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Carbon, as a fundamental material class, plays an essential role in various 

applications due to its exceptional properties and size-related benefits. Additive 

manufacturing, also known as 3D printing, can be a powerful technique in creating 

hierarchical 3D carbon architectures with geometric control across different length 

scales, allowing for integrating mechanical functionalities, such as enhanced stiffness 

and strength, with additional properties like electrical conductivity. This dissertation 

seeks to develop universal carbon feedstocks as well as 3D printing/secondary 

carbonization processes for creating a programmed 3D carbon structure and 

investigates the potential practical utility and applications of this structure, particularly 

in advancing lithium-ion batteries. 

This study focuses on elucidating the processing-structure-performance 

relationship in printed 3D carbon structures. It introduces an innovative approach 

combining Fused Filament Fabrication (FFF) and an optimized post-carbonization 

process and involves a comprehensive analysis of the processability of feedstocks (i.e., 

high-loaded carbon composite filaments) from printing to secondary process based on 

the characterization of their physical and mechanical properties. This manufacturing 

technique is further explored to create a 3D carbon scaffold with tailored carbon 

orientation and associated properties required for battery advancement.  

With a profound comprehension of the underlying mechanisms, the high shear 

flow inherent in extrusion 3D printing, coupled with secondary carbonization 

techniques, is utilized to manipulate particle orientation and electrode design across 
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nano to macro scales, resulting in facilitating the production of advanced Lithium-ion 

batteries with improved Li-ion transport, insertion, and structural stability. 
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INTRODUCTION  

1.1 Motivation  

Additive manufacturing (AM, 3D printing) enables the fabrication of 

hierarchical structures with geometric control across various length scales, surpassing 

the limitations of traditional subtractive manufacturing methods.1 Fused Filament 

Fabrication (FFF) has gained attention, standing out for its capacity to provide design 

flexibility, rapid fabrication, and the ability to scale up for large production.2 FFF 

prints 3D products by extruding molten filament through a nozzle and depositing it 

layer by layer on the platform or previously printed layers. Initially limited to 

thermoplastics, the range of available filament materials has expanded to metals and 

ceramics by adding metal3ï5 and ceramic powders6,7 to thermoplastics to form 

extrudable filaments for 3D printing. These particle-loaded filaments allow rapid 

production of 3D structures in a cost and energy-efficient way via FFF and polymer 

removal/sintering processes, which enables control of details of 3D products. 

Furthermore, particle-loaded filaments hold great promise and continuously expand 

their capabilities by embedding various materials to broaden their range of 

applications. 

Carbon holds significant importance across a diverse range of applications. 

Various manifestations encompassing carbon nanotubes, graphene, and carbon fiber 

are receiving significant attention due to their outstanding mechanical and functional 
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properties. These carbon materials are often incorporated in small proportions into 3D 

printable polymer filaments as ñmechanicalò and ñfunctionalò additives to enhance 

polymer properties. Drawing inspiration from the realm of metal and ceramic filament 

3D printing, we envisage the possibility of constructing 3D carbon structures using 

high-load carbon filaments and subsequently employing 3D printing and post-

carbonization processes. The fusion of carbon materials and architectural features 

facilitated by 3D printing has significant potential, paving the way for multifunctional 

applications, including structural materials, energy storage in batteries, and advanced 

electronics. 

One of the promising applications of 3D carbon is the energy storage field, 

which can offer the solution to overcome inherent problems that state-of-the-art (SOA) 

electrodes in batteries have. As interest in the environment is increasing, emissions-

free electrification is the key to reducing carbon gas emissions. Currently, the United 

States aims to produce half of all new car sales as electric vehicles by 20308, and 

annual Lithium-ion battery (LIB) development is projected to increase about 8-fold 

over the next decade, reaching nearly 2 TWh of capacity worldwide.9 To achieve LIB 

development targets, there is a solid demand for improving LIB performance, such as 

fast charging (<15 minutes) and high energy density (range of EVs to 300 miles).10 

