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Figure 29. Cross-section images of switchgrass and yellow poplar lignin carbon fibers used for
Raman spectroscopy experiment. The light colored regions represent the sample and the darker
ones correspond to the epoxy background. The background was filtered prior to averaging
spectra patterns.
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Figure 30. Average Raman spectroscopy of all lignin carbon fibers cross-section.

Table 13. Raman scattering analysis of lignin carbon fibers.

D-band G-band . . . . .
S:;nn?‘:e Raman shift | Raman shift I'J({:% rgiloc;s C(;y:;;a(l_:ge1 ;Lz)e Flber(d::;neter
(cm ") (£1.6) |(cm ) (#3.0)] = H
SG 1356.6 1597.8 0.956 5.187 28.96
YP.s 1356.6 1601.9 1.046 4.742 13.59
YPys 1352.5 1605.9 1.036 4.787 14.59
YP75SGos 1356.6 1597.8 0.990 5.009 39.59
YPg5 SGis 1356.6 1601.9 1.065 4.658 15.78
Graphite 1352.6 1585.9 0.251 19.754 -
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Figure 31. Raman spectroscopy and Lorentzian fit for cross-section lignin carbonized fiber

switchgrass.
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Figure 32. Raman spectroscopy and Lorentzian fit for cross-section lignin carbonized fiber
yellow poplar high severity.
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Figure 33. Raman spectroscopy and Lorentzian fit for cross-section lignin carbonized fiber
yellow poplar 75 wt. % and Switchgrass 25 wt.%.
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Figure 34. Raman spectroscopy and Lorentzian fit for cross-section lignin carbonized fiber
yellow poplar 85 wt. % and switchgrass 15 wt.%.
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Figure 35. Raman spectroscopy and Lorentzian fit for cross-section lignin carbonized fiber
yellow poplar lower severity.
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Figure 36. Raman spectroscopy and Lorentzian fit for graphite powder used as reference
material.



Table 14. Raman scattering of fitted curves using Lorenztian analysis of lignin carbon

fibers.
D-band G-band .
Sample Raman Raman IDI_IG FWHM FWHM Cr_’ystalllte ADI_AG
hame shift (cm )| shift (cm ™) ratios | (D-band) |(G-band)| size (nm) ratios
(1.2) (3.2) (x0.033) | (8.1) (x2.1) | (x0.173) | (£0.285)

SG 1354.4 1599.5 0.952 233.3 90.0 5.210 2.891
YP.s 1354.6 1594 .4 1.045 253.0 93.0 4.747 3.507
YPhus 1356 1599.7 1.002 250.3 90.0 4.950 3.399
YP75 SGgs 1353.4 1591.3 0.998 236.0 95.0 5.055 2.902
YPs5SGs5 1356.9 1596.1 1.039 247 .4 90.0 4.775 3.511
Graphite 1354.9 1585.6 0.270 46.0 32.0 18.343 0.381

After showing a summary of the results of green lignin to carbon fibers
comparison of these results proves that mechanical properties, such as tensile strength,
have a lower tensile strength for switchgrass compared to yellow poplar and their
blended fibers [67]. This is supported by SEM micrographs containing visible defects on
the surface of these fibers, noting that yellow poplar has less defects than switchgrass
[67]. The assumption is that the fiber processing causes defects. However, when we
observe the nanomechanical properties of these materials switchgrass has a reduced
modulus of 33 GPa and yellow poplar high severity 30.2 GPa. For the hardness of these
materials switchgrass has a 5.69 GPa and yellow poplar high severity has 5.18 GPa
[67]. Demonstrating that the monomeric structure of the switchgrass is suitable and

promising for the carbon fiber applications.

