the atomistic model and respective peaks can be
associated with an intraplanar C-C distance. This observation provides support for the
model of amorphous carbon as disordered fragments of graphene. The peaks at 1.42, 2.42,
and 2.84 A correspond to the shortest C-C distances on the hexagonal rings of sp?-sp?
bonds [126, 155]. Values of C-C distances from reference and experimental data are
included in the Appendix B. Small peaks in the PDFs appear before the first C-C neighbor
peak, between the first and second neighbor peak, and between the third and fourth
neighbor peak are artifacts of the Fourier transform. This was confirmed by changing the

upper limit of the integration in the transform (Q, ) and demonstrating that the ripples

max
changed position, while the neighbor peaks did not. From Figures 3-6a to 3-6¢, the
short-range structure appears relatively independent of lignin feedstock. The conceptual
picture is of a carbon material possessing two compositionally similar domains, one
crystalline and one amorphous, both composed of graphene fragments, though ordered
differently.  In the crystalline domain, the fragments are stacked into graphitic
nanocrystallites, while in the amorphous phase, they remain disordered. The variability in
structure as a function of feedstock tends to diminish with increasing reduction
temperature. To further investigate the feature differences that arise in the PDFs as a
function of reduction temperature and lignin feedstock, visual comparisons of the
envelope shapes for r*G(r) are performed using Figure 3-7. Left arrows of varying sizes
are used to represent the envelope shapes and due to their symmetry, they can be described
with a point pair (E, + E,), where E, is the tip span and E,, the shaft width. E, provides

an estimate of correlation length scale [13, 134].
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and 2000 °C (right column). A left arrow (dotted line) outlines the general trends of PDF
data and is used to gain insights on structural coherence at respective radial distances.
Appendix B includes plots for graphite and carbon composite reduced at 1500 °C.

60



In general, the arrowhead’s incremental development from » = O up to r = E, represents
short and mid-range structural coherence, and a good fit in the shaft’s constant span for r >
E, suggests there is some structural coherence at corresponding radial distances [93, 167].
Lignin carbon composites reduced at 1050 and 2000 °C have E, =~ 21 and 24.5 A,
respectively. If we associate E, with particle radius, then for the composites reduced
at 1050 °C, we have reasonable correspondence between the particle diameter from the
envelope analysis (4.2 nm) and the values from the Scherrer equation in Table 3-1. The
Scherrer analysis was performed on the (002) plane peak and thus estimates crystallite size
normal to the planes in graphite. The application of the envelope analysis to the carbon
composites reduced at 2000 °C is complicated by the fact that both the Scherrer analysis
and the TEM results show crystallites larger than 50 A, which is the maximum separation
investigated in the PDF. Thus, while the PDF captures the atomic structure below 50 A, it
is not capable of providing insight regarding structure at larger length scales. The arrow
widths vary with respect to reduction temperature and lignin feedstock. At 2000 °C, the
envelope shapes exhibit higher magnitudes and the r>G(r) fit is tighter, supporting more
coherence in long-range structures at higher reduction temperature. KSW and SG appear
to have the most coherent structures given that the r>G(r) intensities vary less, and peak

fluctuations are fewer.

Elemental analysis performed for each lignin feedstock during carbonization is
presented in Table 3-2. As expected, carbon content increases as a function of
carbonization, reaching over 90%. The largest increase of carbon content (14—18%) occurs
after pyrolysis because volatile organic components containing oxygen and hydrogen are
decomposed. Kraft softwood lignin achieves a higher content of carbon (99%) compared
to extracted organosolv lignins (90-92%). The iron impurities from ball milling remain
even at high temperatures limiting the carbon content. The KSW reaches above 99%
presumably only because it did not contain by chance iron impurities. After reduction at
1500 °C, there is no notable trace of hydrogen, nitrogen, nor sulfur.

The aromatic constituents in lignin were identified using heteronuclear single quantum
coherence (HSQC) spectroscopy and mapped to functional groups based on reference data
found in literature [17, 69, 139, 150]. A qualitative analysis was used to characterize lignin
feedstocks by integrating and normalizing over the highest peak (i.e., methoxy) from the
collected spectra (see Table 3-3). All lignin feedstocks possess guaiacyl (G) units at some
level. All feedstocks, with the exception of hardwood, also contain p-hydroxyphenyl (H)

units. Hardwood and switchgrass additionally contain syringyl (S) units.
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Table 3-2. Elemental analysis of lignin carbon composite at each processing condition.

Sample

name Carbon (%)* Hydrogen (%)° Nitrogen (%)° Sulfur (%)° Other (%)"*
KSW-1 62.065(0.092) 5.640(0) 0.440(0.028)  1.655(0.049) 30.200(0.170)
KSW-2  80.965(0.092)  0.800(0.127) 0.690(0) 1.165(0.007) 16.380(0.212)
KSW-3 82.185(0.078)  0.520(0.099) 0.830(0.014)  1.180(0.042) 15.285(0.233)
KSW-4 94.265(0.163) 0 0 0 5.735(0.163)
KSW-5 99.590(0.014) 0 0 0 0.410(0.014)
HW-1 64.185(0.049)  5.695(0.078) 0.260(0) 0 29.860(0.028)
HW-2 85.695(0.106) 0.615(0.021) 0.355(0.007) 0 13.335(0.134)
HW-3 89.605(0.120)  0.165(0.021) 0.305(0.035) 0 9.925(0.106)
HW-4 91.600(0.085) 0 0 0 8.400(0.085)
HW-5 91.055(0.064) 0 0 0 8.945(0.064)
SW-1 67.855(0.049)  6.625(0.007) 0 0 25.520(0.057)
SW-2 81.800(0.113)  0.575(0.035) 0.270(0.057) 0 17.355(0.205)
SW-3 87.560(0.170)  0.115(0.021) 0 0 12.325(0.191)
SW-4 88.690(0.141) 0 0.165(0.07) 0 11.145(0.148)
SW-5 90.660(0.184) 0 0 0 9.340(0.184)
SG-1 65.785(0.134)  6.280(0.014) 0.550(0) 0 27.385(0.120)
SG-2 79.685(0.021)  0.740(0.113) 0.510(0.042) 0 19.065(0.049)
SG-3 83.135(0.163)  0.395(0.106) 0.525(0.035) 0 15.945(0.021)
SG-4 88.460(0.071) 0 0 0 11.540(0.071)
SG-5 92.850(0.099) 0 0 0 7.150(0.099)

4 The sample name is identified as follows: (1) raw lignin, (2) pyrolyzed, (3) reduced at

1050 °C, (4) reduced at 1500 °C, and (5) reduced at 2000 °C.

b Weight percentage

¢ Other represents oxygen and iron impurities
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Table 3-3. Aromatic constituents in lignin characterized via 2D-HSQC spectroscopy.

Lignin . . . . -
feedstock H (%) G (%) S (%) S:G ratio
KSW 1.33 26.99 - -0
SW 3.67 18.35 - -0
SG 19.67 11.48 5.74 0.50
HW - 3.21 11.77 3.67

2 Relative abundance w.r.t. to methoxy (Appendix B includes
detailed characteristics of interunit linkages in lignin).
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Guaiacyl is the dominant monomer in kraft softwood and switchgrass. P-hydroxyphenyl is
most abundant in switchgrass and syringyl is present in the greatest amount in hardwood.
Carbon composites produced from kraft lignin and with high content of G (i.e., KSW)
exhibit more content of graphitic domains as established by the structural analyses from
x-ray data. Relatively high graphitization is also observed for carbon composites produced
from organosolv lignin and with high content of both G and H (i.e., SG). Although these
observations are not strictly quantitative, they may indicate how lignin chemistry drives

short-range order.

3.3.3 Correlated Effects

The PCA method was used to reduce multiple sets of 5000 PDF data points to 5
principal components. PDF data sets consist of duplicate carbon composites for each
lignin feedstock, carbonization step, and humidity level. Only the first two principal
components were used to visualize and cluster PDF data (Figure 3-8) because they
accounted for over 90% of the variability for cases that correspond to a single carbonization
temperature (i.e., pyrolysis, 1050 °C, or 2000 °C). Data points for two water contents
during carbonization (18 and 105 gm™) are included for each feedstock and do not
disrupt the clustering observed based on feedstock. After pyrolysis (Figure 3-8a) and
reduction temperature of 1050 °C (Figure 3-8b), feedstock-specific clusters are clearly
segregated along with their corresponding duplicate samples. For reduction temperature
of 2000 °C (Figure 3-8c), organosolv lignin clusters overlap while KSW cluster does not.
This supports the general observation that the differences in carbon composite structure due
to feedstock diminish as the processing temperature is increased. Note that there exists a
component score in the first principal component (PC-1) that fully separates the kraft and
organosolv lignin clusters. Nevertheless, when applying PCA considering all the reduction
temperatures (Figure 3-8d), all clusters overlap, but KSW data is the only closely packed
cluster. We attribute this difference to organosolv lignin having more OH groups and
a less condensed structure making it more hydrophilic and thermally liable, while KSW
contains more polysaccharide contaminants. Results support that there are inherent atomic
structural properties dependent on feedstock and wood extraction method, but the influence
of moisture as it relates to the atomic structure seems insignificant. We report correlation
coefficients between reduction temperature and each of the 5000 data points making up the
PDF, that is, X = temperature and Y = G(r = r;), as was done in [7]. In Figure 3-9, linear
correlations between G(r) and reduction temperatures are presented. The purpose of these

plots is to map PDF data to temperature effects at specific interatomic positions.
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Figure 3-8. PDF carbon composites projected on first pair of principal components: a) pyrolysis, b) reduced
temperature of 1050 °C, ¢) reduction temperatures of 1050, 1500, and 2000 °C, and d) reduced temperature
of 2000 °C. Duplicate symbols represent processed samples that were repeated. RT refers to a water content
of 18 gm~ and HT to 105 gm™. Variance explained by each principal component: a) PC-1 (80%), PC-
2 (12%), b) PC-1 (66%), PC-2 (27%), c) PC-1 (64%) , PC-2 (30%), and d) PC-1 (43%), PC-2 (26%).
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Regions of high positive correlation (i.e., greater than 0.8) are present which correspond to
the graphene C-C distances and demonstrate that a higher reduction temperature correlates
with an increase in peak height (structural ordering). Regions of high negative correlation
(i.e., less than —0.8) are present which correspond to the valleys between C-C distances
becoming less occupied with increasing order. The most notable differences based on lignin
feedstock are observed at radial ranges 1.5-2.3 Aand3.0-3.5A, especially for HW that has
a high negative correlation. However, these regions do not include C-C distances, but rather
correspond to Fourier ripples. This statistical analysis confirms the growth of distinct peaks

with increasing temperature, as observed in the PDFs shown in Figures 3-5 and 3-6.

3.3.4 Atomic Structure in Carbon Composite

For a better understanding of the structure of lignin carbon materials two reduced
specimens (1050 and 2000 °C) were chosen for TEM from all feedstocks. In Figure 3-
10, collected HR-TEM images and diffraction patterns for carbon composites are presented.
Both crystal and amorphous structures are observed on the surface of the materials, along
with stacked layers. At 1050 °C all samples reveal amorphous domains with many small
nanocrystal domains; and at 2000 °C exhibit significant nanocrystal domains with few
amorphous features. Specifically, KSW and SG samples reduced at 2000 °C form large
and thick ordered domains that are recognized by elongated onion-like, polygonized sheets
and areas with dark contrast. The large uniformly oriented sheets with dark regions are
distinctive of graphitic materials. Amorphous fragments are visible in HW and SW, and
possibly are included in the crystallite size calculation which yielded larger crystallite sizes
in Table 3-1. Overall, the morphology of the lignin carbons is consistent with the x-ray and
PDF data where the development of large crystallites occurs in carbon composites reduced

at the higher temperatures with KSW and SG being the most graphitic.

Figure 3-11 shows the diffraction patterns depicted in Figure 3-10 with peaks fitted and
indexed based on graphite material. Diffraction pattern analysis applies image processing
techniques that require tuning of parameters (e.g., resolution, b/w contrast) that affect the
rings indexed. The indexed peaks present in lignin carbon lattice planes are: (002), (011),
(010), (112), (122), (220), (210), (222), and (120). However, not all the peaks are present in
all samples and at all reduction temperatures. The diffraction patterns in samples reduced at
1050 °C show fewer number of rings associated to graphite. KSW and SG generated similar
ring patterns at 1050 °C, corresponding to the lattice planes (002), (011), and (122). HW
and SW ring patterns are identical and includes (002), (011), (112), (122), and (220) lattice

planes.
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Figure 3-10. HR-TEM images and diffraction patterns
of carbon composites reduced at 1050 and 2000 °C.
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KSW-2000

Figure 3-11. Diffracted patterns with indexed Bragg peaks of carbon
composites reduced at 1050 and 2000 °C. Lines in red represent the
graphite model fitted to the diffract patterns of carbon composites. The
yellow line represents the actual data converted to Cartesian coordinates.
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Additional graphitic peaks arise in the 2000 °C diffraction patterns for all the carbon
composites. For KSW two additional planes, (102) and (210), are indexed while in SG
only (112) is new. In contrast, HW planes vary between reduction temperatures 1050 and
2000 °C, but the number of planes remains the same. Lastly, in SW three additional crystal

planes emerge.

3.3.5 Effect of Moisture Content

During pyrolysis we explored the effects of water content and its impact on the structure
of the carbon composites. A dew point transmitter and a mass flow controller were used to
measure the content of wet nitrogen entering the furnace. For KSW, five moisture contents
from 0 to 105 gm~ of water were investigated at pyrolysis temperature of 1000 °C. X-
ray diffraction data in Figure 3-12 shows similar peak broadening at the (002) plane for all
water densities and is consistent with the crystallite sizes shown in Table 3-4. The trend of
crystallite sizes is to increase monotonically as a function of higher temperature processing,
see Table 3-1. These results indicate that moisture content had a modest influence at the
atomic level of the structure. Corresponding PDFs included in the Appendix B also confirm
minor impact at the atomic level. However, at the microstructural scale, the moisture had
a more significant role. We suspect that the moisture acted as a plasticizer, changing the
morphology of the carbon composite. The porosity and surface area of these materials
are included in Table 3-4. These carbon materials exhibit an increase in pore volume
and surface area when water content is present. In general, the surface area increases as
humidity increases water molecules diffuse into the material surface and increases pore sizes
as temperature rises. Study of steam and gasification processing on porosity of activated
carbons exhibit similar effects [59, 140]. Pore size distribution can be observed in the
scanning electron micrographs presented in Figure 3-13 for KSW, where water effects are
evident in the microstructure of the hard carbon material. As humidity is increased pore
density decreases and pore size increases from 100 to 300 pm. The yield is reduced with the
presence of water, but it remains rather constant with respect to varying humidity. Figure 3-
11 in Appendix B shows the sorption isotherms of KSW and these are representative of
mesoporous materials because of its shape and hysteresis loop and, moreover, are associated
with multilayer pore condensation. Also, the gradual step denotes pore heterogeneity in the

material as supported by the micrographs.
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Figure 3-12. X-ray diffraction of kraft softwood at increasing water densities:
0, 18, 45, 75, and 105 g m~? during pyrolysis collected at a synchrotron source.
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Table 3-4. Pore volume and surface area in pyrolyzed

kraft softwood with different water content.