Despite significant advancements in battery energy storage technology over the last 

decade, there is still a pressing need for improved energy and power capabilities. The 

typical SOA electrode manufacturing involves slurry preparation, coating, and drying 

steps to produce electrode films with limited thickness. These SOA electrodes face 

challenges in simultaneously increasing energy and power density. As thickness 

increases, the rate of ion transport slows with thickness within the 2D structure. 
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Therefore, research on the electrode structures has been actively conducted to 

decouple energy and power density to address this limitation. One solution to achieve 

the full potential of energy storage is designing electrodes in 3 dimensions, such as 

interdigitated plane11ï14 and rod electrodes15ï17 and a 3D network18, that allow high 

power and energy by increasing the material loading in the thickness direction and 

surface area between electrodes and electrolyte. 

This research reports on a carbon 3D printing strategy to achieve scalable and 

engineered 3D carbon architecture and its energy storage application, especially for 

LIB. 

1.2 Objectives and Organizations of the Dissertation 

In recent times, there has been substantial research into the creation of 3D carbon 

geometries through the interconnection of carbon particles, encompassing 0-

dimensional carbon black, 1-dimensional carbon nanotubes (CNTs), and 2-

dimensional graphene, to achieve distinct properties, such as enhanced electrical 

transport, high surface area, and robust mechanical properties, compared to their 

nanoscale building blocks to unlock fields of multifunctional applications, particularly 

in the realm of energy storage. The primary goal of this dissertation is to develop 

universal carbon feedstocks as well as 3D printing/secondary processes to build an 

engineer-programmed 3D carbon framework, with the aim of advancing LIB through 

utilizing the shear flow of the molten feedstocks and designing the printing paths. 

Creating a 3D carbon assembly necessitates a profound understanding of the 

printability/processability of the carbon feedstock, as well as the mechanisms involved 

in rearranging and interconnecting carbon particles through 3D printing and post-
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processing. Furthermore, for LIB applications, a comprehensive analysis of the 

structure-performance relationship is imperative to exploit the architectural potential 

of a 3D-printed carbon fully. The dissertation is organized into chapters addressing 

these topics, as outlined below. 

This chapter provides an extensive literature review on the current state-of-the-

art carbon 3D printing and advanced technologies, along with 3D printing for 

producing three-dimensional electrodes designed for LIB. 

Chapter 2 provides a comprehensive review of the experimental procedures, as 

well as the characterization and analysis methods employed throughout the study. 

Chapter 3 focuses on the comprehensive exploration of the carbon 3D printing 

strategy based on understanding the mechanisms of carbon particle repositioning and 

structural change throughout the process, and its consequential impact on mechanical 

stability. The chapter encompasses the synthesis of carbon filament and analyzes its 

physical and mechanical properties to assess its suitability for 3D printing and its 

processability during the second carbonization stage for creating intricate 3D carbon 

geometries.  

In Chapters 4 and 5, fabrication of 3D LIB electrodes and analysis of structure-

performance relationships are conducted. Chapter 4 concentrates on the creation of a 

3D graphite anode by manipulating graphite in the out-of-plane direction. In contrast, 

Chapter 5 focuses on developing a 3D cathode by aligning Carbon Fiber (CF) in the 

thickness direction, wrapped with Lithium Iron Phosphate (LFP). Key technology 

employed involves manipulating the end-up position of carbon particles using a high 

shear flow of molten composite filaments during 3D printing to enhance the 
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movement of lithium ions along with mechanical stability within the electrodes, 

thereby contributing to improved electrochemical performance. 

Chapter 6 presents the interdigitated design of the electrodes (i.e., honeycomb-

shaped cathodes made of LFP and pillar-shaped anodes made of graphite) using high-

loaded electrode filament with approximately 65 wt.% fillers to create structural 

electrodes with improved electrochemical performance and enhanced mechanical 

properties. The chapter not only conducts an analysis of electrochemical performance 

but also explores the printability of the extremely high-loaded filament by optimizing 

the amount of plasticizer that softens the brittle filament. 