CONCLUSIONS

Investigation of processing-structure-property relationship has been studied for
two types of lignin sources extracted via organosolv fractionation, switchgrass and
yellow poplar. These two sources were compared as green lignin fibers and carbonized
fibers. Small angle neutron scattering was performed for the green lignin. Non-blended
fibers and blends composed of both lignin types were studied for carbonized samples
using Raman spectroscopy. The chemical modification of these fibers during blending

and the varied processing severity impacts their mechanical properties. Contrast
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variation was used to resolve pore structure and particle sizes using different solvents.
Switchgrass has smaller but higher presence of pores than yellow poplar. Also, yellow
poplar fibers attained a smoother surface compared to switchgrass fibers. The small
pores in switchgrass lignin might occur as a result of its highly branch structure within
the matrix. Furthermore, switchgrass produced larger crystallite sizes but demonstrated
a lower tensile strength than yellow poplar. The product materials show evidence of a
potential graphitic structure suitable for carbon fiber applications.

Characterization results demonstrate that green lignin fibers from switchgrass
contain more G units than S units. Also, the structure of the carbonized switchgrass
fibers had less disordered structures compared to all other fibers. This indicates there
exists an inverse correlation between G units content and amount of disorder domains
in the carbonized structure. > C-NMR study revealed a significant correlation among
phenolic groups and tensile strength, while *'P-NMR study identified a negative
correlation between aliphatic groups and tensile strength. Additional relationships
connecting feedstock structure to carbonized fiber structure may be explored. For
example, compare volume fraction of crystalline domains and crystallite sizes of carbon
composites. This study can be enhanced with XRD and BET experiments to compare
crystallinity, porosity, and surface area measurements. Ultra-SANS and ultra-SAXS
experiments (Q range < ~0.005 A) will help understand the internal hierarchical
structure of polymeric units. Furthermore, incorporating softwood lignin fibers into the
experiments will allow a more complete picture to establish processing-structure-

property relationships of these materials.
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CHAPTER CONCLUSIONS

Lignin is a natural amorphous polymer suitable as a graphite substitute for
commercial carbon materials. Investigating lignin properties, extraction methods, and
characterization techniques, combined with an understanding of the resulting carbon
structure, helps associate the product material with synthetic carbon materials.
Moreover, finding alternatives for kraft product applications, such as producing carbon
materials, makes it attractive due to its lower cost ($0.04/kg lignin value as fuel in kraft
pulp industries). Common lignin extraction methods and characterization techniques
used in this study were presented. This is enhanced with a discussion of the general
structure of carbon composites. Carbon materials have potential applications in the
areas of electrochemical storage and automobile industries.

In Chapter 2, processing-structure-property relationships for different types of
lignin sources were investigated by varying the processing temperature, time, and
environment. The lignin sources considered are kraft softwood, organosolv switchgrass,
and ogranosolv hardwood. Also, the processing-structure relationships of these
materials to produce a carbon-based material were investigated using characterization
techniques presented in Chapter 1. The study used the carbon material for developing
lignin-carbon anodes in lithium-ion batteries. XRD analysis for heat-treated kraft lignin
showed that while increasing temperature (e.g., 1050, 1500, and 2000 °C) during
carbonization, an ordered graphitic material was obtained. Particle sizes were controlled
by ball milling techniques to attain homogeneity, and the presence of iron detected after
ball milling is assumed to affect electrochemical performance. Similarly, it is likely that
the presence of oxygen in the structure is the main reason for lower electrochemical
performance. Under optimal processing conditions, a coin cell with a lignin-based anode
demonstrated capacity superior to the theoretical maximum capacity of 372 mAh g for
graphite. Elemental analysis for lignin was presented during heat treatments, and as
expected carbon content increased while the temperature increased. Results support
that a properly designed carbonization process for lignin is well suited to generating low-
cost, high-efficiency electrodes.