Yield
(;Zl?:ft; Crystallite V(l))l(::w Sl;:izce after . Total yield
(@m-?) size (nm) (cmm=) m2g") pyrolysis (%)
(%)
0 2.12 0.051 31.76 42.8 29.8
18 2.12 0.140 54.20 334 26.3
45 2.12 0.116 78.96 33.3 26.4
75 2.12 0.658 112 37.3 27.4
105 2.12 0.082 105.0 33.5 25.7
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Figure 3-13. SEM micrographs show structural morphology of kraft softwood
under pyrolysis at increasing water densities: 0, 18, 45, 75, and 105 gm™3. A
micrograph after ball milled (ABM 105 g m~3) confirms particle size distribution.
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3.3.6 Conclusion

Understanding the atomic and microstructural properties of renewable materials that
can serve as graphite substitutes is an essential step toward low-cost and high-availability
carbon-based products. Combining multiple materials characterization techniques, such as
XRD, PDF, TEM, 2D-HSQC, and elemental analysis, structural relationships of lignin
carbon composites were identified as a function of feedstock, carbonization temperatures,
and environment conditions.  Lignin samples evaluated included kraft softwood,
organosolv hardwood, organosolv softwood, and organosolv switchgrass. The
carbonization process consisted of pyrolysis with humidity control and reduction at high
temperatures (i.e., 1050, 1500, and 2000 °C). The resulting carbon composites had a
characteristic hybrid nanostructure, composed of graphitic nanocrystallites and
amorphous carbon domains. X-ray diffractograms identified a broad distribution of
graphitic and non-graphitic peaks for carbon composites from all lignin feedstocks. The
non-graphite peaks are attributed to the presence of iron content introduced from the
ball-milling process. After pyrolysis, peaks become sharper due to the formation of
graphitic structures, and only particular non-graphitic species remain. This trend is further
observed at high reduction temperatures (2000 °C) where significant peaks that remain
correspond to graphite and reveal larger crystal sizes. In particular, KSW and SG had a

lower presence of iron peaks and crystal sizes similar to graphite.

PDF analysis showed short-range features increased in intensity and long-range
features appear after carbonization. This confirms the growth of graphene sheets as
occupancy increases in C-C distances and assemble in the carbon material as both
crystalline (stacked graphitic nanocrystallites) and amorphous (disordered graphene
fragments) domains. Layering occurs as the graphene sheets become sufficiently large
resulting in diffuse interfaces between the amorphous and crystalline domains. Elemental
analysis supported the increase in carbon content during carbonization reaching 99% for
KSW and 90-92% for extracted organosolv lignins. We note that KSW and SG carbon
composites contain the most graphitic structures and were produced from either kraft
lignin with high G content or organosolv lignin with high G and H content, as measured

via qualitative analysis.

Statistical analyses of PDFs were used to investigate the relationship between
composite structure and controlled variables such as lignin feedstock, humidity, and
reduction temperature. PCA suggests that there are intrinsic structural properties

dependent on feedstock and wood extraction method, and independent from humidity.
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Additionally, linear correlations applied to PDFs validate the evolution of graphene sheets
in response to increasing reduction temperature. These conclusions are clearly visible in
HR-TEM micrographs where all lignin carbon composites exhibit significant
nanocrystallites at 2000 °C, and specifically, KSW and SG being the most graphitic. The
investigation of moisture effects during pyrolysis on KSW composites indicate that
moisture did not change the atomic structure but rather had a more significant impact on
the microstructure. For example, water diffused through multiple layers in the material
surface increasing pore sizes from 100 to 300 pum at water density of 105 gm™>, thus
forming a mesoporous surface with pore heterogeneity as supported by sorption
isotherms. Characterization of nano and mesostructures of lignin carbon composites
propose KSW and SG as more favorable sources for graphite substitutes, relative to HW
and SW. These processing techniques provide a means for converting renewable sources,

made in-house, to an accessible carbon product.
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CHAPTER 4

STRUCTURAL ANALYSIS OF CARBONIZED LIGNIN
USING SMALL AND WIDE ANGLE X-RAY
SCATTERING

Chapter 4 is an article in preparation for submission. The chapter contains introduction,

experimental procedure, results and discussion, and conclusion.
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Abstract: Carbon composites are attractive to a variety of high-impact applications,
such as carbon fibers, batteries, and vehicle parts, due to their multifunctional properties.
The increase in demand for sustainable carbon sources motivates interest in understanding
synthesis parameters of lignin value-added products. In this work, the thermochemical
conversion of lignin powders from different feedstocks was evaluated via small and wide
angle x-ray scattering techniques to resolve the amorphous, disordered, and crystalline
domains present in the lignin carbons. Scattering analyses indicated an evolution of
hierarchical structures along with an increase in ordered domains as a function of
carbonization temperature. Qualitative and quantitative methods were used to describe
isotropic scattering intensity profiles at multiple length scales. The use of power law
models in the mesoscopic region served as the basis to describe morphological changes
related to structural features, for example, graphene stacking, degree of roughness, and
surface fractals. Kraft softwood and switchgrass produced carbon composites materials
with the most crystalline domains and the least surface roughness. Softwoods reached the
highest degree of crystallinity followed by switchgrass samples and attained less
variability in particle sizes. Interpretation of x-ray scattering data from lignin carbon
powders elucidates feedstock- and processing-dependent morphological features across
multiple length scales providing a straightforward framework to evaluate the feasibility of

leveraging lignin carbons for producing tunable application-specific materials.

4.1 Introduction

Lignin biopolymer is an abundant carbon source found in woody plants’ cell walls that
is formed from oxidative polymerization of monolignols. The highly branched polymer
has a complex structure tightly bound to other wood components, such as cellulose and
hemicellulose. Principal uses of lignocellulosic biomass are lignin depolymerized products
and biofuels for sugar to fuel conversion [37, 60, 71, 87, 94]. An estimated 55 billion
tonnes per year of lignin can be obtained from the paper and pulp industry in US and 150
billion tonnes per year globally [84]. Common extraction methods to isolate lignin are
kraft, soda, and lignosulfonates, where greater than 90% percent of pulp is generated from
the kraft process. This process uses NaOH and Na,S to isolate lignin [1, 97]. However,
impurities, molecular weight, and chemical properties of lignin can vary substantially based
on the extraction method, plant source, plant growth region, and other factors [97, 99].
It 1s important to note that the pulping method also greatly changes the structure of the
lignin. For example, there is a more condensed structure in kraft lignin than in organosolv

lignin. The vast amount of lignin available in raw form and as a byproduct, in addition to
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its sustainability, makes the biomaterial desirable for paper products, carbon fibers, resins,

adhesives, batteries, chemicals, polymers, and polyurethane foams [60, 85, 97, 156].

Several research initiatives have explored the relationship between the structure of
lignin and comparable carbon products containing a range of graphitic and non-graphitic
structures. Graphite is composed of a parallel stacking of planar carbon layers formed by
carbons with sp? hybrid bonding in aromatic rings. In Garcia-Negron et al. lignin’s
wood-dependent variations in lignin structure were studied at the atomic level to
understand the processing-structure-property relationships of lignin carbon powders [55].
Characterization indicated that processing conditions of the residual lignin impact the
crystalline volume fraction and size of the carbon product. Pyrolysis temperature (and
rate) control the breaking of C-C bonds between aromatic rings to become saturated
alkyls. Carbonization converts carbon structures to hard-graphitized materials and reduces
thermolabile elements. Moreover, at high reduction temperatures changes in d-spacing for
plane (002) and the appearance of plane (101) are influenced by translational stacking
faults [53]. Morphological features of lignin-derived carbons are also dependent on both
feedstock and processing, with particle sizes and porosity being the mainly affected
ones [52, 152, 168]. Lignin carbons can also contain hierarchical pore structures with
relatively small graphitic crystals but possess a high degree of crystallinity [137]. Adding
moisture to pyrolysis step, produces porous lignin carbon materials where pore volume
and surface area increase proportional to moisture content [55]. Control of pore size
distribution has also been investigated in the context of lignin carbon
supercapacitors [79, 111]. Lignin fibers have been produced via melt and electro-spinning
methods, then thermostabilized at different rates, and carbonized to produce carbon fibers
of varying tensile strengths [32, 69, 70, 107]. Hosseinaei et al. established relationships
between the severity and impurities in organosolv lignin where higher carbon yield
resulted from low impurity, high aromatic structures, and high severity. The observed
notable differences in mesoscale structure that depended on feedstock and processing used
which serves as a motivation for this study. In particular, Kraft lignin carbon fibers has
exhibited graphitic formations of the (101) peak plane during heat treatment which was
attributed to sulfate content from kraft pulping [61]. These studies demonstrate the degree
of variability in the structure of lignin-derived carbon products. Such knowledge incites
the use of state-of-the-art characterization techniques to help transform lignin into a

versatile carbon source with industrial implications.
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Scattering techniques provide valuable information to understand complex lignin
systems at different length scales, these include, interatomic distances, precipitates,
porosity, polydispersity, and morphology. The principle of scattering techniques is based
on a light, x-ray, or neutron source that irradiates a sample for a given time duration. As a
result of the emitted beam’s wavelength (4), incidence angle (20), and other parameters,
the beam interacts with the sample’s structural features at varying length scales, producing
a series of multi-oriented scattered beams. In principle electromagnetic radiation interacts
with periodic structures whose periodicity that match the wavelength of the beam.
Knowing that the energy of a beam is inversely proportional to its wavelength, high energy
beams penetrate smaller scale structures. Interactions between the radiation source and
material structure can produce either elastic (pure constructive-interference interaction) or
inelastic (destructive interference) scattering. The scattered signals are measured at a 2D
detection system, integrated over time, radially averaged, and normalized to counts per
unit time per pixel, to produce a 2D scattering image with distinctive ring patterns of
electron densities. Rings correspond to wave vectors with a significant number of
reflections. These are then correlated to structural properties of the sample material.
Fourier transformations are used to convert the scattering image to a 1D intensity versus
angular wavenumber profile (I vs. g). The wavenumber, g, corresponds to a scattering
wave vector and a characteristic length, d. The relationships between emitted beam,

wavenumber, and length scale are the following,

47 sin @
= — 4.1
] 4.1)
d= 2—7[ “4.2)
q

Although scattering data suffers from the phase problem, that is, given that only amplitude
of diffraction is measured, the phase information from incident beam is lost affecting
intensity measurements due to aggregation and cancellation effects, scattering intensity
profiles still provide valuable information in a wide range of scales [30, 149]. In some cases,
mixed signals are captured at same length scales adding a level of ambiguity and one has
to be careful when interpreting the scattering intensity profile. For this reason, scattering
analysis is used to complement other structural analyses such as microscopy and diffraction.
Scattering experiments are classified based on the radiation source and its distance from
the sample. Small angle x-ray scattering (SAXS) is generally used to measure aggregates,

average pore size, and pore size distribution as it operates in the mesoscopic regime
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governed by 1-100 nm features [147]. Wide-angle x-ray scattering (WAXS) resolves the
atomic scale, that is, inter-layer distance, average crystal size, and percent of crystallinity.
The main difference between SAXS and WAXS is the distance between the beam source and
the sample which controls the diffraction maxima detected. SAXS is positioned at a farther
distance where larger structural features scatter beams at lower angles (lower g). WAXS
is positioned at a closer distance where smaller structural features scatter beams at wider
angles (higher g). In general, processing of scattering data consists of data reduction and
data analysis. Reductions depend on the instrument’s design and setup while the analysis
and modeling of the scattering data are independent of the instrument setup [74, 131].
Several post-processing methods are applied to improve the signal-to-noise ratio such as
background subtraction and data reduction. Popular software packages (e.g., Irena [74] and
Nika [73] in Igor Pro) provide data manipulation capabilities for processing and analyzing

scattering data.

Scattering intensity profiles can be analyzed via different relationships, commonly,
power laws, each applicable to a range of wave vectors and corresponding to particular
structural features. A Guinier analysis is generally applied at low and intermediate g to
describe the size-scale associated with particle interactions such as dispersity, interference,
and aggregations [96, 153]. The Guinier approximation can be used to find the radius
of gyration, maximum particle diameter, and molecular weight [96]. Another scattering
analysis is the Porod fit, used to describe interface properties and applies to low and
intermediate ¢ but not reaching atomic distances, typically ¢ < 1 nm~!. Average interface
and boundary correlations across surfaces with measurable contrast scattering follow a g™
relation,

I(q) < Sq™" (4.3)

where n is the Porod exponent and .S is a surface-related factor. A value of n = 4 is
representative of sharp interfaces and smooth surfaces. Sharp interfaces refer to abrupt
variations in electron density along the domain length. Another scenario is when surface
fractals are present, that is, dense structures with surface areas scale depending on length-

scale [10]. The general form of the Porod law for fractal structures is
I(q) x S'qg7 ™ = 8§'qg~% (4.4)

This form can be used to determine the surface fractal dimensionality as d , = 6 — n where
2 <d;, £3. n =4, orequivalently d, = 2, corresponds to smooth surfaces and as n

approaches a value of 2, the surfaces change from crumpled to eventually bent [9, 147].
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Object surfaces are very rough when d, = 3. Depending on the scattering curve there

could be multiple sections that approximate independent Porod fits.

Fully characterizing lignin’s complex structure is a challenging task, nonetheless, the
use of x-ray scattering techniques has been fundamental to uncover its processing-structure
relationships as a function of carbonization [53, 55]. X-ray scattering and diffraction
techniques allow measuring materials properties at multiple length scales and support
different domain types (amorphous and crystalline). In our case we complemented previous
x-ray diffraction and microscopy work with SAXS and WAXS in order to characterize
the mesoscopic regime and improve measurements of raw lignin. We have previously
developed physics-based models of lignin carbon composites to validate scattering data
and simulate carbonization effects [54]. X-ray scattering techniques have been used to
comprehensively characterize the morphology of lignin particles [161]. In a recent study
the use of thermosetting polyurethanes and lignin demonstrated distinctions between the
material processing and mechanical properties; and with the aid of SAXS, controllable
performance during synthesis was shown [146]. A SAXS analysis for cellulose microfibril
identified the orientation of angles in the primary cell walls and the mechanical behavior
related to cell growth [148]. Another study includes SAXS and WAXS diffractograms
presenting the (100) plane of a hexagonal symmetry, providing pore structure information of
phloroglucinol and organosolv lignin synthesized with ratios of glyoxal [66]. Saurel et al.
studied ordered and disordered carbonaceous materials with SAXS providing models of
atomic and pore structures for different carbons such as synthetic graphite, petroleum coke,
sugar-based, carbide-derived, glassy, and active carbon [147]. Badaczewski et al. presents
carbon models and WAXS experimental data to describe the inter- and intra-layer scattering
of these materials [4]. They also studied the microstructural evolution of glass-like carbons
and quantitatively characterized inaccessible micropores within the carbon phase via small
angle neutron scattering (SANS). Li et al. describes the differences between the concepts of
fractal and hierarchical aggregates in nanoparticle systems [96]. Jurkiewicz et al. converted
tannin via low hydrothermal condition and made graphene-like carbon structures at 900 °C.
WAXS coherent scattering domains were exhibited at sizes of 20 A. Moreover, the study
provides intrinsic carbon characteristics useful for model reconstruction, such as topological
defects due to carbon, oxygen, and hydrogen bonds [83]. Jafta et al. used x-ray scattering
to study microporous carbon structures via contrast matching with a fluid to readily detect
pores [77]. Also, they evaluated the lateral disorder contribution described by Perret and
Ruland, pore analysis, total surface and shape, and degree of disorder to correlate with

electrochemical performance. Another work studies micro and atomic structures of hard
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carbons and sodium storage at various heat treatments to evaluate the reversible capacity
in these systems [110]. Petzold et al. presented a comprehensive SAXS characterization
of sulfur distribution in carbon and lithium-sulfur batteries. SAXS analysis showed the

gradual filling of pores and mesopores at high sulfur loading [129].