Chapter 7 summarizes key parts of this dissertation research and gives future 

work and research directions. 

1.3 Literature Review 

1.3.1 Carbon 3D Printing  

Under the Biden-Harris Administration, federal agencies have prioritized 

research and development in advanced manufacturing technologies and material 

design, with a focus on fostering a clean energy economy.19,20 The emergence of 3D 

printing as a sustainable manufacturing method has revolutionized the industry, 

enabling precise fabrication of intricate components through layer-by-layer or point-

by-point material deposition. This approach brings several advantages, including 

increased design flexibility, reduced energy use and carbon footprint, and enhanced 

resource efficiency, compared to traditional subtractive manufacturing techniques 

involving material removal and labor-intensive processes. With the growing demand 

for 3D printing, feedstocks have evolved from single materials to diverse materials to 
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produce multifunctional products in a rapid, cost-effective, and energy-efficient 

manner. In line with this trend, research efforts have focused on developing 

engineered carbon structures using 3D printing techniques, with applications ranging 

from energy storage21ï24 to water treatment25,26. The capability of 3D printing to create 

3D architected carbons with tunable properties through topological and 

microstructural design further enhances their unique properties and applications. 

Early attempts have been made to fabricate 3D carbon architectures through 

Direct Ink Writing (DIW) and Vat Photopolymerization (VP) using carbon-loaded 

ink27,28 and polymer-derived carbon29,30, respectively.  



 7 

 

Figure 1.1: Various carbon 3D printing and post-processing to produce 3D carbon 

architectures and representative examples. (a) Direct Ink Writing (DIW): 

3D printing of an ultralight biomimetic hierarchical graphene material (a-

1)30 and 3D printed cup made of high-loaded MWCNT/m-cresol gel (a-

2)29. (b) Vat Photopolymerization (VP): 3D printed free-standing lattice 

electrodes composed of monolithic glassy carbon beams for lithium-ion 

batteries (b-1)27 and carbon microlattices with cubic topology and a strut 

width of 60ï70 Õm (b-2)28. (c) Fused Filament Fabrication (FFF): 3D 

carbon structures made through sulfonation and carbonization of 

polypropylene (c-1)31 and 3D printed carbon octet unit cell using 30 wt.% 

CNT/PLA filaments via FFF (our work) (c-2). 

DIW extrudes the viscoelastic ink layer-by-layer through a nozzle with 

relatively high resolution (up to 200 mm) under controlled flow rates, making it 

suitable for printing 3D structures at meso- and microscales (Fig. 1.1a). Carbon-loaded 

ink printing allows for a diverse range of carbon materials to be chosen, but it requires 
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a limited viscosity range with shear-thinning behavior, often restricting the filler 

loading. This limitation can lead to challenges in printing overhanging structures due 

to the sagging of the printed ink and structure shrinkage/distortion after drying.12 As 

example, DIW was employed to fabricate an ultralight biomimetic hierarchical 

graphene material with exceptional stiffness and resilience, employing partially 

reduced graphene oxide (GO) ink (Fig. 1.1a-1).30 By printing macroscopic hollow 

structures and undergoing several post-processing steps such as freeze casting and 

thermal reduction treatment, a hierarchical structure featuring macroscopically hollow 

scaffolds and microscopically cellular formations was achieved. This material 

exhibited 90.1% shape retention after ten cycles under a pressure of 66 kPa, attributed 

to the deformation mechanism designed for rotation and bending of the interconnected 

graphene flakes. Recently, active research is ongoing to develop high-loaded inks for 

DIW that enhance freestandability after printing. A printable high-loaded gel, with a 

concentration above 40 mg/mL, was developed for DIW using multiwall carbon 

nanotubes (MWCNT) and m-cresol as a solvent (Fig. 1.1a-2).29 m-cresol enables the 

processing of MWCNTs at concentrations up to tens of weight percent and imparts 

suitable rheological properties for printing. Despite achieving a self-standing cup 

structure without further post-processing, the printed cup exhibited slight isotropic 

structural shrinkage. 