In Chapter 3, additional lignin sources were used to identify structure-properties-

relationship. Comparisons between switchgrass, hardwood, and blends of lignin fibers
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were made. Material structure was investigated by performing SANS experiments (of
green fibers) coupled with Raman spectroscopy (after carbonization). Determination of
the type of C-C bond was explored for cross-section surfaces of carbonized lignin fibers,
and then compared to graphite powder peaks. The Raman spectra indicated a more
ordered graphitic structure for switchgrass compared to blends and hardwood lignin.
Moreover, these results support the presence of defects in the material during
processing fibers. Characterization results demonstrate that green lignin fibers from
switchgrass contain more G monomeric units than S units. This indicates that there
exists an inverse correlation between G content and amount of disordered domains in
the carbonized structure. A statistical analysis based on *C-NMR and *'P-NMR data
supports the presence of a positive correlation between phenolic groups and tensile
strength. On the other hand, a negative correlation occurs between aliphatic groups and
tensile strength.

SANS identified pores of larger sizes along the fibers in hardwood yellow poplar
when compared to switchgrass. Also, SANS analysis dictates the presence of a less
smooth surface in switchgrass than in yellow poplar. Pores in the nano scale are
probably caused during fiber processing by the aliphatic groups that are volatile.
Furthermore, switchgrass presents a lower tensile strength, 370 MPa, and lower tensile
modulus, 34.7 GPa, as compared to the high severity yellow poplar with 544 MPa and
36.5 GPa, respectively. Hardwood vyellow poplar processed under low severity
conditions produced 346 MPa in tensile strength and 32.9 GPa in tensile modulus [67].
A set of preliminary experiments for SANS was used to have a first glance of the fiber
structures and note flaws in the design, for example, fiber alignment and understand the
interaction between the polymeric structure and the solvents. This work motivated an

improved design consisting of using different solvents to resolve the pore structure.

IMPACT AND SIGNIFICANCE

The main goal of this research is to understand and establish processing-
structure-property relationships during conversion of renewable sources and by-
products into lignin carbon products. With the enormous increase in demand for

producing graphite in-house for energy storage applications, the search for graphite
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substitutes increased as well. A novel aspect of this research is recycling kraft lignin by-
product to produce lignin carbon, that is, identifying a renewable resource as a graphite
substitute. The lignin carbon electrode in Li-ion coin cells exhibits promising specific
capacities with high Coulombic efficiencies that are comparable with the performance of
graphite-based batteries. Characterization experiments support the formation of
graphitic domains that mainly depend on the pyrolysis and reduction temperature, the
amount of active material, and the anode coating thickness. Moreover, understanding
the processing-structure-property relationships for electrochemical applications can
serve as support for related research work, such as [85, 86], where molecular dynamics
simulations identify differences in the binding mechanism during battery operation
between graphite and lignin carbon.

Another significance of these studies is the exploration of processing-structure-
property relationships between green and carbon lignin fibers that comes from
switchgrass and hardwood, which were organosolv extracted at varying temperature
severities. The study validates that switchgrass lignin consists of a polymeric matrix
structure that is less smooth and contains smaller pores than hardwood lignin.
Statistical analysis identifies a high correlation between tensile strength and phenolic
groups of these sources. Using different lignin sources for initial experiments provided
insight of how the structure behaves in order to improve the design of the material and
prevent defects during processing. Therefore, it is feasible to process lignin sources that
can serve in a variety of applications requiring carbon-based materials. Moreover,
because the ion binding mechanism of these lignin-based composites is fundamentally
different than that seen in graphite, the potential to discover new materials with ion

capacities higher than the theoretical capacity of graphite exists.

FUTURE WORK

This research serves as groundwork for designing and performing experiments to
further understand processing-structure-property relationships of lignin materials. There
still exist several open questions that are of interest and pave a roadmap for potential
applications. A full characterization can be conducted for kraft softwood and organosolv

switchgrass and hardwood sources before and after each processing stage. It is not
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fully understood how the green fiber structure impacts carbonized structure, thus we
intend to perform kinetic studies using TGA to understand interactions and thermal
stability while processing. The kinetic studies help identify the structural groups that are
reacting or changing as well as how fast the reaction occurs. Also, elemental analysis
can help us understand the content of C, H, N, and O from the different lignin sources.
We also want to look for approaches to prevent reaction between the reduced lignin
samples and the nitrogen environment during BET measurements. Additional
relationships connecting feedstock structure to carbonized fiber structure include the
volume fraction of crystalline domains and crystallite sizes of carbon composites.