In our work, lignin powders from different plant species with variations in monomeric
units were evaluated, specifically, softwood, hardwood, and switchgrass. The biomass
materials were obtained from industrial residual that resulted from kraft pulping extraction
and lignin isolated from organosolv fractionation. This work focuses on SAXS and WAXS
analyses of lignin powders as a function of carbonization with the aim of determining
microstructural evolution and morphological characteristics, that is, resolve the amorphous,
disordered, and crystalline domains present in the lignin carbons. Qualitative methods were
used to describe isotropic scattering intensity profiles at multiple length scales associated
with a hierarchical structure of the lignin powders. A comprehensive description of Porod
fits in the mesoscopic regime uncovers interface and boundary properties of these materials.
Moreover, comparisons of crystallite sizes and crystallographic distances at varying heat
treatments were used to identify the lignin materials with higher graphitization and their
response to temperature changes. These results pave way to further understand synthesis
parameters for lignin-derived carbons and their effects on morphological characteristics

during thermal treatment.

4.2 Experimental Methods

SAXS and WAXS experiments were performed in the National Synchrotron Light
Source IT (NSLS-II) at Brookhaven National Laboratory (BNL). The advantage of SAXS
via a synchrotron light source is its high energy beams that provide higher resolution at
short times for data collection. The 16-ID beamline of the Life Science X-ray scattering
instrument (LiX) was equipped with an undulator source and a Si (111) monochromator.
Isotropic SAXS and WAXS were collected simultaneously on three Pilatus detectors in a
continuous g-range of 0.005-3.2 AT for lignin powders and graphite. Scanning
measurements used an x-ray energy of 7.69 keV (0.61995 A_l) for SAXS and 19.09 keV
(1.54 A_l) for WAXS with a vertical beam size of approximately 5 um. Python-based
software, py4xs [171] and custom scripts, were used for data processing such as
conversion from 2D scattering images to intensity profiles, averaging triplicate
measurements, background subtraction, and curve fitting. Each sample was carbonized by
pyrolysis at 1000 °C to 10 °C/ min and held for 1 h in nitrogen, followed by ball milling.

A subsequent reduction step using argon-hydrogen was performed for each powder sample
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at three temperatures: 1050, 1500, and 2000 °C. Then, powder samples were packed in
kapton capillary tubes as described in Garcia-Negron et al. [55]. Tubes were sealed with

commercial Gorilla glue epoxy.

4.3 Results and Discussion

In this study x-ray scattering data is evaluated to resolve the structural variations of
lignin powders obtained from different feedstocks and extraction methods as a function
of carbonization, namely, kraft softwood (KSW), organoslv softwood (SW), organosolv
hardwood (HW), and organosolv switchgrass (SG). We present both a feedstock-dependent
and processing-dependent analysis considering raw lignin and heat-treated lignin after
pyrolysis and reduction temperatures of 1050, 1500, and 2000 °C. X-ray scattering data was
processed using standard SAXS and WAXS procedures in order to extract morphological
features from the lignin powders. Given that powder samples are isotropic scatterers, the

spherical averages of the scattering intensity profile are generated from the detection system.

A log-log plot of the scattered intensity (/) as a function of the scattering vector (g) can
be divided into three principal regions of interest, each associated with particular length
scales, refer to Figure 4-1. The first regime corresponds to g < 0.01 A_l , in which, generally,
a Guinier fit helps describe properties of particle interactions. In the Guinier region, all
lignin intensity profiles, irrespective of processing treatment, exhibit a concave curvature,
generally ascribed to particle aggregation [20, 76]. As an example, Figure 4-2 presents
Guinier fits for KSW lignin at each carbonization stage. After ball milling the carbon
materials, aggregates and agglomerates are visible in micrographs (example in Figure 4-1)
where particle size distribution ranges from 64 to 178 nm [53]. We denote the second region
as the mesoscopic regime located at 0.01 < g < 0.26 A_l which is analyzed using power law
dependences based on equation 4.3. We refer to these Porod fits as levels and associate them
with hierarchical structures measured at distinct length scales and forming fractal structures.
We refer the reader to Figure 4-1 to visually associate structural features in microscopy
images with scattering data and see how the hierarchy is constructed. The hierarchical
structure of lignin carbons is described as stacked graphene sheets forming crystallites
which are the constituents of discrete particles. Particle aggregates are represented by
clusters of particles closely packed, and groups of these are called agglomerates. The
Guinier and mesoscopic regimes include low to intermediate scattering vectors measured
with SAXS where the intensity profile can be interpreted as correlations due to a continuous

electron density between the matrix and scattering centers [116].
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Figure 4-1. Representative SAXS and WAXS log-log intensity profile of lignin powder
carbons reduced at 15002000 °C for the range of 0.005 < g < 2.68 A. Hierarchichal
structures are associated with different characteristic lengths. SAXS region describes
graphene stacking in the mesoscopic regime. The mesoscopic region is further
subdivided into three levels (L1-L3) where Porod fits show power law dependences.
At high g, the WAXS region clearly presents the graphitic peak of plane (002).
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Figure 4-2. Guinier plots at 0.005 < g < 0.01 A
for KSW lignin powder sample presenting particle aggregation
characteristics. The intensity profile of graphite is included as reference.
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The third region describes atomic structures and crystallographic distances of the material,
o —l

measured via WAXS at ¢ > 0.3 A . Particularly, we compared d-spacing and crystallite

sizes for all lignin carbons. In the following sections we discuss the scattering regions for

the lignin powder samples with respect to feedstock type and carbonization.

4.3.1 Analysis of Lignin as Function of Feedstock

Figure 4-3 presents SAXS profiles for comparing the lignin samples at each heat
treatment and graphite. Scattering intensities of raw lignins extracted via organosolv
fractionation do not exhibit significant differences, but raw kraft lignin has a mild broad
feature in intensity near ¢ = 0.1 A_l. The nature of KSW’s unique feature is currently
unknown to us but based on previous chemical analysis we associate it with the existence of
extraction impurities that produce intraparticle interfaces, given that after pyrolysis KSW
yields over 82% carbon content and the broad perturbation disappears [55]. On the other
hand, the pyrolyzed powders have similar scattering profiles suggesting that the degree of
amorphous, disordered, and ordered carbons is consistent across lignin feedstocks at this
processing stage. Similarities among feedstock-based scattering profiles continue to be
apparent in the reduced samples. Nevertheless, KSW presents a broad feature that increases
in length scale at higher reduction temperatures indicative of emerging interfaces due to
larger graphene sheets and turbostratic structures. X-ray scattering discerns variations
in the structural development of lignin carbons depending on how the raw lignin was
extracted. Previous clustering analysis of pair distribution functions shown in Figure 3-
8 reveal the existence of structural differences between kraft lignin carbon and organosolv
lignin carbons at reduction temperature of 2000 °C. Note that additional modest features
appear at reduction of 2000 °C for all lignin powders and such features are more pronounced
in KSW and SG supporting that these feedstocks produce carbons with more ordering and
graphitic structures than SW and HW. Graphite produces a straight scattering profile in the
mesoscopic regime that is associated with flat, disk-like structures having sharp scattering
contrast in interfaces and smooth surfaces. These observations are in accordance with TEM

and pair distribution functions discussed in Garcia-Negron et al. [55].

Log-log SAXS intensity profiles in Figure 4-3 exhibit multiple broad features for the
lignin carbon powders, each with a subsequent power law dependence, g=", for which
Porod fits were performed. For Porod fits in Table 4-1, the number of levels, identified by
the distinct slopes observed in the mesoscopic region, vary among the scattering profiles.
Graphite, raw lignin, and pyrolyzed lignin contain only one Porod level, whereas reduced

lignin carbons have up to three Porod levels.
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Figure 4-3. Log-log intensity profile of SAXS for raw and carbonized
lignin powders. The intensity profile of graphite is included as reference.
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Table 4-1. Porod fits, I « g™", for intensity profile in SAXS for lignin carbon composite.

Property Sample Lignin®  Pyrolysis' Reduction temperature °C
name 1050 1500 2000
KSW 3.47 3.69 3.61 2.95 2.93
L3 SW 4.00 3.70 3.20 3.23 3.12
exponent HW 4.05 3.86 3.37 3.01 3.05
SG 3.99 3.81 3.66 3.13 2.87
Graphite 3.53
KSwW - - - - 2.98
L2 SW - - - 3.15 3.13
exponent HW - - 3.07 3.19 3.26
SG - - - 3.34 3.26
KSW - - 2.04 3.00 3.36
L1 SW - - 3.11 2.45 3.18
exponent HW - - 2.19 2.80 2.85
SG - - 1.98 2.94 3.30
KSW - - - - 2.64
L1 surface SW - - - - 2.82
fractal HW - - - - 3.15
dimension SG _ ) ) ) 270
Graphite 2.47

2 Empty values exist because not all features associated with a Porod level were
present in the scattering profiles of all samples.
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The hierarchical components in this regime are described from larger-to-smaller structural
features (in increasing g values). For these lignin materials, we labeled the region of
001 < g < 0.035 A_l as level 3 (L3) and associate it with individual particles and
aggregates. L3 was limited to g = 0.02 A_l for the carbonized lignins due to the appearance
of an intermediate scattering feature. Particularly for reduced KSW and SG, L3 was
extended to g = 0.045 1&_1 because they exhibit a higher degree of ordered structures at
multiple length scales as indicated by previous work [55]. Most raw lignin samples have an
L3 Porod exponent, n, ; ~ 4 attributed to smooth, small particles observed as a fine powder
in micrographs. KSW is the exception with n,; = 3.47. For pyrolyzed and carbonized
powders, the value of L3 is similar between lignin feedstocks at each processing stage due

to regularity in particle sizes and shapes in aggregates.

Level 2 (L2) is represented by scattering vectors 0.04 < g < 0.1 A_l and associated with
the formation of elongated graphene structures and hypothesized nanometer void spaces as
observed in SEM and TEM micrographs [53, 55]. Porod analysis and evaluation of the L.2
exponent did not yield convincing conclusions with respect to interface structures. Note
that for all the raw lignin, pyrolyzed, and reduced carbon to 1050 °C we do not readily
measure the L2 feature. Rather only for HW reduced at 1050 °C this feature exists. Also,
all the reduced samples 1500 and 2000 °C exhibit these features that are attributed to the

development of larger clusters of graphene stacking, refer to [55].

Surface scattering of the lignin powders is attributed to level 1 (L1), the region at
02<¢g<03 /OX_I with the exception of carbon reduced at 1500 °C where L1 was taken as
03<4¢g<05 A_l due to a right-shifted scattering signal. A broad peak is characteristic
of KSW and as temperature increases the peak shifts to the left. These shifts in electron
density are correlated to the incident beam encountering more ordered graphene sheets in
the surface boundary of the samples. For this analysis, surface roughness can be correlated
to size, alignment, and order of crystalline domains. Collection of large crystalline domains
parallel to a particle’s surface will result in a smoother surface compared to having more
disorder structures. L1 values between 3 and 4 suggest fractally rough surfaces of the sub-
particle assembly [27]. KSW and SG have the least roughness which is the common claim
that follows from evaluating these materials with complementary microscopy techniques.
The TEM images in Figure 3-10 show a visual example of KSW surface with large and
thick crystal sheets. We state that the lignin carbons have surface fractals at high reduction
temperatures as these are visible in SEM micrograph. Table 4-1 presents the surface

fractals calculated via equation 4.4. Ruland and Smarsly state that surface fractal analysis in
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disordered carbon are incorrectly measured because the scattering contribution of imperfect
graphene stacking are obtained due to the fluctuations of the interlayer spacing. Our
lignin carbon powders are not fully disordered, they have a crystalline volume fraction
with interlayer spacings that decrease at higher heat treatments and approximate graphite’s
value [142]. Interpretation of surface fractal is valid when a Porod exponent is between 3
and 4, which is the case for powder samples reduced at 2000 °C [114, 145]. The values of
L1 surface fractal dimensionality range from 2.64 in KSW to 3.15 in HW denoting rough

surfaces for all the lignin carbons.

Figure 4-4 shows the scattering profile for WAXS in the range 0.6 < g < 2.68 A_l
where evolution of the graphitic peak positioned at ¢ = 1.84 A_l and corresponding to
crystallographic plane (002) is distinguished. Note that raw lignin samples have a broad
peak which is characteristic of amorphous domains. Although the pyrolyzed powders also
have the broad peak (Figure 4-4b), discernible convex shapes appear at both sides, a sign
of hybrid structures composed of crystalline and amorphous phases. By visually inspecting
the graphitic peak, note how KSW and SG carbons have smoother curves compared to
their lignin counterparts. Moreover, when scattering profiles are overlayed without offsets,
SG has the lowest reach in intensity at ¢ < 1.6 A_l while KSW has it at g > 2 A_l.
These observations of the scattering profiles relate to higher degree of graphitic structures as
evident by comparison to graphite’s profile. Note that additional small non-graphitic peaks
appear at ¢ > 2 AT for all feedstocks at all processing conditions and varying in number
and size. These peaks correspond to iron contaminants from the ball-milling process and
have been identified in Garcia-Negron et al. [55]. The variability of these peaks for each
feedstock exists because different samples contained different amounts of iron.

Average crystallite sizes were calculated with the Scherrer relationship (see Table 4-2)
and compared to references [55, 102]. For current WAXS measurements we used Gaussian
peak fits for the (002) plane peaks for calculating the interatomic distance of graphene
layers and average crystallite size. Garcia-Negron et al. used Lorentzian peak fits instead,
and McNutt et al. performed simulations of the radial distribution function for a lignin
carbon composite. Table 4-2 summarizes d-spacing and crystallite size measurements for
carbonized lignin samples and graphite. The estimated interatomic distances vary from 0.32
to 0.39 nm. d-spacings are very similar for each lignin carbon powder at each reduction
temperature, including graphite, with KSW having the largest d-spacing in all cases. The
d-spacings from WAXS data are slightly larger than those from previous studies. In terms of

average crystallite sizes, SW and KSW have the largest sizes at each reduction temperature.
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Figure 4-4. Log-log intensity profile of WAXS for raw and carbonized
lignin powders. The intensity profile of graphite is included as reference.
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Table 4-2. Characterization of the crystal plane as a function of heat treatment in the

o —1
(002) plane positioned at ¢ = 1.84 A in graphite that is observed in the WAXS
region [121]. Current results are compared with measurements from two references.

Sample Reduction temperature °C

name 1050 1500 2000

Property Reference

KSW 0.39 0.34 0.35

SW 0.35 0.32 0.34

WAXS HW 0.35 0.34 0.34

SG 0.35 0.34 0.34

. Graphite 0.34
d-spacing

(nm) KSW 0.39 0.30 0.30
Garcia- SW 0.31 0.31 0.30

Negron HW 0.31 0.30 0.30

etal. [55] SG 0.31 0.30 0.30

Graphite 0.30
McNutt

et al. [102] HW 0.30 0.34 0.34

KSW 2.14 12.44 12.93

SW 9.33 11.84 13.53

WAXS HW 4.55 9.11 10.01

SG 2.66 11.59 12.85

. Graphite 28.70
Crystallite
size (nm) KSW 4.49 6.90 22.37
Garcia- SwW 4.66 14.09 34.88
Negron HW 4.54 8.68 30.23
et al. [55] SG 5.55 24.08 24.74
Graphite 23.13
McNutt
et al. [102] HW 1.00 1.40 3.40
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There are notable differences between WAXS measurements and referenced works. When
comparing to Garcia-Negron et al. we attribute the variations to the different peak fitting
methods and scaling of WAXS data. We note that crystallite sizes provided by Garcia-
Negron et al. are more consistent with graphite and complementary analyses such as
pair distribution functions, therefore, are representative estimates of the actual graphitic
structures in the lignin carbon powders. Figure 3-7 shows the density-density correlation
functions of the lignin carbons from Garcia-Negron et al. exhibiting average radial distances
larger than 50 A. On the other hand, McNutt et al. crystal sizes are much smaller as

supported by the density-density correlation function shown in Figure 2 of such reference.