In VP, Ultraviolet (UV) light follows a designed path in a liquid bath filled 

with photopolymers (typically acrylic-based resin) and cures the resin by forming a 

crosslinked network (Fig. 1.1b). Once the single-layer resin has cured, the build 

platform moves, and the blade recoats the resin bath surface for the next print. This 

method achieves high-resolution 3D objects in the sub-micron range. This method 
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requires post-pyrolysis for the creation of a carbon structure after printing a preformed 

3D structure. While pyrolysis of printed carbon precursor structures can produce a 3D 

carbon with microfeatures, offering advantages for architected materials and 

functional materials requiring detailed control, the low carbon yield significantly 

reduces the volume of the final product. In the case of 3D architecturally designed 

carbon electrodes, free-standing lattice electrodes comprised of monolithic glassy 

carbon beams were manufactured through digital light processing (DLP) and 

pyrolyzing under vacuum at 1000 °C for 4 hours, as illustrated in Fig. 1.1b-1.27 The 

lightweight carbon lattice electrodes feature 28 µm-diameter beams and exhibit high 

compressive stress of 27 MPa. In addition, these engineered structures allow for 

control over Li-ion transport length, overpotential, and battery performance, resulting 

in an areal capacity of 3.2 mAh/cm2 at a current density of 2.4 mA/cm2. The high 

resolution of VP is advantageous in producing architected materials with lightweight, 

stiff, and strong properties, as demonstrated in Figure 1.1b-2.28 Carbon microlattices 

with a cubic topology and a strut width of 60ï70 µm were created through DLP and 

pyrolysis, achieving specific strength and stiffness of up to 468.62 MPa cm3/g and 

14.39 GPa cm3/g at a density of 0.55 g/cm3, owing to an anisotropic unit cell topology. 

FFF, which involves extruding molten filament and depositing it layer by layer 

(Fig. 1.1c), is not commonly used in creating 3D carbon structures due to the difficulty 

of removing thermoplastic polymers while preserving the integrity of the printed 3D 

carbon structure. On the other side, there is an attempt to create 3D carbon by printing 

the commodity Polypropylene (PP) through FFF, followed by sulfonation and 

carbonization (Fig. 1.1c-1).31 The sulfonation process induces the formation of 

unsaturated bonds within polymer chains, developing crosslinked PP that transforms 
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into carbon after carbonization. While providing benefits of converting waste plastic 

materials into value-added products, this approach exhibits significant volume changes 

and involves a multi-step manufacturing process. Our work enables the production of 

3D carbon structures printed via FFF by designing feedstock that is compatible with 

the carbonization process. Fig. 1.1c-2 shows the pure 3D carbon octet unit cell using 

30 wt.% MWCNT composite filament. In brief, the interconnected high-loaded carbon 

in a composite filament offers structural stability during the polymer removal process, 

and the small amount of residual carbonized PLA acts as a bridge between the carbon 

particles, contributing to high structural integrity. 

1.3.2 Introduction of Lithium -ion Battery and Design of Electrodes 

With technological advancements and an increasing demand for renewable 

technologies, electrochemical energy storage has become the most essential energy 

source, categorized into two main classes: supercapacitors and batteries. Both systems 

consist of components such as current collectors, electrodes, electrolytes, and 

separators, but their mechanisms for energy storage differ slightly, each offering 

unique benefits. Supercapacitors operate based on the electrical double-layer 

phenomenon, where charges are physically stored by adsorbing negative ions from the 

electrolyte onto the positively charged electrode, and vice versa, without involving 

chemical reactions. The rapid diffusion of ions in the electrolyte to the electrode 

surface enables supercapacitors to deliver high power and long-lasting performance. 