Raman and XRD analysis provided different results for particle sizes. To
understand the nature of these differences, Raman analysis needs to be performed for
the lignin powders and XRD analysis to the carbonized lignin fibers after being
grounded. To further understand the differences between switchgrass, yellow poplar,
and kraft softwood lignin carbonized structures, Raman analysis needs to be performed
for kraft softwood and green lignin, and SANS analysis to lignin carbon. Also, the
internal structure of polymeric units can be investigated via molecular dynamics
simulations and scatterings from USANS and USAXS. Moreover, we can combine these
results with atomistic simulations to interpret lignin carbonaceous structures that are
complex due to crystalline and amorphous domains. The computationally-intensive MD
simulations can be used to develop a much more computationally efficient but still
physics-based approach (a hierarchical decomposition) to interpreting the radial
distribution function from scattering experiments.

The high demand for carbon composites in energy storage applications
stimulates the search for identifying which lignin source is optimal for battery anodes.
Moreover, these studies should include a mix of anodes composed from both lignin
fibers and powder. Conveniently, electrochemistry studies should be designed for
switchgrass, yellow poplar, and kraft softwood lignin. We suspect battery anodes made
of switchgrass lignin will result with optimal electrochemical properties due to its low
disordered structure and high lignin purity (due to organosolv fractionation).
Nevertheless, kraft softwood lignin seems to be the most viable due to its accessibility

for large-scale production and lower processing cost when compared to organosolv
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switchgrass and hardwood extraction method. The optimization of the choice of lignin
source for manufacture of battery anodes superior to graphite is desired. A method to
remove all contaminants that degrade electrochemistry performance needs to be
explored. A proposed approach is to decrease all oxygen during heat treatments by
varying heating rates and environment. Alternative ball-milling techniques will be
explored to reduce contamination.

A cost analysis can be included incorporating the extraction of lignin, the
processing of lignin carbon materials, and the targeted application. Correlation of all
these analyses will help to fully understand lignin structures paving a path to a low-cost,

accessible, and efficient material suitable for large-scale industrial production.

78



REFERENCES

79



[1] Heitner C, Dimmel D, Schmidt J. Lignin and lignans: advances in chemistry: CRC
press; 2016.

[2] Luo J, Genco J, Cole BJ, Fort RC. Lignin recovered from the near-neutral
hemicellulose extraction process as a precursor for carbon fiber. BioResources.
2011;6:4566-93.

[3] Mann DG, Labbé N, Sykes RW, Gracom K, Kline L, Swamidoss IM, et al. Rapid
assessment of lignin content and structure in switchgrass (Panicum virgatum L.) grown
under different environmental conditions. BioEnergy Research. 2009;2:246-56.

[4] Mendu V, Harman-Ware AE, Crocker M, Jae J, Stork J, Morton S, et al. Identification
and thermochemical analysis of high-lignin feedstocks for biofuel and biochemical
production. Biotechnology for biofuels. 2011;4:43.

[5] Mussatto Sl. Biomass fractionation technologies for a lignocellulosic feedstock based
biorefinery: Elsevier; 2016.

[6] Zhang W, Ma Y, Wang C, Li S, Zhang M, Chu F. Preparation and properties of
lignin—phenol-formaldehyde resins based on different biorefinery residues of
agricultural biomass. Industrial Crops and Products. 2013;43:326-33.

[7] Kubo S, Kadla JF. Kraft lignin/poly (ethylene oxide) blends: effect of lignin structure
on miscibility and hydrogen bonding. Journal of Applied Polymer Science.
2005;98:1437-44.

[8] Braun J, Holtman K, Kadla J. Lignin-based carbon fibers: Oxidative
thermostabilization of kraft lignin. Carbon. 2005;43:385-94.

[9] Balan V, Bals B, Chundawat SP, Marshall D, Dale BE. Lignocellulosic biomass
pretreatment using AFEX. Biofuels: Methods and Protocols. 2009:61-77.