4.3.2 Analysis of Lignin as Function of Heat Treatment

As amorphous raw lignin is converted during pyrolysis stage it decomposes lignin
releasing volatile organic compounds from the primary linkages in lignin and side chains,
thus producing a carbon structure where changes in the scattering profile at both stages
(raw and pyrolysis) are distinctive at 0.1 < g < 0.6 A_l. The scattering signal changes
from an upward curve to a downward incline for all lignin powders indicating formation
of flat interfaces after pyrolysis step. In the mesoscopic region, differences are observed in
the range of ¢ that satisfies the Porod law where scattering profiles of the powder samples
vary notably as reduction temperature is increased and graphitization progresses. A clear
evolution of ordered structures becomes apparent as heat treatment is increased, denoted by

mild broad features corresponding to levels of Porod fits.

Table 4-1 presents an inverse relationship between the magnitude of the Porod exponent
and heat treatments. As reduced temperature increases the exponent’s magnitude decreases
until reaching n,, =~ 3 at 2000 °C suggesting an increase in polydispersity, additional
aggregations of small particles, void spaces, or a combination of these. Scattering data
can produce same patterns for cases where pores and aggregate structures map to the same
wave vectors. We support our observations by complementing scattering analysis with
micrographs discussed in section 3.3 [55]. From the Porod fits, note that lignin samples can
be separated into two groups: (1) KSW and SG and (2) SW and HW. KSW and SG have
the greatest change in n,; ; during the transition from reduced carbon at 1050 to 1500 °C.
On the other hand, SW and HW have the greatest change in n,; between pyrolysis and
reduced carbon at 1050 °C. Also, at 2000 °C the magnitude of n, 5 is slightly below 3
for KSW and SG, and the reverse is true for SW and HW. From our previous studies with
these materials, it is known that amorphous carbon when carbonized creates turbostratic

graphenes. Also, the total density of the carbon composites decreases with increasing

93



reduction temperature. McNutt et al. performed molecular dynamic simulations on the
carbon composites supporting the aforementioned [102]. We do not have any indication
of pore structures; thus, we infer the decrease in density is due to the combination of
larger graphene sheets (up to approximately 30 nm) with a higher degree of disorder that in
turn creates internal nanometer void spaces. These characteristic structures are responsible
for the broad peaks appearing at Porod level L2 in the scattering profiles, see Figure 4-
5. SEM and TEM images of these carbonaceous materials (see Figures 3-10 and 4-1)
validate the elongation of graphene sheets with increase in temperature, the existence of
particle aggregates with internal void spaces, and agglomerates [53, 55]. In Porod level
L1, exponents’ magnitude varies approximately between n,, = 2 at 1050 °C, n;, = 2.9
at 1500 °C and n,;;, = 3.3 at 2000 °C. The exponent dependence is ascribed to changes in
surface roughness where initial bent layers of graphene become stacks of crumpled layers,
and eventually decreasing in roughness at higher reduction temperatures but do not reach
the value of graphite (n;, = 3.53) [147].

Figure 4-6 presents changes in WAXS data during carbonization for each lignin
feedstock. The (002) plane peak sharpens as reduction temperature increases due to a
gradual increase of sp?>-bonded carbons with the changes occurring from 1050 to 1500 °C,
and predominant at 2000 °C, refer to Figure 4-6 [121, 147, 163]. Also, the peak position in
q shifts to the right (i.e., smaller length scale) with increasing heat treatment corresponding
to evolution of ordered crystals and more packed graphene layers as shown in Table 4-2
where d-spacings reach 0.34 nm for lignin carbon powders reduced at 2000 °C, matching
that of graphite’s. Ishimaru et al. found that in carbonized wood disordered crystals and
amorphous phases decrease significantly while crystallites with stacking planes clearly
develop at heat treatments above 1400 °C. For crystal sizes, results agree with the expected
behavior, that is, they increase at higher reduction temperatures. This observation indicates
significant microstructural ordering for these lignin carbons occurred at heat treatments
close to 1500 °C. Nevertheless, all lignin carbons have crystallite sizes below half of
graphite’s size. In Figure 4-7 x-ray scattering profile from two beamlines from (BNL and
APS) provided a clear picture of the structure variation at different length scales. After
converting APS x-ray powder diffraction from 26 to ¢ and merging to BNL scattering data,
additional crystallographic planes corresponding to graphitic structure were revealed. This
highlights the benefits of being able to gather data from multiple synchrotron sources in
order to get more structural information of carbon materials and enable comparisons for

validation.
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Figure 4-5. SAXS log-log intensity profiles for all lignin-derived powder
samples. Fluctuations in scattering signal increase during carbonization
among a single lignin feedstock evidencing partial graphitization.
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Figure 4-6. WAXS log-log intensity profiles for all lignin-derived powder
samples. Fluctuations in scattering signal increase during carbonization
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Figure 4-7. Log-log intensity profile of scattering data measured at BNL
and Advanced Photon Source for KSW reduced at 1050 °C. The APS data
was collected in 26, converted to ¢ in the range of 1.78 < ¢q¢ < 6.2 A‘l,

and merged. At high g the graphitic peaks corresponding to crystallographic
planes (002), (010), (011), and (014) are present. Additional small peaks
are due to contaminants from ball milling (Fe), refer to Figure 2 from [55].
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4.3.3 Conclusion

X-ray scattering is a fundamental technique used to resolve the structural evolution
and morphological characteristics of complex systems at distinct length scales. This
work applies SAXS and WAXS analyses to evaluate thermochemical conversion of lignin
powders (softwood, hardwood, and switchgrass) into carbonized powders. Feedstock-
dependent and processing-dependent analyses considering raw lignin and heat-treated lignin
after pyrolysis and reduction temperatures of 1050, 1500, and 2000 °C are presented.
Scattering data indicates that structural changes occur at a wider range of domain sizes
for the carbon powders, and high reduction temperature (i.e., > 1500 °C) is the primary
driver for the development of ordered and turbostratic graphene domains. Both qualitative
and quantitative methods were used to describe the isotropic systems associated with
hierarchical structures where crystallites form graphene sheets in particles of different sizes
which in turn form aggregates and agglomerates. The scattering profiles were interpreted
in two separate regions: mesoscopic and WAXS, where the former pertains to SAXS and

describes particle aggregation, void spaces, and graphene stacking.

Lignin carbons exhibit variations at multiple levels of the mesoscopic region,
particularly KSW, which presented broad peaks after reduction at 1500 °C indicative of
larger graphitic structures than its lignin counterparts. Power law dependence methods
were applied to each mesoscopic level. As reduced temperature increased the low g Porod
exponent’s magnitude decreased to approximately 3 at 2000 °C suggesting an increase in
polydispersity, additional aggregations of small particles, void spaces, or a combination of
these. The absence of pore structures suggests that stacking of ordered and disordered

graphene sheets (~ 30nm) govern the scattering signal in the mesoscopic region.

Furthermore, we considered the existence of surface fractals in the most graphitic
lignin carbons after examination of the high g Porod exponent which hints at a decrease in
surface roughness with KSW and SG having the least rough surfaces. SAXS and WAXS,
complemented with previous TEM analysis, confirm a significant increase in
microstructural ordering occurs at 1500 °C with KSW reaching thermochemical
stabilization first. ~Moreover, comparisons of crystallite sizes and crystallographic
distances at varying heat treatments were used to identify the lignin materials with higher
graphitization and their response to thermochemical changes. In WAXS study, the peak
corresponding to (002) plane is readily apparent as carbonization progresses, shifting to
higher scattering vectors with d-spacings matching that of graphite’s. We conclude that

carbon composites from softwoods and SG produce more ordered structures than HW
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composites.  This work extends previous lignin studies, paving way to elucidate
processing-structure-property relationships for lignin-derived carbons and its implications

in a wide range of applications.
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CHAPTER 5
CONCLUSIONS
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5.1 Chapter Conclusions

5.1.1 HRDF Model Development for Carbon Composite

The structures of lignin carbon composites that possess both amorphous and
nanocrystalline domains have been investigated through the hierarchical decomposition of
the RDF. For the study, experimental neutron scattering signatures of reduced carbon
composites were interpreted using a computationally tractable model. The model achieves
a reduction in computational effort up to six orders of magnitude relative to molecular
dynamics simulation, making the routine tool available for complex materials. The use of
the model provides both quantitative and qualitative insight into the structure of the
composite, providing parameters such as volume fraction of crystalline and amorphous
phases and crystallite sizes. Furthermore, the model provides parameters not directly
generated from the simulation including the interface width for diffuse interfaces. The
model can be generally extended to other composite materials making it suitable for MD
simulation that requires high performance computation. Ultimately, these models are

complementary to improve materials processing.

5.1.2 Structural Characterization of Lignin Carbon Composite

In Chapter 3, understanding the atomic and microstructural properties of renewable
materials that can serve as graphite substitutes is an essential step toward low-cost and high-
availability carbon-based products. The use of materials characterization techniques, such
as XRD, PDF, TEM, 2D-HSQC, and elemental analysis, structural relationships of lignin
carbon composites were identified as a function of feedstock, carbonization temperatures,
and environment conditions. The samples evaluated included kraft softwood, organosolv
hardwood, organosolv softwood, and organosolv switchgrass as function of reduction
temperatures (i.e., 1050, 1500, and 2000 °C). The carbon composites exhibit hybrid
nanostructure, composed of graphitic nanocrystallites and amorphous carbon domains.
Also, after the pyrolysis stage, peaks become sharper due to the formation of graphitic
structures, and only particular non-graphitic species remain. This trend is further observed
at high reduction temperatures (2000 °C) where significant peaks that remain correspond
to graphite and reveal larger crystal sizes. PDF analysis short-range features increased in
intensity and long-range features appear after carbonization. This confirms the growth
of graphene sheets as occupancy increases in C-C distances and assemble in the carbon
material as both crystalline (stacked graphitic nanocrystallites) and amorphous (disordered

graphene fragments) domains. Also, elemental analysis supported the increase in carbon
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content during carbonization reaching above 90% at the reduction stages. We note that
KSW and SG carbon composites contain the most graphitic structures and were produced
from either kraft lignin with high G content or organosolv lignin with high G and H
content, as measured via qualitative analysis. PCA suggests that there are intrinsic structural
properties dependent on feedstock and wood extraction method, and independent from
humidity, observed in the pyrolysis and reduction stages of carbon composites. In HR-TEM
micrographs, all lignin carbon composites exhibit significant nanocrystallites at 2000 °C,
and specifically, KSW and SG being the most graphitic. In conclusion, after characterization
of the nano and mesostructures of lignin carbon composites KSW and SG suggest a more

favorable sources for graphite substitutes, relative to HW and SW.

5.1.3 Feedstock and Processing Structure Analyses via X-ray Scattering for
Lignin-Derived Carbon

Chapter 4, x-ray scattering is a fundamental technique used to resolve the structural
evolution and morphological characteristics at distinct length scales of complex systems.
SAXS and WAXS analyses were used to evaluate thermochemical conversion of lignin
powders into carbonized powders. Scattering data indicates that structural changes occur
at a wider range of domain sizes for the carbon powders, and high reduction temperature
(i.e., = 1500 °C) is the primary driver for the development of ordered and turbostratic
graphene domains. Both qualitative and quantitative methods were used to describe the
isotropic systems associated with hierarchical structures where crystallites form graphene
sheets in particles of different sizes which in turn form aggregates and agglomerates. The
scattering profiles were interpreted as three separate regions: Guinier, mesoscopic, and
WAXS, where the first two regions pertain to SAXS and describe particle aggregation, void
spaces, and graphene stacking. In the Guinier region, all lignin powders produced scattering
profiles generally ascribed to particle aggregation, independent of processing treatment.
Lignin carbons exhibit variations at multiple levels of the mesoscopic region, particularly
KSW, which presented broad peaks after reduction at 1500 °C indicative of larger graphitic
structures than its lignin counterparts. Power law dependence methods were applied to each
mesoscopic level. As reduced temperature increased the low g Porod exponent’s magnitude
decreased to approximately 3 at 2000 °C suggesting an increase in polydispersity, additional
aggregations of small particles, void spaces, or a combination of these. The absence
of pore structures suggests that stacking of elongated ordered and disordered graphene
sheets (~ 30nm) govern the scattering signal in the mesoscopic regime. Furthermore,

we considered the existence of surface fractals in the most graphitic lignin carbons after
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examination of the high ¢ Porod exponent which hints at a decrease in surface roughness
with KSW and SG having the least rough surfaces. SAXS and WAXS, complemented with
previous TEM analysis, confirm a significant increase in microstructural ordering occurs
at 1500 °C with KSW reaching thermochemical stabilization first. Moreover, comparisons
of crystallite sizes and crystallographic distances at varying heat treatments were used to
identify the lignin materials with higher graphitization and their response to thermochemical
changes. In the WAXS study, the peak corresponding to (002) plane is readily apparent as
carbonization progresses, shifting to higher scattering vectors with d-spacings matching
that of graphite’s. Peak fits established SW reached the highest crystal sizes followed by
KSW and SG, which agrees with previous work [55]. We conclude that carbon composites
from softwoods and SG produces a more ordered structure. This work extends previous
lignin studies, paving the way to elucidate processing-structure-property relationships for

lignin-derived carbons and its implications in a wide range of applications.

5.2 Impact and Significance

Our rapid technological progress motivates innovative research in carbon production to
serve a wide variety of applications due to carbon’s multifunctionality. Therefore, using
sustainable alternatives such as, lignin, can reduce the cost for producing carbon. In
our research, one of the goals is to establish processing-structure-properties relationships
during conversion of lignin feedstocks from different plant sources to produce carbon. The
implementation of a hierarchical decomposition model from radial distribution function
was built to represent three temperatures of carbonization for the carbon composites.
Such models help understand the materials structure at the atomic level and compared to
experimental data. These approximations allow us to understand the complex systems and
adapt structural parameters to refine the model. In general, the model can support similar
complex systems and be extended to the other composite materials. The advantage of this
model is that we can predict structural information that is needed for high computational
performances. This model served as a precursor to new and more complete models currently

being developed.

The extensive characterization of lignin feedstocks allows understanding the processing-
structure relationships of carbon composite as a function of carbonization. Specifically,
differences in carbon structures composed of nanocrystallites and amorphous domains
depend on heat treatment. The study validates qualitatively that the monomer G and H
content present in the KSW and SG are the ones that contain most graphitic structures from

the x-ray studies. Guaiacyl content seems to have greater effect on improving graphitization
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than other monomers found in lignin polymers. A key observation is that ordering of
carbonaceous structures depend on lignin type and extraction method. Elemental analysis
indicated that lignins extracted from organosolv softwoods exhibited higher content of
oxygen when compared to kraft softwood. Thus, the condensed structures in KSW improve
graphitization. Lastly, carbon composites were resolved at different scales measured via
small angle and wide angle x-ray scattering, and pair distribution functions. At short
distances the hexagonal nature in graphite is present and for these systems in-plane carbon-
carbon distances which are coherent lengths of the domains. WAXS studies provide
complementary evidence that the interlayer distances are observed to be decreasing at higher
temperatures. Also, in SAXS at lower scattering wavevectors we only see larger structures
in the scattering profile that describes particle aggregation, void spaces and graphene
stacking for all the lignin carbon composites. This scattering complements and is consistent
with TEM observation from the two reduction temperatures where the material exhibits
larger graphene stacks and crystals layers. The systematic characterization and processing
techniques used in this work serve as basis for understanding how to modify the lignin

structure when synthesizing carbon products for specific structure-property applications.