On the other hand, batteries store energy through the faradaic process, wherein a 

chemical reaction occurs between the electrodes, resulting in the creation of an 

electrode potential that drives current flow. Batteries are known for their high energy 

density and stable operating voltage. 
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The electrochemical reactions occurring in batteries are governed by the 

principles of thermodynamics. In these systems, the anode and cathode function as 

reductant and oxidant, respectively, each possessing electrochemical potentials. The 

energy gap of electrolyte lies between electrodesô lowest unoccupied molecular 

orbitals (LUMO) and highest occupied molecular orbitals (HOMO), known as the 

operation window.32 When the electrochemical potential of an anode is higher than the 

LUMO, the electrolyte is reduced, whereas when a cathode potential is lower than the 

HOMO, the electrolyte is oxidized unless electron transfer is impeded. A 

thermodynamically stable battery operates within the potential window of the 

electrolyte, and the open cell potential can be calculated by the total Gibbs free energy 

change of electrochemical reactions occurring at both electrodes. The theoretical open 

cell potential (Ὁᶼ  is calculated based on the change in free energy during a 

spontaneous redox reaction: Ὁᶼ
ᶼ

 where ɝ'ᶼ represents the change in free 

energy, F is Faraday constant, and n is moles of electrons participated in the process.33 

In lithium-ion batteries, which utilize lithium ions as charge carriers, the 

discharge process involves a spontaneous redox reaction. During discharge, lithium 

ions migrate from the anode to the cathode through the electrolyte while electrons are 

released from the negative electrode and reach the positive electrode through the 

external circuit (Fig. 1.2). Conversely, during the charge process, the opposite 

reactions take place. 
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Figure 1.2: Schematic of electrochemical reaction of a battery. 

From an electrochemical perspective, the performance of batteries is typically 

evaluated using parameters such as energy density and power density. Energy density 

(Wh/kg) indicates the amount of energy a battery can store, which depends on the 

capacity of the electrodes (Ah/kg) and the open cell voltage. On the other hand, power 

density (W/kg) describes how quickly the stored energy can be released. To achieve 

high-performance batteries, it is essential to optimize electrode design to enhance both 

energy density and power density. 

Despite battery development, challenges persist in advancing battery products, 

such as Internet of Things (IoT) devices requiring customized shapes and Electric 

Vehicles (EVs) demanding high electrochemical performance, arising from limitations 

in the design flexibility of electrodes associated with the current SOA battery 

manufacturing.34 Traditional batteries are manufactured using the slurry casting 

method, where electrode inks are coated on the current collector and further 

calendared, resulting in 2D electrodes with limited thickness (50~100 mm).35 In 

contrast, compared to the 2D electrodes, thick 3D electrodes can achieve higher 

energy density and power density simultaneously due to a high surface-to-volume 
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ratio, providing shorter paths for ion transport and increased active material loading in 

the thickness direction without compromising energy and power (Fig. 1.3).36 New 

manufacturing processes have been developed to produce 3D electrodes with 

increased thicknesses for improving performance.37ï40 To improve through-thickness 

transport kinetics in ink-casted thick electrodes41, through-thickness holes were 

created using lasers42,43. Other approaches such as freeze-drying44,45, magnetic 

fields46,47, and conductive templates48ï50 were employed to lower tortuosity for 

improved structural alignment. While these techniques have demonstrated their 

potential, commercialization is still in the early stages regarding scalability, process 

complexity, and limitations in achieving optimized architectural designs.  

 

Figure 1.3: An ideal electrode structure for high power and high energy density (i.e. 

thick 3D electrodes) and a new manufacturing process to produce thick 

3D electrodes. 
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1.3.3 Lithium -ion Battery 3D Printing 

There is a growing trend to rapidly create structured electrodes with 

programmable geometries, increased thickness, and multiscale structural details by 

using 3D printing. Among the diverse 3D printing methods, DIW, VP, and FFF stand 

out as representatives for battery manufacturing. The selection among them depends 

on specific battery requirements, including feature size and processability of the 

desired materials.  