[10] Bozell JJ, Black SK, Myers M, Cahill D, Miller WP, Park S. Solvent fractionation of
renewable woody feedstocks: Organosolv generation of biorefinery process streams for
the production of biobased chemicals. Biomass and bioenergy. 2011;35:4197-208.

[11] Santos RB, Gomide JL, Hart PW. Kraft Pulping of Reduced Metal Content
Eucalyptus Wood: Process Impacts. BioResources. 2015;10:6538-47.

[12] Theliander H. 12 Recovery of Cooking Chemicals: the Treatment and Burning of
Black Liquor. Pulping Chemistry and Technology. 2004:297.

[13] Cazacu G, Capraru M, Popa VI. Advances concerning lignin utilization in new
materials. Advances in natural polymers: Springer; 2013. p. 255-312.

[14] Johansson A, Aaltonen O, Ylinen P. Organosolv pulping—methods and pulp
properties. Biomass. 1987;13:45-65.

[15] McDonough TJ. The chemistry of organosolv delignification. 1992.

[16] Chum H, Johnson D, Black S, Baker J, Grohmann K, Sarkanen K, et al. Organosolv
pretreatment for enzymatic hydrolysis of poplars: I. Enzyme hydrolysis of cellulosic
residues. Biotechnology and Bioengineering. 1988;31:643-9.

[17] Berlin A, Balakshin MY, Ma R, Maximenko GV, Ortiz D. Organosolv process.
Google Patents; 2013.

[18] Ramiah M. Thermogravimetric and differential thermal analysis of cellulose,
hemicellulose, and lignin. Journal of Applied Polymer Science. 1970;14:1323-37.

[19] Nordstrom Y, Norberg |, Sjdholm E, Drougge R. A new softening agent for melt
spinning of softwood kraft lignin. Journal of Applied Polymer Science. 2013;129:1274-9.

80



[20] Rosas JM, Berenguer R, Valero-Romero MJ, Rodriguez-Mirasol J, Cordero T.
Preparation of different carbon materials by thermochemical conversion of lignin.
Frontiers in Materials. 2014;1:29.

[21] Cullity BD, Stock, S. R. Elements of X-ray diffraction2001.

[22] Anderson IS, McGreevy RL, Bilheux HZ. Neutron imaging and applications.
Springer Science+ Business Media. 2009;200:987-0.

[23] Jackson AJ. Introduction to small-angle neutron scattering and neutron
reflectometry. NIST Center for Neutron Research, Gaithersburg. 2008:12.

[24] King SM. Small angle neutron scattering. John Wiley & Sons New York; 1999.

[25] Survey G. Mineral Commodity Summaries 2016: Government Printing Office; 2016.
[26] Humphries M. China’s mineral industry and US access to strategic and critical
minerals: Issues for Congress. Specialist in Energy Policy (March 20, 2015), CRS
Report, Congressional Research Service. 2015:7-5700.

[27] Mantell CL. Carbon and Graphite Handbook. 1968.

[28] Van Oss H. US Geological Survey, Mineral Commodity Summaries, January 2013.
2013.

[29] Moss R, Tzimas E, Willis P, Arendorf J, Thompson P, Chapman A, et al. Critical
metals in the path towards the decarbonisation of the EU energy sector. Assessing rare
metals as supply-chain bottlenecks in low-carbon energy technologies JRC Report
EUR. 2013;25994.

[30] Qin H, Kang S, Huang Y, Liu S, Fang Y, Li X, et al. Lignin based synthesis of
carbon nanocages assembled from graphitic layers with hierarchical pore structure.
Materials Letters. 2015;159:463-5.

[31] Lakes R. Materials with structural hierarchy. Nature. 1993;361:511-5.

[32] Béguin F, Frackowiak E. Carbons for electrochemical energy storage and
conversion systems: CRC Press; 2009.

[33] Oyedele A, Mcnutt NW, Rios O, Keffer DJ. Hierarchical Model for the Analysis of
Scattering Data of Complex Materials. JOM. 2016:1-6.