Moreover, this work encourages the need for a global market development of carbon
composites which can have high-impact in areas of applied sciences, electronics,
biomedical, energy, aerospace, and other areas that the carbon properties offer. Reduction
of energy systems dependent on fossil fuels is one of the challenges that needs to be
addressed for future energy generation, conversion, and storage. Significant contributions
towards improving development of materials from renewable sources is desirable with the
goal of reducing life-cycle carbon emissions. Structural modifications and physical
properties of lignin carbon composites can be addressed to improve generation and control
of carbon products. Overall, this research elucidates evolution of ordered and graphitic
nanostructure of bio-based carbon composites and its connection to both feedstock source
and carbonization in order to establish processing-structure-properties-perfomance

relationships.

5.3 Future Work

Comprehensive characterization of lignin-derived carbons is an active area of research
and this work contributes processing-structure relationships of softwood, hardwood, and
switchgrass as a function of extraction method and carbonization. Yet, the chemical
transformations and their control are not fully understood during raw lignin carbonization.

For example, what are the optimal feedstock-specific processing conditions to create
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different type of lignin-derived carbon such as fibers, powders, foams, and films? This
inquiry is amplified by the complex interplay between lignin nature, extraction method and
impurities, processing temperature and rate, and environment. We established the presence
of contaminants in our materials after ball milling with stainless steel grinding media which
seem to affect properties of the lignin carbons. Alternative grinding media need to be

investigated to reduce or prevent the presence of these contaminants.

Due to challenges of isolating the complex and highly branch lignin structure their
molecular weights needed to be understood. For this we can study the Fourier-transform
ion cyclotron resonance (FT-ICR) mass spectrometer that determines the mass-to-charge
ratio of ions within a magnetic field. FT-ICR can measure masses, mass accuracy, mass
range, dynamics range, and kinetics of chemical reactions depending on the magnetic
field’s strength. The study enables determining the elemental composition of thousands of
fragments in a lignin sample. Also, the heteroatom class can be detected providing highest
relative abundance from the negative ion electrospray ionization (ESI) FT-ICR for oxygen
atoms (Og) class per molecule [25] Such study can be used to correlate the heteroatoms
found in the raw lignin with the graphitic evolution. Moreover, chemical formula and other
parameters serve as input to model these complex systems. Gel permeation chromatography
is a related technique where we can estimate average molecular weights, polydispersity,

average number molecular weights in lignin.

Rate of thermochemical conversion reaction at each stage during carbonization can be
measure using thermogravimetric analyzer. These parameters can be used to construct
a kinetic model to calculate the activation energy, distribution of activation energy, and
the frequency factor. The kinetic model can be used to identify the decomposition
temperature of specific functional groups and the temperature of when graphitization
starts and stabilizes. For example, Chapter 4 KSW begins graphitization by 1500 °C and
other studies establish this temperature to be at 1400 °C. Ideally, we can identify these
graphitization temperature for all lignin types and extraction methods. Raman spectroscopy
measures inelastic scattering in all type of graphene and is used to determine the number
and orientation of layers, types of preferred sites for functional groups (edge), defects and
disorder, and sp?-bonded carbon allotropes [48]. By applying Raman scattering at each
carbonization stage of lignin we can resolve chemical affinity of functional groups, and
variations of ordered and disordered structures, properties that cannot be measured via

elastic scattering techniques.
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It is important to have a front to end cost analysis for lignin carbon production, that is
cost of raw lignin considering extraction methods, carbonization, and application. This is
important for estimating manufacturing large scale production of lignin carbons. All the
characterization conducted in this work allow room for material optimization for the choice
of lignin when manufacture and processed the material to specific desired applications such
as batteries, capacitors, and absorbents. Taking all these ideas into account can provide
a formal means to establish processing-structure-property performance relationships for
sustainable bio-derived carbons.
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APPENDIX A
SUPPLEMENTARY DATA FOR CHAPTER 2

A.1 Derivation of the radial distribution function (RDF) between two
parallel discs

The derivation of the model for the mesoscale RDF components can be found at
https://doi.org/10.1107/S1600576717016843/po5109sup1.pdf

A.2 Code to Evaluate Disc-Disc RDF

A.2.1 Driver

o\°

o\

gofr_discdisc_test.m

o\

o\°

This script calls gofr_discdisc.m

o\°

o\

use:

o\

g = gofr_discdisc_test

o°  o°

o\°

authors: David J. Keffer & Akinola D. Oyedele

o\

Dept. of Materials Science & Engineering

o\

University of Tennessee
dkeffer@utk.edu
last updated: June 1, 2017

o\

o\°

clear all;
close all;
format long;

% discretize radial dimension
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o\

rmin = 0.0;

rmax = 50.0;

dr = 0.01;

rvec = [rmin:dr:rmax];
nr = length (rvec);

o\°

o\°

test system parameters

o\

o\°

rpl must be less than or equal to rp?2
rpl = 7.0;

rp2 = 10.0;

dp = 3.4;

o
°

o\°

compute RDF

o\

= zeros(nr,1);

Q

gofr_discdisc(dp, rpl, rp2, nr, rvec);

o\

o\°

plot RDF

o°  o°

o\

plot RDF

figure (1) ;

plot (rvec,qg, 'r-");

xlabel (' separation');

ylabel (' radial distribution function ");

%

[

% check volume
voll = pi*xrpl”2;
vol2 = pi*rp272;
volprod = vollxvol2;

o)
°
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integral = 0.0;

cumulative = zeros (nr,1l);
for i = 2:1:nr
base = rvec (i) - rvec(i-1);

heightl = 4.0xpixrvec(i-1)"2xg(i-1);
height2 = 4.0«pi*xrvec (i) "2+g(i);
area = 0.5xbasex* (heightl + height2);

cumulative (i) = cumulative(i-1) + area;
integral = integral + area;
end

)
°

o

% plot cumulative RDF

o)
°

figure (2);

plot (rvec, cumulative, "k=");
xlabel (' separation');
ylabel (' cumulative distribution function ');

e

% error checking

o)
°

diff = (integral - volprod)/volprod;
fprintf (1, ' analytical %e numerical %e error %e \n',volprod

,integral,diff);

A.2.2 Functions

function g = gofr_discdisc (dp, rpl, rp2,nr, rvec)

% gofr_discdisc

% This code calculates the contribution to the radial

distribution function

o\°

due to the atoms distributed uniformly over two discs of

radius rpl and rpZ2

o\

and separated by a distance p.

o\
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o\

The RDF is returned in units of area squared.

The RDF IS normalized by a factor of 1.0/ (4.0xpixr"2).

o\

o\

The value of rpl must be less than or equal to rp2.

o\

o\

use:

o\

g = gofr_discdisc(dp, rpl, rp2,nr, rvec)

o\

o\

inputs:

o\

dp: distance between particles

o\

rpl: radius of particle 1

o\

rp2: radius of particle 2

o\°

nr: number of radial points to evaluate function

o\

rvec: vector of radial positions

o\

o\

outputs:

o\

g: radial distribution function

o\

o\

authors: David J. Keffer & Akinola D. Oyedele

o\

Dept. of Materials Science & Engineering

o\

University of Tennessee
dkeffer@utk.edu
last updated: June 1, 2017

o o° oe

o\

input parameters

%

fvec = zeros(nr,1l); % d/dr
g = zeros(nr,1l); % Radial distribution function
for i = 1:1:nr

r = rvec(i);

if (r <= dp) % no contribution until r is bigger than
dp
fvec (i) = 0;
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else
rx = sqgrt( rxr — dpxdp);
drxdr = r/rx;
rplmin_cond = rx-rp2;
rplmin = abs (rplmin_cond);
rplmax = min(rp2+rx,rpl);
test = rp2+rp2+rx*srx—-rplminxrplmin;
if test > 0

result = pi/2.0;
else
result = -pi/2.0;
end
if rplmin_cond <= 0 % Encapsulated+overlap or only
overlap
if rplmin < rplmax % Encapsulated plus overlap
den = eqgn_den (rp2,rx,rplmax);
num = eqn_num(rp2,rx,rplmax);
if rplmax == rpl
drplmaxdr = 0;
elseif rplmax == rp2 + rx

drplmaxdr = drxdr;

end

% Area of overlap % Term 1

fl_u = egn_f1l_u(rp2,rx,rplmax,drxdr,den,
drplmaxdr) ;

drplmindr = (rplmin_cond/rplmin) *drxdr;

dFdrx = —2xpilxrp2*rp2*xrx*result;

fl_1 = dFdrx+drxdr;

fl1 = f1 u - £f1_1;

% Term 2

f2_u = eqgn_f2_u(rp2,rx,rplmax,drxdr,den,
drplmaxdr) ;

dFdrx = 2xpixpirrx+rplminxrplmin;
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dFdrplmin = 2+pi*pi*rx*rx+rplmin;

f2_11 = dFdrx*drxdr + dFdrplminxdrplmindr;
dFdrx = —2xpilxrxxrp2xrpl*result;
f2_13 = dFdrx*drxdr;

f2_1 = f2_11 + f2_13;
f2 = £f2_u - £2_1;
% Term 3
f3 = egn_f3(rp2,rx, rplmax,drxdr, num, drplmaxdr
, result);
area_overlap = fl1 +f2 +£3;
% Area of encapsulated
dFdrx = 2#pixpi*rxxrplmin*rplmin;
dFdrplmin = 2xpixpixrxxrxxrplmin;
drplmindr = (rx - rp2)/(abs(rx-rp2))+xdrxdr;
area_small = dFdrx*drxdr + dFdrplminx
drplmindr;
% Area of overlap plus encapsulated
fvec (i) = area_overlap +area_small;
else % Encapsulated only
dFdrx = 2xpixpixrxxrplxrpl;
fvec (i) = dFdrxxdrxdr;
end

o

else % Encapsulates+overlap or only overlap

Q

if rplmin < rplmax % Encapsulates plus overlap

den eqgn_den (rp2, rx, rplmax) ;
num = eqn_num(rp2,rx,rplmax);
if rplmax == rpl

drplmaxdr = 0;
elseif rplmax == rp2 + rx

drplmaxdr = drxdr;

end
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% Area that encapsulates % Term 1

fl_u = eqgn_f1l_u(rp2,rx,rplmax,drxdr,den,
drplmaxdr) ;

drplmindr = (rplmin_cond/rplmin) *drxdr;

dFdrplmin = 2xpixpixrp2xrp2*rplmin;

fl_11 = dFdrplminxdrplmindr;
dFdrx = —2xpilxrp2+rp2+rx*result;
fl 13 = dFdrx*drxdr;

f1_ 1 = f1_11 + £f1_13;

fl1 = f1 u - £f1_1;

% Term 2

f2_u = eqgn_f2_u(rp2,rx,rplmax,drxdr,den,
drplmaxdr) ;

dFdrx = —2xpilxrp2+rp2+xrx*result;

f2_1 = dFdrx+drxdr;

f2 = f2_u - £2_1;

% Term 3

f3 = egn_£f3(rp2, rx, rplmax,drxdr, num, drplmaxdr

, result);
o
o
o)

% Area of overlap

area_overlap = fl1 +f2 +£3;

% Area of overlap plus area that encapsulates
dFdrplmin = 2xpilxpixrp2xrp2*rplmin;
drplmindr = (rx - rp2)/(abs(rx-rp2))+drxdr;
area_large = dFdrplminxdrplmindr;
fvec (i) = area_overlap tarea_large;

else % Encapsulates only
fvec (i) = 0;
end
end

end
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end

fac = 1.0/ (4.0*pi);

for 1 = 2:1:nr
fac2 = fac/(rvec (i) *rvec(1i));
g(i) = fac2xfvec(i);
end
end
function result = eqgn_den(rp2,rx,rplmax)
result = (—rp2+rp2+rp2+xrp2+2xrpP2*xrp2* (rx+xrx+trplmax+rplmax) — (

rx+xrx-rplmax*«rplmax) ~2);

end
function result = eqn_num(rp2,rx,rplmax)
result =(rp2+rx—-rplmax)  (rp2-rx+rplmax) = (-rp2+rx+rplmax) % (

rp2+rx+rplmax) ;

end

function result = eqn_fl_u(rp2, rx,rplmax,drxdr,den,drplmaxdr
)

dFdrx = 2xpixrp2+xrp2+«rplmax*+rplmax*rx/sqrt (den) ;

dFdrplmax_1 = 2xpixrp2xrp2+xrplmax*acos ((rp2+rp2-rxxrxt+rplmax
xrplmax) / (2«rp2+«rplmax) ) ;

dEdrplmax_2 = pilxrp2+rp2*rplmax* (rp2+«rp2-rx+rx—-rplmaxxrplmax
) /sgrt (den) ;

dFdrplmax = dFdrplmax_1 + dFdrplmax_2;

fl_ul = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

o)
°

dFdrx = -pl*rp2+rp2+rx+* (rp2+rp2-rxxrx+rplmaxxrplmax) /sqrt (

den) ;
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dFdrplmax = -pisrp2xrp2+xrplmaxx (rp2+rp2+rxxrx—rplmax+rplmax)
/sqrt (den) ;
fl_u2 = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

o)
°

dFdrx_1 = —-pi*xrp2+rp2+rx* (—rp2+xrp2+rx*rx+rplmax+rplmax) /sqrt
(den) ;
dEdrx_2 = — 2xpixrp2xrp2*rx*atan ((rp2xrp2+rxxrx—-rplmaxx*

rplmax) /sqgrt (den)) ;
dFdrx = dFdrx_1 + dFdrx_2;
diFdrplmax = 2+pl*rp2*rp2+rx+rx*+rplmax/sqgrt (den) ;
fl_u3 = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

o)
°

result = fl1 ul + fl1_u2 + f£1_u3;

end

function result = eqn_f2_u(rp2, rx,rplmax,drxdr,den,drplmaxdr
)

fac = 2+pixrplmaxxrxxacos ( (rx*xrx—rp2+«rp2+rplmax+rplmax) / (2%

rx+xrplmax)) ;

dFdrx = rplmaxxfac— (rp2+rp2+rxxrx—rplmax*rplmax) xpisrplmaxx*
rplmax*rx/sqrt (den) ;

dFdrplmax = rx*xfac— (rp2*xrp2-rx*rx+rplmaxsrplmax) *pi*xrplmaxx=
rx+rx/sqrt (den) ;

f2_ul = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

dFdrx = pixrxx (rp274+rplmax”4+2xrx"4-3xrplmax”"2xrx"2-2xrp2
A2xrplmax”2-3*xrp2+«rp2+rx*rx) /sqrt (den) ;

dFdrplmax = -pil*rplmax*rx*rx* (rp2+rp2+rx+rx—rplmax*rplmax) /
sqgrt (den) ;

f2_u2 = dFdrxxdrxdr + dFdrplmaxxdrplmaxdr;

dFdrx_1 = —-pli*rp2+rp2+rx* (—rp2+rp2+rx*xrx+rplmax*rplmax) /sqrt
(den) ;
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dFdrx_2 = -2xpilisxrp2xrp2+xrx*atan((rp2rxrp2+rx*xrx-rplmaxxrplmax
) /sqrt (den)) ;

dFdrx = dFdrx_1 + dFdrx_2;

dFdrplmax = 2+pixrp2+rp2+rxxrx*+rplmax/sqrt (den) ;

f2_u3 = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

o)
°

result = f2_ul + f£f2_u2 + f£2_u3;

end

function result = eqn_f3(rp2, rx, rplmax, drxdr, num, drplmaxdr,
result)