DIW printing prints out electrodes using ink-based slurries, and its operational 

principles are detailed in Chapter 1.3.1. Its features, encompassing a broad range of 

material options, relatively high resolution, and high printing throughput, have 

contributed to its popularity in battery manufacturing, ranging from micro batteries to 

relatively large-size batteries.11,12,21,51ï55 However, a challenge lies in the fabrication of 

printable ink with a specific viscosity range to ensure successful printing and 

structural integrity of the printed structures. In addition, DIW may have limitations in 

forming intricate electrodes with mechanical stability at larger sizes due to sagging of 

the printed inks and/or deformation after the drying process. The first 3D printed 

batteries begin with Direct Ink Writing (DIW), as shown in Fig. 1.4a.56 Utilizing the 

high resolution (30 Õm) of DIW, a 3D interdigitated microbattery measuring 960 ɛm Ĭ 

800 ɛm was created by employing an active material-filled ink consisting of Lithium 

Titanium Oxide (LTO), and LFP, serving as the anode and cathode materials, 

respectively. The high-aspect ratio electrodes in interdigitated architectures enable the 

high battery performance in an 8-layer full cell, delivering approximately 1.5 

mAh/cm2 at 1C with minimal capacity decay over 30 cycling tests. This demonstrates 

the feasibility of 3D printing as a method for manufacturing 3D batteries. 
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VP is adept at producing micro batteries by curing UV-curable resins using 

UV light, as detailed in Chapter 1.3.1, achieving high resolution down to the sub-

micron range. Despite its high resolution, VP encounters challenges in printing 

electrodes directly due to difficulties in making active material-loaded resins with 

suitable rheological behavior and optical properties, as well as the limited 

electric/ionic properties of photopolymers. Also, this costly technique is reliant on 

batch printing, resulting in limited flexibility in terms of multi-material capability. 

Instead, it is occasionally employed as a template for battery components, leveraging 

its high resolution capabilities.13,57 As an example, hybrid electrolytes featuring 3D 

bicontinuous ordered ceramic and polymer microchannels were produced using a 

commercial stereolithography printer, as depicted in Fig. 1.4b.57 Computationally 

designed microarchitectures are printed, and then the empty channels of the templates 

are filled with LAGP powder, a ceramic solid electrolyte. Subsequently, the template 

is removed, and the empty channels are filled with an insulating polymer, resulting in 

structured hybrid electrolytes with improved mechanical properties (up to five times 

the flexural failure strain) without significantly compromising ionic conductivity. 

During galvanostatic cycling, the gyroid LAGPïepoxy electrolyte exhibited a gradual 

increase in voltage polarization, reaching the limiting voltage only after 40 cycles, 

while the LAGP pellet showed a rapid increase, reaching 12V after 30 cycles at a 

current density of 0.7 mA/cm2.  

FFF has gained increasing popularity for the production of practical 3D 

electrodes, owing to its design flexibility, scalability, and cost-effectiveness in 

fabrication.58ï62 Electrode filaments can be made by blending active materials, such as 

graphite, LTO, and LFP, and conductive additives with thermoplastics such as 
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polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polycarbonate (PC), 

which are then shaped into the filament. While its advantages make it suitable for 

large-scale production with detailed designs, it is not well-suited for micro-battery due 

to low resolution. Furthermore, its electrochemical performances may be limited due 

to low contents of active and conductive materials and/or the presence of 

thermoplastics, affecting electrolyte accessibility and electrical conductivity. The 

reliance on a limited range of thermoplastics in 3D printed electrodes poses a 

weakness in battery performance. For example, a one-shot lithium-ion battery was 

fabricated via FFF using PLA filament loaded with each particle for the positive 

electrode (LFP), negative electrode (graphite), and separator (SiO2), as depicted in Fig. 

1.4c.61 Leveraging the design capabilities offered by 3D printing, the printed layers in 

the battery were optimized. Specifically, the first separator layer had a thickness of 50 

µm with 70% filled, the second separator layer had a thickness of 100 µm with 100% 

filled, and each positive and negative electrode had thicknesses of 150 µm and 200 µm, 

respectively, to enhance battery performance. The one-shot battery exhibited low 

performance, with a capacity of approximately 30 mAh/g at 4.25 mA/g and 

approximately 10 mAh/g at 17 mA/g, attributed to the limited ion and electrical 

conductivity resulting from the presence of the polymer. Therefore, addressing this 

issue necessitates post-processing techniques along with the development of 

specialized feedstock to mitigate the impact of the matrix on battery performance. 
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Figure 1.4 3D printing batteries. (a) Interdigitated Li-ion micobatteries fabricated 

via DIW56, (b) Hybrid electrolytes with 3D ceramic and polymer 

microchannels. The sacrificial electrolyte template is made via VP57, and 

(c) LFP/graphite battery printed via FFF61. 