[34] Li Z, Lu C, Xia Z, Zhou Y, Luo Z. X-ray diffraction patterns of graphite and
turbostratic carbon. Carbon. 2007;45:1686-95.

[35] Kawamoto H. Lignin pyrolysis reactions. Journal of Wood Science. 2017:1-16.

[36] Marsh H, Griffiths J. A high resolution electron microscopy study of graphitization of
graphitizable carbon. International symposium on carbon Carbon society of Japan
Annual meeting 91982. p. 81-3.

[37] Ferrari AC, Robertson J. Interpretation of Raman spectra of disordered and
amorphous carbon. Physical review B. 2000;61:14095.

[38] Arico AS, Bruce P, Scrosati B, Tarascon J-M, Van Schalkwijk W. Nanostructured
materials for advanced energy conversion and storage devices. Nature materials.
2005;4:366-77.

[39] Li J, Daniel C, Wood D. Materials processing for lithium-ion batteries. Journal of
Power Sources. 2011;196:2452-60.

[40] Wood DL, Li J, Daniel C. Prospects for reducing the processing cost of lithium ion
batteries. Journal of Power Sources. 2015;275:234-42.

[41] Garcia-Negron V, Phillip ND, Li J, Daniel C, Wood D, Keffer DJ, et al. Processing-
Structure-Property Relationships for Lignin-based Carbonaceous Materials used in
Energy Storage Applications. Energy Technology. 2016.

81



[42] McNutt NW, Rios O, Feygenson M, Proffen TE, Keffer DJ. Structural analysis of
lignin-derived carbon composite anodes. Journal of Applied Crystallography.
2014;47:1577-84.

[43] Faruk O, Sain M. Lignin in Polymer Composites: William Andrew; 2015.

[44] Mainka H, Hilfert L, Busse S, Edelmann F, Haak E, Herrmann AS. Characterization
of the major reactions during conversion of lignin to carbon fiber. Journal of Materials
Research and Technology. 2015;4:377-91.

[45] Tran H, Vakkilainnen EK. The kraft chemcial recovery process. Tappi Press; 2008.
[46] Reeve D. The kraft recovery cycle, Tappi kraft recovery operations short course.
Tappi Press, Atlanta; 2002.

[47] Tenhaeff WE, Rios O, More K, McGuire MA. Highly Robust Lithium lon Battery
Anodes from Lignin: An Abundant, Renewable, and Low-Cost Material. Advanced
Functional Materials. 2014;24:86-94.

[48] Ji X, Lee KT, Nazar LF. A highly ordered nanostructured carbon—sulphur cathode
for lithium—sulphur batteries. Nature materials. 2009;8:500-6.

[49] Endo M, Kim C, Nishimura K, Fujino T, Miyashita K. Recent development of carbon
materials for Li ion batteries. Carbon. 2000;38:183-97.

[50] Vanholme R, Demedts B, Morreel K, Ralph J, Boerjan W. Lignin biosynthesis and
structure. Plant physiology. 2010;153:895-905.

[51] Pence HE, Williams A. ChemSpider: an online chemical information resource.
Journal of Chemical Education. 2010;87:1123-4.

[52] Cotoruelo L, Marqués M, Diaz F, Rodriguez-Mirasol J, Cordero T, Rodriguez J.
Activated carbons from lignin: their application in liquid phase adsorption. Separation
Science and Technology. 2007;42:3363-89.

[53] Beis S, Mukkamala S, Hill N, Joseph J, Baker C, Jensen B, et al. Fast pyrolysis of
lignins. BioResources. 2010;5:1408-24.

[54] Chatterjee S, Jones EB, Clingenpeel AC, McKenna AM, Rios O, McNutt NW, et al.
Conversion of lignin precursors to carbon fibers with nanoscale graphitic domains. ACS
Sustainable Chemistry & Engineering. 2014;2:2002-10.

[55] Tarascon J, Armand M. Issues and challenges facing rechargeable lithium
batteries. Materials For Sustainable Energy: A Collection of Peer-Reviewed Research
and Review Articles from Nature Publishing Group2011. p. 171-9.