[

% Term 3: Upper limit

dFdrx = (pixrp2+rp2xrplmax*rplmax*rx + Pilrxrp2+rp2*rxX*rx*rx
+2xpi* (rplmax”2) = (rx*3) -pixrx+rplmax™4-pi* (rx"5))/sqrt (
num) ;

dFdrplmax = (pixrplmaxx (rp274) + pixrplmaxx (rx”4) +pix(
rplmax”b) —2+pix (rp272)* (rplmax”3)-2xpi* (rx*2) * (rplmax”"3)
) /sgrt (num) ;

f3_ul = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

dFdrx

Pl*rp2+rp2+rx* (—rp2+xrp2+rx*+rx+rplmax*rplmax) /sqrt (
num) +2+xpil*rp2+rrp2+rx*atan ( (rp2+rp2+rx+rx—-rplmax+rplmax) / (
sqgrt (num) ) ) ;

dFdrplmax = -2+pixrp2+rp2+xrxxrx*rplmax/sqrt (num) ;

f3_u2 = dFdrx*drxdr + dFdrplmaxxdrplmaxdr;

f3_ u = £3_ul + £3_u2;

% Term 3: Lower limit

dFdrx = 2*xpilxrp2xrp2+xrxxresult;

f3 12 = dFdrxxdrxdr;

£f3_1 = £3_12;

result = £f3_u - f£3_1;

end
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A.3 Code to Evaluate Sphere-Sphere RDF

A.3.1 Driver

o\°

o\

gofr_spheresphere_test.m

o\°

o\

This script calls gofr_spheresphere.m

o\°

o\°

use:

o\

g = gofr_spheresphere_test

o° o°

o\

authors: David J. Keffer & Akinola D. Oyedele

o\

Dept. of Materials Science & Engineering

o\

University of Tennessee
dkeffer@utk.edu
last updated: June 1, 2017

o°  o°

o\°

clear all;
close all;
format long;

)
°

% discretize radial dimension

o)
°

rmin = 0.0;

rmax = 50.0;

dr = 0.01;

rvec = [rmin:dr:rmax];
nr = length(rvec);

% test system parameters

rpl = 7.0;
rp2 = rpl;
dp = 25.0;
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o\

C

o\

ompute RDF

g = zeros(nr,1);
g = gofr_spheresphere (dp, rpl, rp2,nr, rvec);
% normalize by 4xpixr”2
pi = 2.0%xasin(1.0);
gnorm = zeros(nr,1);
for i = 2:1:nr
fac = 1.0/ (4.0*pi*xrvec(i)"2);
gnorm (i) = facx*g(i);
end
% plot RDF
figure (1) ;
plot (rvec,gnorm, 'k—");
xlabel (' separation');
ylabel (' radial distribution function ');
legend('scaled by 4*pi*xr"2"');
figure (2);
plot (rvec,qg, 'r—");
xlabel (' separation');
ylabel (' radial distribution function ');

legend('unscaled'");

o\

o\°

voll
vol2

check volume

= 4.0/3.0xpi*xrpl”"3;
= 4.0/3.0%xpi*xrp2"3;

volprod = vollxvol2;

o)
°
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integral = 0.0;

integralnorm = 0.0;

cumulative = zeros(nr,1l);

for 1 = 2:1:nr
base = rvec (i) - rvec(i-1);
heightln = 4.0xpixrvec(i-1)"2xgnorm(i-1);
height2n = 4.0*pi*rvec (i) "2xgnorm (i) ;
heightl = g(i-1);
height2 = g(i);

area = 0.5xbasex (heightl + height2);
areanorm = 0.5xbasex (heightln + height2n);

cumulative (i) = cumulative(i-1) + areanorm;
integral = integral + area;
integralnorm = integralnorm + areanorm;

end

o\

o\°

plot cumulative RDF

)
©°

figure (3);

plot (rvec, cumulative, 'k-");
xlabel (' separation');
ylabel (' cumulative distribution function ');

¢

% error checking

o)
°

diff = (integral - volprod)/volprod;
diffnorm = (integralnorm - volprod) /volprod;
fprintf (1, ' analytical %e numerical %e errors %e %e \n',

volprod, integral,diff,diffnorm);

A.3.2 Functions

)
°

o

% gofr_spheresphere

o)
°
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o\

o\

o o° oe

o\

0 o 0 N o 0 O N O N A N N N o o o o° o°

o\

o
Ic)

This code calculates the contribution to the radial
distribution function

due to the atoms distributed uniformly over two spheres
of radius rpl and rp2

and separated by a distance p.

The RDF is returned in units of volume squared.

The RDF is NOT normalized by a factor of 1.0/ (4.0%xpi*r"2)

For this version, the value of rpl equal to rp2.

use:

g = gofr_spheresphere (dp, rpl, rp2,nr, rvec)

inputs:

dp: distance between particles

rpl: radius of particle 1

rp2: radius of particle 2

nr: number of radial points to evaluate function
rvec: vector of radial positions

outputs:

g: radial distribution function

authors: David J. Keffer & Akinola D. Oyedele
Dept. of Materials Science & Engineering
University of Tennessee

dkeffer@utk.edu

last updated: June 1, 2017

function g = gofr_spheresphere (dp, rpl, rp2,nr, rvec)

%

o\

)
)

input parameters

fvec = zeros(nr,1l); % d/dr
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¢

g = zeros(nr,1l); % Radial distribution function
rb = dp;

o)
°

o\

create the volume as a function of r for this wvalue of

rpl

o\

rmin = rb-rpl-rp2;
rliml =rb-rp2;
rlim2 = rb-rp2+rpl;

rlim3 rb+rp2;

rmax = rb+rpl+rp2;

l:1:nr

for 1i

r = rvec(i);

o
o
if r <= rmin

o

% Case I: No overlap

fvec (i) = 0;

elseif (r > rmin) && (r <= rliml)

% Case II A: Some overlap at some points in sphere 1

fvec (i) = casella(r,rpl,rp2,rb);

elseif (r > rliml) && (r < rlim2)
% Case IIx A: Some overlap at some points in sphere
1
fr II_star_A_1 = casellstar_ Al (r,rp2,rb);
fr II_star_A_2 = casellstar_ A2 (r,rpl,rp2,rb);

fvec(i) = fr_ II _star A 1 + fr II_star_A 2;

elseif (r >= rlim2) && (r <= rlim3)

e

% Case III A: Some overlap at some points in sphere

1
fr ITIIA_1 = caselIII_Al (r,rp2,rb);
fr TITIA_2 = casellII_A2 (r,rpl,rp2,rb);
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fr ITIA = fr ITIIA 1 + fr IIIA 2;
% Case III B: All overlap at some points in sphere 1
fr ITIIB = casellII_B (r,rpl,rp2,rb);

fr_ ITIA + fr_T1I1IB;

fvec (1)

elseif (r > rlim3) && (r < rmax)
% Case IIIx A: Some overlap at some points in sphere
1
fr TIITI_star_A = caselllstar_A (r,rpl,rp2,rb);
% Case IIIx B
fr ITII _star B_ 1 16/3*xpit2+rp2"3* (—rb-rp2+r) *2;
fr TIT star_B 2 = caselllstar_B2(r,rpl,rp2,rb);
fr ITII star B = fr TIII star B 1 + fr III star B 2;
fvec(i) = fr_ III star A + fr_ TIII_star_B;

elseif r >= rmax
% Case IV: All overlap at all points in sphere 1 and
2
fvec (i) = 0;
end

end

% fac = 1.0/ (4.0%p1i);

for i = 2:1:nr
$fac2 = fac/ (rvec (i) xrvec(i));
fac2 = 1.0; % NOTE: keffer added this

g (i) facz2xfvec (i) ;
end

end

function result=casella(r,rpl,rp2,rb)
Facl = ((rp2"2+rb-rp2+rb"2+rp2+xrpl”2—-rb*xr"2)/ (rp2-rb));
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Fac2 = -168*xr*rpl 5xrp2”2+84xFacl” (5/2) xrp2+«rb"2xr/ (rp2-rb);

Fac3 = —-5040xrp274xr"4-2016xrp277xr—6048xr"5xrp2"3-42xrp2" 2%
rb"5+r;

Facd = 420+rp2"2+Facl” (3/2) xrb”3xr/ (rp2—-rb) +3486+rb*rp2"6+r;

Fac5 = —-840xr"3+«Facl” (3/2) rp2"2-840+«r"3+xFacl” (3/2) rb"2;

Fac6 = 630%xr"5+«Facl” (1/2)xrb"3/ (rp2-rb)+840*rp2”4+r*Facl
~(3/2);

Fac7 = -2100+rb*rpl"2+rp274xr+840xrp2"2+«r+«Facl” (3/2) xrb
"2+2016%rp272+r"6;

Fac8 = -10080+r"™4xrp2”3xrb—210%rp2+xrb”"5+xr"24+2100xrp2+xrb"3*r
ng

Fac9 = 3486xrp2xr"6xrb-1008xrp276xrb”"2+2016xrp2” 7+ rb+1008*
rp2°8;

FaclO = -1260xrb"2xr"3xrp2"3-2310xrb"2xrp2”"5xr+1680*xr"3«Facl
~(3/2) xrp2*rb;

Facll = -1260*r"5+«Facl”(1/2) xrp2+xrb™2/ (rp2-rb) -1680+rp2"3+r*

Facl” (3/2) *xrb;
Facl2 = Fac2+Fac3+Fac4+Fac5+Fac6+Fac7+Fac8+Fac9+Facl0+Facll;
Facl3 = 2520%rp2"3*r"3+«Facl”(1/2)*rb"2/ (rp2-rb)+336*xr+Facl
~(5/2)*rp2*rb;

Facld = —-840*r"3+«Facl” (3/2) xrp2+xrb™2/ (rp2-rb)-5838*rp2+r" 5%
rb*2;

Faclb = 11886%rp272+xr"5xrb—420+rp2”3+xrb"4xr+1260xrp274xrb" 3%
r;

Facl6e = —420xrp272xrb"3*r"3+12180+rbxr™4dxrp2°3-210xrbxr" 2+
rp2”°5;

Facl7 = -1260xrb"3xr"2xrp2°3-9240*xrb"2xr"4*xrp2”72+840xrb"2xr
"2xrp274;

Facl8 = 840xrp274*rxrpl”3-840+r"3xrpl 3xrp272+42+rp2+r*rb"6;

Facl9 = 6048xrb"2xr"5xrp2+5040+rp272xr4xrb"2—-4032xr"6*xrp2*
rb;

Fac20 = -2016xrp2”"7xrb+6048xrp273xr"5+2016+rb"2xr"6+2016*xrp2
NTxr;

Fac2l = Facl2+Facl3+Facl4+Facl5+Facl6+Facl7+Facl8+Faclo+
Fac20;
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Fac22 420xrp2+rb™4+r"3+2016xrp2”"5xr*xrb"2+5040xrp2°4xr™4;
Fac23 = 630xrbxrplt4*rp2xr"2-1680+xrb"2+rpl”3+xrp2+xr"2-12096*r

"Sxrp2t2xrb;
Fac24 = -2520%xrb"2xrpl 2xrp272xr"2-2100xrbxrpl*2xrp2+r"4;
Fac25 = 1260xr"3xrb*xrpl”2xrp272-1260xr"3xrb " 2xrpl” 2+rp2;

Fac26 = 840xr"3xrpl " 3xrp2xrb-840+xrp2”3+xr+xrpl”3xrb-1008*rp2

Fac27 = -4032+xrxrp2”6xrb+1008+rb"2xrp276-2016*rp272+r"6;

Fac28 = —-840xr*rpl”3*rp272+rb"2+840xr*xrpl 3+xrp2xrb”3;

Fac29 = —-420xrxrbMxrpl " 2xrp2+168+xrxrpl”S5+xrp2+xrb+630xr*xrb*
rpl™dxrp2°2;

Fac30 = —-168xr*Facl”(5/2)«rb"2+630+xr"5«Facl” (1/2) xrp2°2+rb/ (
rp2-rb) ;

Fac3l = -1260*rp2"4+r"3+Facl”(1/2)*rb/ (rp2-rb);

Fac32 = Fac2l+Fac22+Fac23+Fac24+Fac25+Fac26+Fac27+Fac28+
Fac29+Fac30+Fac3l;

Fac33 = -168*r+«Facl”(5/2) xrp272+1680+xrbxrpl "3+xrp2°2+r"2;

Fac34 = 630xrp2™4+xFacl”(1/2)rrb"3*xr/ (rp2-rb);

Fac35 = —-42«Facl”(5/2) »rp2"2+rb*r/ (rp2-rb) ;

Fac36 = —840*rp2"3+Facl” (3/2)xrb"2xr/ (rp2-rb) +840+rp2"2*rb
“xrn2;

Fac37 = 630xrp2”6+xFacl” (1/2) rrb*r/ (rp2-rb)+1260*xrb+rpl"2+rp2
"3xr"2;

Fac38 = —-1260*rp2"2+r"3+Facl” (1/2)+xrb"3/ (rp2-rb)+2100+rb*r
"3xrp274;

Fac39 = 420*rp2™4+Facl” (3/2) rrbxr/ (rp2-rb)+1260+rb"3+rpl”2*
rp2*xr"2;

Fac40 = 420xr"3*«Facl”(3/2)«rb”3/ (rp2-rb)+1260+rp2"3+xr*xrb"2x*
rpl”2;

Facdl = —-630xr*xrb"2xrplt4xrp2+420+xrxrb"3xrpl " 2xrp272;

Fac42 = —-42«Facl”(5/2)*rb"3*xr/ (rp2-rb);

Fac43 = -1260+rp2"5+xFacl” (1/2)*rb"2+r/ (rp2-rb);

Facd44 = +420+r"3*Facl”(3/2)+rp2°2+xrb/ (rp2-rb);
Facd45 = Fac32+Fac33+Fac34+Fac35+Fac36+Fac37+Fac38+Fac39+
Fac40+Fac4l+Fac4d2;
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Facdo6 = Facd3+Facid4;
result = 1/1260xpi®2«x (Fac45+Facd6) /rp2/ (rp2-rb) /rb;

end

function result = casellstar_Al (r,rp2,rb)

FacO = 6xrp272+ (—2xr—2*rp2) x (6xrp2—6%r) ;

Facl = 2/5* (r—rb+rp2) "6-8/5+r* (r—-rb+rp2) *5;

Fac2 = 4dxrp2xr—-2xr"2=-2xrp2"2+4*xrb"2;

Fac3 = 2x(r+rp2) 2% (6xrp2—6*xr) —24xr*xrb"2;

Facd = 2% (r+rp2) x (2*xr+2+rp2) +2* (r+rp2) "2-12xrp2xr+6+r"2+Facl
Fach = 2/3% (r+rp2) "242/3% (-2xr—2xrp2) * (2«r+2+rp2) +Fac2;

Fac6 = 2«xFacd*rb+t4dx (r+rp2) « (6*xrp2xr—-3xr"2-3xrp2°2) +tFac3;
Fac7

(r+rp2) "2% (2% +2+1P2) + (—2*xr—2+TrP2) * (6*xrp2*xr—3+r"2-3%

rp2t2);

Fac8 = (r+rp2) "2+ (=24 r—2*xrp2) * (2+«r+2*xrp2) +6*xrp2*xr—3+r"2-3%
rp2°2;

Fac9 = 2xrb"4+2+xFacT rb+2x (r+rp2) "2 (6xrp2xr—-3xr"2-3xrp2"2)
+2+«Fac8*rb"2;

Facl0 = Facl+Fac5+* (r-rb+rp2)"4+1/3+xFac6* (r—-rb+rp2) "3+Fac9x* (r
-rb+rp2) "2;

result = 1/6xpi®2+xFacl0/rb;

end

function result = casellstar_ A2 (r,rpl,rp2,rb)