1.4 Conclusions 

As a new method for fabricating 3D carbon structure, lots of attempts have 

been made employing 3D printing across diverse fields. Each 3D printing offers 

distinct advantages tailored to meet the demands of practical applications. In the 

energy storage field, interest in the use of 3D printing is rapidly increasing in line with 

the decarbonization trend by utilizing its design flexibility to facilitate the 

straightforward creation of 3D batteries. Different 3D printing methods have distinct 
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strategies concerning resolution, material compatibility, scalability, and other factors. 

Consequently, the selection of the method depends on materials and battery-specific 

targets, including feature size. Especially in the case of 3D electrodes, robust 

mechanical properties are crucial for achieving high-performance batteries over the 

long term. This is particularly significant as substantial volume changes occur during 

lithium-ion reactions, inducing high stress within the structure and diminishing long-

term cycling stability, but it is overlooked in current 3D printing for battery electrode. 

While recent advancements in 3D printing have led to improved battery performance 

through 3D electrodes, the development of new manufacturing strategies combined 

with post-processing and material design is essential to ensure both the mechanical 

robustness of 3D-printed electrodes and high electrochemical performance for the 

production of next-generation batteries.  

This dissertation presents a new approach to print 3D carbon structures by 

expanding FFF capability through designing material that can be processed for post-

carbonization processes. Particularly, this method addresses challenges observed in the 

energy storage field when utilizing FFF, such as the presence of polymer components 

that interfere with ionic conductivity and low concentrations of active materials that 

limit battery energy. 
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EXPERIMENTS  

2.1 Materials, Preparations, and 3D Printing Batteries 

For high-loaded carbon composite filament, approximately 30 wt.% or more of 

carbon nano fillers, such as multiwall carbon nanotubes (MWCNTs), carbon black 

(CB), and graphite, and active materials (e.g., Lithium-ion Phosphate (LFP)), were 

incorporated depending on the size and structure of the material. The composite slurry 

was prepared using Polylactic Acid (PLA) granules (LX175) and Dichloromethane 

(DCM) obtained from Filabot (Barre, Vermont, USA) and Sigma-Aldrich (St. Louis, 

State of Missouri, USA), respectively. To create the PLA/DCM solution, 10g of PLA 

was dissolved in 100 ml of DCM solvent, and the mixture was stirred at 70°C using a 

magnetic stirrer until the PLA was completely melted. Subsequently, specific weights 

of fillers were added to the PLA/DCM solution and dispersed thoroughly. The 

solution was dried overnight to produce a carbon composite film, which was later cut 

into smaller pieces to facilitate extrusion process. Carbon granules were put into a 

single extruder and processed to create the carbon composite filament at 190°C, 

ensuring the production of a continuous filament suitable for 3D printing applications. 

In the case of the extremely high-loaded filament above 65wt.% fillers, the 

polyethylene glycol dimethyl ether 500 (PEGDE 500), a plasticizer, was employed. 

Once the PLA was fully melted in DCM, the plasticizer was mixed with a 5wt.% to 

Chapter 2 



 20 

PLA for 30 minutes. And then, the fillers were added and mixed overnight. The 

process of making filament is the same as making regular filament mentioned above. 

To fabricate structured electrodes, a zigzag printing pattern was designed to 

achieve electrodes with an out-of-plane arrangement of fillers and a thickness of 1 

mm. Following the printing of the electrodes, they underwent sanding on both the top 

and bottom sides using sandpaper with varying grain sizes (3M; 400 and 3000). The 

printed electrodes were then subjected to carbonization at 600 ºC in a nitrogen for a 

duration of 30 minutes using the MTI tube furnace.  