[56] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image
analysis. Nat methods. 2012;9:671-5.

[57] Watkins D, Nuruddin M, Hosur M, Tcherbi-Narteh A, Jeelani S. Extraction and
characterization of lignin from different biomass resources. Journal of Materials
Research and Technology. 2015;4:26-32.

[58] Singh K, Risse M, Das K, Worley J. Determination of composition of cellulose and
lignin mixtures using thermogravimetric analysis. Journal of Energy Resources
Technology. 2009;131:022201.

[59] Bard AJ, Faulkner LR, Leddy J, Zoski CG. Electrochemical methods: fundamentals
and applications: Wiley New York; 1980.

[60] Leitner SP, Gratzl G, Paulik C, Weber HK. Carbon Materials from Lignin and
Sodium Lignosulfonate via Diisocyanate Cross-Linking and Subsequent Carbonization.
C. 2015;1:43-57.

82



[61] Goudarzi A, Lin L-T, Ko FK. X-Ray Diffraction Analysis of Kraft Lignins and Lignin-
Derived Carbon Nanofibers. Journal of Nanotechnology in Engineering and Medicine.
2014;5:021006.

[62] Degen T, Sadki M, Bron E, Konig U, Nénert G. The highscore suite. Powder
Diffraction. 2014;29:S13-S8.

[63] McNutt NW. Lignin-based Li-lon Anode Materials Synthesized from Low-Cost
Renewable Resources. 2016.

[64] An SJ, Li J, Daniel C, Mohanty D, Nagpure S, Wood DL. The state of
understanding of the lithium-ion-battery graphite solid electrolyte interphase (SEI) and
its relationship to formation cycling. Carbon. 2016;105:52-76.

[65] Goriparti S, Miele E, De Angelis F, Di Fabrizio E, Zaccaria RP, Capiglia C. Review
on recent progress of nanostructured anode materials for Li-ion batteries. Journal of
Power Sources. 2014;257:421-43.

[66] Perlack RD, Wright LL, Turhollow AF, Graham RL, Stokes BJ, Erbach DC. Biomass
as feedstock for a bioenergy and bioproducts industry: the technical feasibility of a
billion-ton annual supply. DTIC Document; 2005.

[67] Hosseinaei O, Harper DP, Bozell JJ, Rials TG. Role of Physicochemical Structure
of Organosolv Hardwood and Herbaceous Lignins on Carbon Fiber Performance. ACS
Sustainable Chemistry & Engineering. 2016.

[68] Imel AE, Naskar AK, Dadmun MD. Understanding the Impact of Poly (ethylene
oxide) on the Assembly of Lignin in Solution toward Improved Carbon Fiber Production.
ACS applied materials & interfaces. 2016;8:3200-7.

[69] Kadla JF, Kubo S, Gilbert RD, Venditti RA. Lignin-based carbon fibers. Chemical
Modification, Properties, and Usage of Lignin: Springer; 2002. p. 121-37.

[70] Jin W, Singh K, Zondlo J. Pyrolysis kinetics of physical components of wood and
wood-polymers using isoconversion method. Agriculture. 2013;3:12-32.

[71] Sannigrahi P, Ragauskas AJ, Tuskan GA. Poplar as a feedstock for biofuels: a
review of compositional characteristics. Biofuels, Bioproducts and Biorefining.
2010;4:209-26.

[72] Petridis L, Pingali SV, Urban V, Heller WT, O’Neill HM, Foston M, et al. Self-similar
multiscale structure of lignin revealed by neutron scattering and molecular dynamics
simulation. Physical Review E. 2011;83:061911.

[73] Cheng G, Zhang X, Simmons B, Singh S. Theory, practice and prospects of X-ray
and neutron scattering for lignocellulosic biomass characterization: towards
understanding biomass pretreatment. Energy & Environmental Science. 2015;8:436-55.
[74] Cheng G, Kent MS, He L, Varanasi P, Dibble D, Arora R, et al. Effect of ionic liquid
treatment on the structures of lignins in solutions: molecular subunits released from
lignin. Langmuir. 2012;28:11850-7.