Facl = ((rp272+«rb-rp2+rb"24+rp2+«rpl”*2-rb+xr"2)/ (rp2-rb));

Fac2 = —-1260+r"5+«Facl” (1/2) xrp2xrb"2/ (rp2-rb) -1680*rp2"3*r*
Facl” (3/2) «rb;

Fac3 = —-6930+rp2+rb"5+xr"2+2520xrp2"3*xr"3xFacl” (1/2) xrb"2/ (
rp2-rb);

Facd = 336*xr*Facl” (5/2) »rp2+rb+1008+xrp2"8;
Facb = 12978xrp2xr"5+rb"2-19026%rp272+r"5xrb—-24780«rb*xr"3*
rp2°4;
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Fac6 = 24570+rb"2+rp2"5+xr+420+xrp2°2+xFacl” (3/2) *rb"3*r/ (rp2-
rb);

Fac7 = 630*xrp2”6*Facl”(1/2)rrbxr/ (rp2-rb)+420+«r"3*«Facl” (3/2)
*rb”3/ (rp2-rb) ;

Fac8 = —-168xr*xFacl” (5/2)xrb"2-41580xrb"3+xr"2+rp2"3+68040*rb
N2xr N AxTP272;

Fac9 = —T7140xrp2"3xrb™4xr—-12180xrp274xrb"3*r;

FaclO0 = —-840xr"3xFacl” (3/2) xrp2"2+630+«r"5xFacl”™ (1/2) xrp2"2«*
rb/ (rp2-rb);

Facll = -840xr"3xFacl”(3/2)*xrb"2+630xr*"5xFacl”(1/2)*rb"3/ (
rp2-rb);

Facl2 = 27720%xrp2"2xrb4+r"2-2646xrp2xr*rb"6-13986xrbxrp2”6*
r;

Facl3 = 9366xrp2”2xrb”"5xr—-81060xrp2”2xrb"3*r"3;

Facl4 = Fac2+Fac3+Fac4+Facb+Fac6+Fac/+Fac8+Fac9+FaclO0+Facll+
Facl2+Facl3;

Faclb = —-1260*rp2"5+«Facl” (1/2)xrb"2xr/ (rp2-rb)-41580+rb*r"4*
rp2°3;

Facl6 = —-42xFacl”(5/2) xrb"3*r/ (rp2-rb)-168+r*Facl” (5/2) xrp2
~2;

Facl7 = —-1260*rp2"4+r"3+Facl”(1/2)+rb/ (rp2-rb)+1680+rb*rpl
A3xrp272xrn2;

Facl8 = 27720xrb"2xr"2xrp2"4-6048xrb"6xrp2"2+8064xrp2°3*rb
S5,

Facl9 = 3360xrp274xrb"4-42+«Facl” (5/2) xrp2”2+«rbxr/ (rp2—-rb) ;

Fac20 = 840xrp274*rxrpl”3-840+r"3xrpl 3 rp272+1344xrp2*xrb"7;

Fac2l = —-840+rp2”3xFacl” (3/2)*rb"2+xr/ (rp2-rb)-20160+rp2°5xrb
A3

Fac22 = -2100xrbxrpl”2xrp2"4xr—-12096*r"5xrp272+xrb-4032+xr*xrp2
“"oxrb;

Fac23 = —-546xrp2xr"6*xrb+1008+xrb"2xrp276+21168xrp2”6*rb

"2-4032xr"6*xrp2+*rb;
Fac24 = Facl4+Faclb+Facl6+Facl7+Facl8+Facl9+Fac20+Fac21+
Fac22+Fac23;
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Fac25
~D;

Fac26 = 2016xrp2°5xr*rb"2+2016xrb"2+xr"6+2016xrp2”7xr—-31500%*
rp2xrb"3xr"4;

Fac27 = 2016xrp272xr"6+630+rb*xrpl 4+xrp2+r"2-1680+rb"2xrpl”3*
rp2*xr*2;

Fac28 = 1260xrb*xrpl " 2xrp273xr"2-2520xrb"2+xrpl " 2+xrp2°2xr"2;

Fac29 = 1260xrb"3*rpl " 2+rp2+r"2+1260+r"3xrbxrpl " 2xrp2°2;

Fac30 = 1260xrp2”3xr*rb"2xrpl”2+840+r"3xrpl” 3*rp2+xrb+6048«
rp2°3*xr™5;

Fac31l = 2016xrp272xr"6+5040xrp2"4xr"4+2016+xrp2"7+xr—-2100*rbx*
rplt2xrp2xr™4;

—2016%rp277+rb+6048xrb"2xr"5+xrp2+5040xrp2”°2xr"4*rb

Fac32 = -10080xr"4xrp2”3*xrb-840xrp2"3+xrxrpl”3xrb-840+xr+rpl
A"3xrp272xrb”2;

Fac33 = 420xr+xrb " 3xrpl " 2xrp272-420xrxrb"4xrpl"2xrp2+168*+r*
rpl Sxrp2xrb;

Fac34 = —-630*r*rb"2+rpl 4+rp2+1680xr"3xFacl” (3/2) xrp2+rb;

Fac35 = Fac24+Fac25+Fac26+Fac27+Fac28+Fac29+Fac30+Fac31+
Fac32+Fac33+Fac34;

Fac36 = Fac35+630+r+rb+rpl 4xrp2°2+420+xrp2°4+«Facl” (3/2) xrb*r
/ (rp2-rb);

Fac37 = 79380+xrb"2xr"3xrp2"3-6930+rb*r"2xrp2°5+840xrp2"4xr*
Facl” (3/2);

Fac38 = 6048*r"5+rp2"3+420xr"3+xFacl”™ (3/2)xrp2"2+«rb/ (rp2-rb) ;

Fac39 = 840+r*rpl " 3+xrp2+rb"3-1260xrp2°2+xr"3+«Facl” (1/2) *rb
23/ (rp2-rb) ;

Facd40 = 5040+rp274xr"4-840+xr"3xFacl” (3/2) »rp2+*rb”*2/ (rp2-rb)
—8736xrp2"T7xrb;

Fac4d4l = 27300*rp2+xrb"4xr"3+630*xrp2°4«Facl” (1/2) *rb"3xr/ (rp2—
rb) ;

Fac42 = 84xFacl” (5/2) »rp2+rb"2xr/ (rp2-rb)-168+r*xrpl”5+rp2
~"2+1008*rp278;

Fac43 = —-1260+r"3+rb"2+rpl” " 2+rp2+840xrp2"2+«r+«Facl” (3/2) xrb
/\2;
Fac44 = Fac36tFac37+tFac38+Fac39+Fac40+Fac4l+Fac42+Fac43;

147



result = 1/1260xpi”~2« (Fac44) /rp2/ (rp2-rb) /rb;

end

function result = caseIII_Al (r,rp2,rb)

FacO = 6xrp272+ (=2xr—2*rp2) x (6%rp2—6%r) ;

Facl = -2/5% (rb+rp2-r) "6-8/5xr* (rb+rp2-r) "5;

Fac2 = 4dxrp2xr-2xr"2=-2xrp2"2+4%rb"2;

Fac3 = 2x (r+rp2) "2% (6xrp2—-6*xr) —24xr*rb"2;

Facd = 2x(r+rp2) x (2*xr+2xrp2) +2* (r+rp2) "2-12*xrp2*r+6*xr"2+Facl
7

Fac5 = 2/3% (r+rp2) "242/3% (=2xr—2*rp2) * (2+xr+2xrp2) +Fac2;

Facé

2*xFacdxrbtdx (r+rp2) « (6xrp2xr—-3xr"2-3xrp2"2) tFac3;

Fac7 = (r+rp2) 2% (2*xr+2+rp2) + (=24 r-2*rp2) * (6*xrp2+r—3xr"2-3%
rp2°2);

Fac8 = (r+rp2) "2+ (24 r—2*xrp2) * (2*xr+2xrp2) t6*xrp2*xr—3*r"2-3%
rp2°2;

Fac9 = 2xrb"4+2+«FacT rb+2x (r+rp2) "2% (6*xrp2xr—-3xr"2-3xrp2"2)
+2+xFac8+xrb"2;

Facl0 = Facl-Fac5#* (rb+rp2-r)*4+1/3+xFac6«* (rb+rp2-r) *"3-Fac9x* (
rb+rp2-r) "2;
result = 1/6xpi”2xFacl0/rb;

end

function result = caselIlII_A2 (r,rpl,rp2,rb)

Facl = ((-rp2"2+rb-rp2+rb"2+rp2+xrpl”2+rb*r"2)/ (rb+rp2));

Fac2 = 420+rp2”2+Facl” (3/2) xrb"3*r/ (rb+rp2) -6930+«rp2+xrb”"5*r
~D

Fac3 = 840*rp2"3+«Facl” (3/2)xrb”2xr/ (rb+rp2);

Facd = 2016*xrp2"7+r-1260+rp274xr"3xFacl” (1/2) «xrb/ (rb+rp2)
+8064xrp2°3xrb"5;

Fach = 630*xr"5+«Facl”(1/2)+rp2”2+rb/ (rb+rp2)-840+rp2”4+r+Facl
~(3/2);
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Fac6t = —31500%rp2xrb"3xr"4+12978*rp2+r"5xrb"2+19026*xrp2”2*xx
~“"5xrb;

Fac7 = 26460xrbxr"3xrp274+79380xrb"2xr"3xrp273+1050*xrb"2xrp2
“"5xr;

Fac8 = 1260xrp2”5+xFacl”(1/2) »rrb"2+r/ (rb+rp2);

Fac9 = 420+rp2”4+xFacl”(3/2) xrb*r/ (rb+rp2);

FaclO = —-420xrxrbMxrpl 2xrp2-168xrxrpl " 5+xrp2xrb+27300xrp2*
rb™*xr"3;

Facll = -9366xrp2”2xrb"5xr+81060+xrp2”2+xrb"3xr"3-41580xrb*r
MMxrp2”t3;

Facl2 = —-3570%xrbxr"2+rp2°5-41580*rb"3*xr"2xrp273-68040xrb"2x*xx
MMxrp2t2;

Facl3 = —-24360xrb"2xr"2xrp274-7140xrp2"3xrb"4*r+420xrp2°4xrb
~"3xr;

Facld = 3360xrp274xrb"4-2646xrp2+r*xrb"6+2226*xrb*xrp2"6%1;

Faclb = Fac2+Fac3+Fac4+Facb+Fac6+Fac7+Fac8+Fac9+Facl0+Facll+

Facl2+Facl3;
Facl6 = 840xrp274*rxrpl”3-840+r"3xrpl 3xrp272+1344xrp2+rb"7;
Facl7 = -630xr*xrb*xrplt4*rp272+1680xrbxrpl " 3xrp2°2xr"2+Facli4;
Facl8 = 1680*r"3*«Facl” (3/2) »rbxrp2+1008xrp2"8+-1+6048+rb"6*
rp2°2;
Facl9 = —-840*rp2"2+r*Facl” (3/2)*xrb"2+6048+r"5+rp2"3;
Fac20 = —-42«Facl”(5/2) xrp2”2+xrbxr/ (rb+rp2);
Fac2l = 2016%xr"6x—1+1rb"2-2016xr*rp2"7+=1+5040xr"4*rp2°4*-1;
Fac22 = —6048+r"5*—1+rp273-12096%—1+rp2"2xrbxr"5-27720+rp2
"2xrbh4xrt2;

Fac23 = 4032+-1+rp2+rb*r"6+840+xr"3+xFacl” (3/2) «xrb"2-2016*rp2
"Sx—1xrb"2*1r;

Fac24 = -2520%rp273*«r"3+xFacl”™(1/2)+xrb"2/ (rb+rp2)-5040*rp2~4+
r*4;

Fac25 = -1008*rp278+630+r"5xFacl”™(1/2)+xrb"3/ (rb+rp2) +630+rb*
rplMaxrp2xr"2;

Fac26 = 1680xrb"2xrpl 3xrp2xr"2+1260xrb*xrpl 2+«rp2°3xr"2;
Fac27 = Faclb+tFaclé6+Facl7+Facl8+Facl9+Fac20+Fac2l+Fac22+
Fac23+Fac24+Fac25;
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Fac28 = 840xr"3xFacl” (3/2)*xrb"2+rp2/ (rb+rp2)+420xrb+rpl”2x*
rp2"4+xr+Fac26;

Fac29 = -2016+xrp272xr"6+5040+r"4x—1xrb"2xrp272-6048*xr"5x—1%
rob"2xrp2;

Fac30 = -1008*rp276xrb"2-4032+-1+rp2”76+xrbxr+10080+x—1xrp2"3*
rbxr™4;

Fac3l = 2016x—1xrp2”7xrb+1008*rp276+x—1+xrb"2-2016*rp2"7*rb;

Fac32 = 2520xrb"2+xrpl 2+rp272+r"2-2100+xrb*xrpl”2xrp2+r™4;

Fac33 = —-1260+xr"3*rb*xrpl”2+rp272-1260xr"3+xrb"2xrpl*2xrp2;

Fac34 = 1260xrp2”3xrxrb"2xrpl”2-840xr"3xrpl " 3*rp2+«rb-168*r=*

rpl"5+rp2°2;

Fac35 = 840xrp273*r*xrpl”3xrb-630+r*xrb"2xrpl 4+rp2-840xr*rpl
A3xrp2t2xrbn2;

Fac36 = —-840xr*xrpl”3*rp2+rb"3-420xr*xrb"3+xrpl 2+ rp2°2+168xr=*

Facl”(5/2)xrb"2;

Fac37 = 420+«r"3*«Facl” (3/2)xrb"3/ (rb+rp2)+168*r*«Facl” (5/2) *
rp2°2;

Fac38 = —546xrp2+r"6+rb—-1680+rp2”"3+xr*xFacl” (3/2) xrb+2016+*r
N"ox—1xrp2°2;

Fac39 = —42«Facl”(5/2) xrb"3+r/ (rb+rp2) +1260+rb"3+rpl " 2+rp2+r
A2

Fac40 = 840xr"3*Facl”(3/2)rp272-1260+rp2°2+r"3*xFacl”™ (1/2)
rb"3/ (rb+rp2) ;

Facd4l = 1260*r"5+«Facl”(1/2)xrb"2xrp2/ (rb+rp2)+336+r+Facl
~(5/2) xrb*rp2;

Fac42 = 630*rp2”6+Facl”(1/2)+rbxr/ (rb+rp2);

Fac43 = 630*rp2™4+Facl”(1/2)xrb”3xr/ (rb+rp2);

Fac44 = 420xr"3*«Facl” (3/2)rp2"2*«rb/ (rb+rp2);

Fac45 = -84xFacl”(5/2) »rp2+«rb”2+r/ (rb+rp2) ;

Facd46 = Fac38+Fac39+Fac40+Facdl+Facd42+Fac43+Facd44+Fac4d5;

Fac47 = Fac2T7+Fac28+Fac29+Fac30+Fac3l+Fac32+Fac33+Fac34+
Fac35+Fac36+Fac37;

result = 1/1260xpi”~2«x (Fac46+Fac4d7)/rp2/ (rb+rp2) /rb;

end
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function result = caseIII_B (r,rpl,rp2,rb)

Facl = 8/3xpi”2*rp2°3;

Fac2 = 1/2xrp2/ (rb+rp2)-1/2;

Fac3 = rpl™2-(rbtrp2-r)"2;

Facd = 1/2* (-rp2"2+rb-rp2+«rb*2+rb*r"2)/ (rb+rp2)-1/2+xrb"2;

Facb = -Fac2x (rb+rp2-r) *3-rbx* (rb+rp2-r)"2;

result = Facl* (-Facb+1l/2+rb*r/ (rb+rp2) *Fac3+1l/2«Facd* (2xrb
+2xrp2-2+*r)) /rb;

end
function result = caselIllstar_A (r,rpl,rp2,rb)
Facl = ((-rp2"2+rb-rp2+rb"2+rp2+xrpl”2+rb*xr"2)/ (rb+rp2));

Fac2 = 1260xrp2”5+xFacl”™(1/2) xrb"2+r/ (rb+rp2) -210+rp2+xrb”"5*r

Fac3 = -2016+rp2"7xr—6048+r"5xrp2"3+420xrp2”4+xFacl” (3/2) xrbx*
r/ (rb+rp2) ;

Facd = -1260%r"3xrbxrpl”2xrp272+630xr"5+xFacl” (1/2) xrb"3/ (rb+
rp2);

Facb = —840xr*xrpl”3+rp272+xrb"2-630xr*xrb"2xrpl 4xrp2+840*rp2
A"3xr*xrpl”3+rb;

Fac6 = 1260*rp2"3+r+rb"2+rpl”2+168xr*xFacl” (5/2) *rb"24+2100x*
rp2*xrb”3xr"4;

Fac7 = —840*r*rpl”3+rp2+rb”3+420xr~"3*xFacl” (3/2) *rb"3/ (rb+rp2

)
Fac8 = 1260*r"5+«Facl” (1/2) xrb"2xrp2/ (rb+rp2)+840+r"3+Facl
~"(3/2) xrp272;

Fac9 = —-840xrp2™4xr+«Facl” (3/2)-840xrp2”"2+xr+«Facl” (3/2)*rb"2;
FaclO = —-630xrxrb*xrplt4xrp272-168+xrxrpl” S5xrp2xrb-420xr*xrb™4 %
rpl”2xrp2;

Facll = 1680*rb*rpl " 3*xrp2°2xr"2-42xFacl” (5/2) *rb"3*r/ (rb+rp2
)i

Facl2 = 2016xr"6x—1xrb”"2+5040xr"4*rp2°4+x—1-2016xr*rp2
AT x=1+42xrp2xr*rb"6;
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Facl3 = Fac2+Fac3+Fac4+Facb+Fac6+Fac7+Fac8+Fac9+FaclO0+Facll+
Facl2;

Facld = -1260*rp2"2+r"3+xFacl”(1/2)*rb"3/ (rb+rp2) -6048x*r
A"Sx—1xrp2°3;

Faclb = 2016*xr"6x—1*rp2°2-42+xFacl”(5/2) »rrp2"2+xrb*r/ (rb+rp2) ;

Facl6 = 3486xrp2xr"6*xrb—2016x0xrp272xrbxr"6+1008*rp276*xrb"2;

Facl7 = 2016x—1*xrp2”7xrb+1008xrp278+2016xrp2”7+xrb+420+«rbxrpl
N2*xrpP2nAxr;

Facl8 = 2016xrp272xr"6-2100+rbxrpl 2xrp2+xr"4+1260+xrb"3*rpl
N2*xrpP2xr™2;

Facl9 = 10080%—1xrp2"3xrb*xr"4-4032x—1*rp2”6*xrbxr—6048«r
A"5x—1xrb"2+rp2;

Fac20 = —-5838+rp2+xr"5xrb"2+4032x—1+rp2+xrbxr"6-12096%—-1xrp2
"2xrbxr”5;

Fac2l = -11886*rp272+r"5xrb-420xrbxr"3xrp2"4-1260+xrb"2+r"3*
rp2”3;

Fac22 = 1050xrb"2*xrp275*xr+840+rp2”4xrxrpl”3-840xr"3*xrpl” 3«
rp2°2;

Fac23 = —-1806+rbxrp276xr+420xrp2+rb™4xr"3+42xrp2"2xrb"5*1;

Facz24 Facl3+Facl4+Facl5+Facl6+Facl7+Facl8+Facl9+Fac20+
Fac2l+Fac22+Fac23;

Fac25 = 12180xrbxr™4+rp273-3570xrbxr"2+xrp2"5-1260+xrb"3+r"2*
rp2°3;

Fac26 = 9240+rb"2xr"4xrp2"2-1680+rp2”3xr*Facl” (3/2) »rb-4200x*
rb"2xr"2xrp2™4;

Fac27 = 420xrp274+rb"3xr-168xrxrpl S5xrp272-2016xrp2"5x—1*xrb
"2xr;

Fac28 = 840xr”"3+«Facl”(3/2)rb"2+rp2/ (rb+rp2)+336+«r+Facl
~(5/2) xrb*rp2;

Fac29 = -2520#rp2"3+r"3+Facl”(1/2)*rb"2/ (rb+rp2)+1008*rp2
"ox—1xrb"2;

Fac30 = 2520xrb"2+rpl " 2+rp272+r"2+1260+xrb*xrpl " 2+xrp2" 31
~"2+5040%rp274+xr™4;

Fac31l = 420*rp2"2+Facl”(3/2)»rb"3xr/ (rb+rp2) +1008+rp2"8+-1;
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Fac32 = 1680+rb"2xrpl"3+rp2xr"2+630xr"5xFacl” (1/2) xrp2"2xrb
/ (rb+rp2) ;

Fac33 = Fac24+Fac25+Fac26+Fac27+Fac28+Fac29+Fac30+Fac31+
Fac32;

Fac34 = Fac33+630xrp2™4+xFacl”™(1/2)xrb"3xr/ (rb+rp2)+168*r*
Facl” (5/2) xrp2"2;

Fac35 = —84«Facl”(5/2) xrp2+rb”2+r/ (rb+rp2)-1260+«r"3+rb"2+rpl
"2xYp2;

Fac36 = 1680xr"3xFacl”(3/2) xrb*xrp2+630*«rp2”6+Facl” (1/2) *rbxr
/ (rb+rp2) ;

Fac37 = —840xr"3xrpl”3xrp2+rb+5040xr"4x—1xrb"2xrp272-420+rp2
"3xrb"4xr;

Fac38 = 840*r"3*«Facl” (3/2)»rb"2+840xrp2"3+«Facl” (3/2) xrb"2x*r
/ (rb+rp2) ;

Fac39 = 630+rb*xrpl™d+rp2+xr"2+420xr"3xFacl” (3/2) xrp2"2*xrb/ (rb
+rp2);

Fac40 = —-1260+rp2™4+r"3+xFacl”(1/2)*rb/ (rb+rp2)-840+rp2”2*rb
"xrn2;

Facd4l = —-420xr*xrb"3xrpl”2xrp2°2+420xrp2"2xrb"3+r"3;

Facd42 = Fac34+Fac35+Fac36+Fac37+Fac38+Fac39+Fac40+Facdl;

result = 1/1260xpi"2+% (Fac42) /rp2/ (rb+rp2) /rb;

end

function result = caselIlIstar_B2(r,rpl,rp2,rb)

Facl = 8/3xpi"2%rp2"3;

Fac2 = 1/2xrp2/ (rb+rp2)-1/2;

Fac3 = rpl”2-(-rb-rp2+r)"2;

Fac4 1/2% (-rp2"2+xrb—rp2+xrb"2+rb*r"2) / (rb+rp2) -1/2+rb"2;

Facb = —-Fac2x (-rb-rp2+r) "3-rb* (-rb-rp2+r) "2;

result = Faclx (Fac5+1/2+rb*r/ (rb+rp2) *Fac3+1/2+xFacdx* (2«rb+2+
rp2-2+r)) /rb;

end
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APPENDIX B
SUPPLEMENTARY DATA FOR CHAPTER 3
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Figure B-1. PDF of carbon composites pyrolyzed in wet nitrogen with water density
of 105 gm™ and reduced at (top) 1050 °C, (middle) 1500 °C, and (bottom) 2000 °C.
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Figure B-2. Pair distribution functions of kraft softwood at increasing water densities:
0, 18, 45, 75, and 105 gm™ during pyrolysis and after reduced at (top) 1050 °C,
(middle) 1500 °C, and (bottom) 2000 °C collected at a synchrotron source.
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Table B-1. C-C distances from reference and experimental data of composites reduced at 1050, 1500, and 2000 °C.

Experimental reduced 1050 °C Experimental reduced 1500 °C Experimental reduced 2000 °C
Reference

ORISRl KSW HW  SW  SG KSW HW  SW  SG  KSW HW  SW  SG
(A) A) (A) (A) (A) (A) (A) (A) (A) (A) (A) (A)

CltoC2 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42
CltwoC3 247 247 2.49 2.5 25 248 2.49 2.49 249 2.46 248 248 248
Clto C4 2.8 2.81 2.77 2.78 2.79 2.81 2.81 2.8 2.82 2.83 2.82 2.82 2.82
Clto C5 3.717 3.74 3.74 3.73 3.73 3.74 3.74 3.73 3.74 3.75 3.74 3.74 3.74
Cl1to C6 4.27 4.25 4.22 4.21 4.15 4.24 4.23 4.22 4.26 4.26 4.25 4.24 4.27
Clto C7 5.01 5.01 5.01 5.02 5.01 5.00 5.00 5.01 4.97 4.99 4.98 4.98 4.97
CltoC8 5.01 5.01 5.01 5.02 5.01 5.00 5.00 5.01 4.97 4.99 4.98 4.98 4.97
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Figure B-3. a) Correlations of G(r) for lignin feedstock with respect to humidity
(water density). The coefficients correspond to a Pearson (linear) correlation for each
radial position. Contrary to statistical analyses of temperature, humidity correlations

of PDFs do not show a clear trend among the different lignin feedstocks. SG is
the only feedstock to produce multiple high positive and negative correlations.
we know that humidity manipulates microstructure (density of pores and sizes).
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Figure B-4. 'H-NMR spectra of lignin feedstocks (KSW,
HW, SW, and SG) with typical functional groups in lignin.
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Figure B-5. Aromatic region, side chain region, and alkyl region from *C-'H (HSQC)
spectra of all lignin feedstocks. Syringyl (S) unit, guaiacyl (G) unit, p-hydroxyphenyl (H)
unit, para-coumarates (pCA), methoxy (OMe), dimethyl sulfoside deuterated (DMSO).
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Table B-2. 2D-NMR (!*C-'H-HSQC) spectra of lignin
feedstocks identifying the signal of principal groups.

I Signal Signal . . Relative
Lignin location  location Designation Absolute  abundance
feedstock 13 I [12, 69, 164, 166] intensity w.r.t.
() (‘H)
methoxy
121.17 6.5 unidentified 0.03 2.65
119.87 6.91 Cg/Hg in G units 0.05 442
115.71 6.69 G Cs/Hs; P C55/H; 5 0.15 13.27
111.18 6.9 G Cy/H, 0.07 6.19
Cs in G units estherified at
111.03 7.36 C-4; C, or Cg in 0.01 0.88
phenylcoumarans
109.91 7.09 G C,/H, or 4-O-5 0.03 2.65
KSW 71.37 4.7 C,/H, in p-O-4 0.01 0.88
61.92 4.06 Cy/Hy in P units 0.01 0.88
60.43 3.36 Cy/Hy in side chains 0.07 6.19
56.24 3.71 methoxy 1.13 100
39.92 2.45 DMSO 0.13 11.5
34.71 1.63 unidentified 0.01 0.88
29.18 121 CH signals in extractives 0.01 0.88
and aliphatic lignin chains
17.13 1.09 unidentified 0.02 1.77
115.57 6.65 G Cs/Hs; P C5 5/H; 0.06 3.21
10705 729 S Cag/ta with carbonylat -y 5 1.6
a-position of side chain
104.07 6.59 S Cy /My 0.19 10.16
71.58 4.14 C,/H, in p-O-4 0.01 0.53
71.5 3.75 furanose OH 0.02 1.07
67.48 4.14 y-ethers 0.01 0.53
64.24 3.30 C, H, 0.03 1.60
60.06 3.63 various C, /H, in side chain 0.56 29.95
56.25 3.71 methoxy 1.87 100
HW 54.04 3.03 Cy/Hp in -1 0.02 1.07
52.16 2.24 solvent 0.01 0.53
40.03 2.45 DMSO 0.09 4.81
33.82 2.19 benzylic CH, 0.01 0.53
CH signals in extractives
292 1.2 and aliphatic lignin chains 0.05 267
26.64 2.45 unidentified 0.01 0.53
24.69 1.45 CH signals in extractives 0.02 1.07
and aliphatic lignin chains
22.76 0.81 solvent 0.07 3.74
15.4 1.06 unidentified 0.15 8.02
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Table B-2. (continued)

- Signal Signal . . Relative
Lignin location  location Designation Absolute  abundance
feedstock 13 1 [12, 69, 164, 166] intensity w.r.t.
O (H) methox
y
121.11 6.51 unidentified 0.01 0.92
115.63 6.65 G Cs/Hs; P C5 5/H35 5 0.19 17.43
110.14 7.1 G C,y/H, 0.01 0.92
72.79 3.7 furanose OH 0.01 0.92
65.14 3.34 aryl glycerol 0.02 1.83
60.46 3.37 C, /H, in side chains 0.02 1.83
60.25 4 C, /H, in P units 0.04 3.67
55.58 3.71 methoxy 1.09 100
SW 39.98 2.45 DMSO 0.05 4.59
33.7 2.19 benzylic CH, 0.03 2.75
28.97 1.19 CH signals in extractives 0.09 8.26
and aliphatic lignin chains
24.6 1.45 CH signals in extractives 0.02 1.83
and aliphatic lignin chains
24.22 1.12 unidentified 0.14 12.84
22.59 0.81 solvent 0.14 12.84
18.46 1.64 unidentified 0.01 0.92
16.07 1.15 unidentified 0.2 18.35
145.23 7.51 C,/H, in conjugated esters 0.02 1.64
130.7 7.49 C, ¢/H, 6 in P units 0.06 4.92
128.55 6.99 F C¢/Hg 0.04 3.28
115.73 6.65 G Cs/Hs; P C5 5/H3;5 5 0.26 21.31
Cs in G units estherified at
111.48 7.28 C-4; C, or Cgin 0.01 0.82
phenylcoumarans
104.03 6.62 SCy /My 0.03 2.46
64.15 3.29 C, /H, in phenylcoumaran 0.01 0.82
63.17 4.18 C, /H, with sterified y-OH 0.03 2.46
60.02 3.56 C, /H, in side chains 0.08 6.56
SG 5980 4.1 C, /H, in P units 0.04 3.28
56.02 3.7 methoxy 1.22 100
39.88 2.45 DMSO 0.1 8.2
33.85 2.17 benzylic CH, 0.01 0.82
31.77 133 CH signals in extractives 0.01 0.82
and aliphatic lignin chains
29.1 1.19 CH signals in extractives 0.1 8.20
and aliphatic lignin chains
26.87 2.43 unidentified 0.01 0.82
22.69 0.81 solvent 0.07 5.74
15.5 1.06 high field alkyls 0.17 13.93
14.48 0.8 high field alkyls 0.03 2.46
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Figure B-6. Explained variances against principal components of
a) pyrolyzed, b) all lignin reduced to 1050 °C, c) all lignin reduced
to 2000 °C, and d) all lignin reduced to temperatures of 1050, 1500,

and 2000 °C. These results are part of PCA shown in Figure 3-8.
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Figure B-7. Loadings against radial distance of each principal components
of a) pyrolyzed, b) all lignin reduced to 1050 °C, c) all lignin reduced
to 2000 °C, and d) all lignin reduced to temperatures of 1050, 1500,
and 2000 °C. These results are part of PCA shown in Figure 3-8.
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Figure B-8. Envelope function of r>G(r) for graphite
standard and lignin carbons reduced at 1500 °C.
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Figure B-9. Kraft softwood lignin under pyrolysis to different water content
evaluating isotherms during desorption and adsorption respect to relative pressure.
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