[75] Calo J, Hall P, Antxustegi M. Carbon porosity characterization via small angle
neutron scattering. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
2001;187:219-32.

[76] Dresselhaus M, Jorio A, Souza Filho A, Saito R. Defect characterization in
graphene and carbon nanotubes using Raman spectroscopy. Philosophical
Transactions of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences. 2010;368:5355-77.

83



[77] Li HWYWT, Xu SWL. Gradient distribution of radial structure of PAN-based carbon
fiber treated by high temperature.

[78] Ferrari AC, Basko DM. Raman spectroscopy as a versatile tool for studying the
properties of graphene. Nature nanotechnology. 2013;8:235-46.

[79] Navarro-Suarez AM, Carretero-Gonzalez J, Roddatis V, Goikolea E, Ségalini J,
Redondo E, et al. Nanoporous carbons from natural lignin: study of structural-textural
properties and application to organic-based supercapacitors. RSC Advances.
2014;4:48336-43.

[80] Boota M, Paranthaman MP, Naskar AK, Li Y, Akato K, Gogotsi Y. Waste Tire
Derived Carbon—Polymer Composite Paper as Pseudocapacitive Electrode with Long
Cycle Life. ChemSusChem. 2015;8:3576-81.

[81] Sammons RJ, Harper DP, Labbé N, Bozell JJ, Elder T, Rials TG. Characterization
of organosolv lignins using thermal and FT-IR spectroscopic analysis. BioResources.
2013;8:2752-67.

[82] Tsaneva V, Kwapinski W, Teng X, Glowacki B. Assessment of the structural
evolution of carbons from microwave plasma natural gas reforming and biomass
pyrolysis using Raman spectroscopy. Carbon. 2014;80:617-28.

[83] Tuinstra F, Koenig JL. Raman spectrum of graphite. The Journal of Chemical
Physics. 1970;53:1126-30.

[84] Wang H, Wang Y, Li T, Wu S, Xu L. Gradient distribution of radial structure of PAN-
based carbon fiber treated by high temperature. Progress in Natural Science: Materials
International. 2014;24:31-4.

[85] McNutt NW, McDonnell M, Rios O, Keffer DJ. Li-lon Localization and Energetics as
a Function of Anode Structure. ACS Applied Materials & Interfaces. 2017;9:6988-7002.
[86] McNutt NW, Rios O, Maroulas V, Keffer DJ. Interfacial Li-ion localization in
hierarchical carbon anodes. Carbon. 2017;111:828-34.

84



VITA

Valerie Garcia-Negrén was born in Ponce, Puerto Rico on January 1, 1988. She
obtained her Bachelor of Science in Chemical Engineering from the Polytechnic
University of Puerto Rico in April 2012. Previous to obtaining the bachelor degree, in
summer 2010 she worked under the mentoring of Dr. Edgar Lara-Curzio from Material
Sciences and Technology Division at Oak Ridge National Laboratory. She worked in
different projects mainly for fuel cells research using ceramic sealing application and
studying microstructural and thermal characterization of these materials. She also
worked with processing magnets materials where Dr. Orlando Rios hosted her. In
conjunction to Dr. Rios and Dr. Lara-Curzio she started working with Dr. David Harper in
September 2014 at Center for Renewable Carbon at University of Tennessee-Knoxuville.
Then, in spring 2015 she planned to study at the University of Tennessee to continue
her professional career in Materials Science and Engineering Department. Under MSE
department she was mentored by Dr. David Keffer were he led her studies. She
planned to obtain her Master of Science degree in Material Sciences and Engineering in
May 2017. In between research and class environment she was part of two invention
disclosures. Her current interests are mainly research environment and continue her
PhD in Materials Science and Engineering. She wants to travel the world, learn a third

language, learn to dance salsa, and spend quality time with her family in Puerto Rico.

85