The cell preparation involved the utilization of Swagelok cells for assembling 

full  cells and coin cells for half-cells, along with the integration of a commercial 

Celgard separator. For interdigitated electrode assembly, the Celgard separator was 

pre-deformed using the as-printed electrodes to provide a 3D shape fit to the electrode. 

To prevent electrode breakage, a ring-shaped supporter, matching the electrode's 

height, was printed using PLA. As for electrolyte, a Lithium hexafluorophosphate 

solution with a composition of EC/DMC/DEC in a ratio of 1:1:1 (v/v/v) was 

employed, purchased from Sigma-Aldrich. 

2.2 Characterizations 

2.2.1 Material Characterization  

The rheological properties of the composite filaments were assessed using a 

TA instrument (Discovery HR-1). The complex viscosity and storage modulus were 

measured as a function of angular frequency in the range of 0.04-600 rad/s at a strain 

amplitude of 1%, utilizing the 8.00-mm ETC crosshatched parallel plate under air at 

the printing temperature of 200°C. The threshold temperature of the electrode 
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feedstocks and filler ratio were measured by thermogravimetric analysis (TGA, 

Discovery TGA). The test was conducted in nitrogen with a constant ramp rate of 10 

°C/min. The decomposition of the PLA polymer was characterized by X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha). The effect of the 

plasticizer on the composite feedstocks was measured by differential scanning 

calorimetry (DSC, Discovery DSC). The samples were heated at a constant ramp rate 

of 10 °C/min, and the data were extracted in the first cycle.  

The tensile properties of the electrode filaments were tested by a dynamic 

mechanical analysis (DMA, Q800) with a constant strain rate of 2 %/min at room 

temperature. The compressive properties of the printed electrodes and samples were 

tested by a mechanical testing machine (500N load-cell, Instron 5848) with a constant 

compression speed of 0.01mm/s. 

2.2.2 Structure Characterization 

The morphologies of the filaments and 3D printed electrodes were examined 

using a scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross Beam) and 

transmission electron microscopy (TEM, FEI Talos F200C). The internal structure of 

the printed samples was characterized using high resolution computed tomography 

(CT) scanner (Nano-CT, Rigaku nano3DX). The image processing tool, Fiji, was used 

to perform a quantitative analysis of the orientation of CNTs in the SEM or CT 

images. Initially, the SEM images were converted to 8-bit, and subsequently, we 

utilized OrientationJ Distribution and OrientationJ Analysis for orientation analysis. 

Gaussian-shaped windows with 2 pixels were set as the parameters during this 

process. 
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2.2.3 Electrochemical Evaluation 

Galvanostatic cycling experiments were conducted using a Neware battery 

tester. The rate cycling tests were performed at different current densities from 0.05C 

to 0.5C. The areal capacity was calculated by capacity (mAh) / volume (cm3) × 

thickness (cm). Electrochemical impedance spectroscopy (EIS) tests were performed 

in the frequency range of 0.01 to 1×106 Hz with 5mV.ms voltage, utilizing a Gamry 

reference 3000 instrument. All cell investigations were carried out at room 

temperature. 
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3D PRINTING UNIVERSAL CARBONIZABLE FILAMENTS FOR THREE -

DIMENSIONAL ARCHITECTED CARBON STRUCTURES  

3.1 Intro duction 

This chapter addresses a comprehensive carbon 3D printing strategy with 

characterization of the printed carbon structures, starting from the working principles 

of carbon 3D printing from the material design to 3D printing and post-carbonization 

processes, along with analysis of particle repositioning and component change during 

the processes to understand the structural stability of 3D carbon architecture. In the 

realm of 3D carbon processibility, it is crucial to evaluate the printability of the carbon 

composite filament according to the amount of the filler added and to evaluate shape 

retention in the post-carbonization process. Subsequently, the analysis of the 

rheological properties of the filament and applied force generated 3D printing, which 

affects the particle distribution, and the characterization of the resulting carbon 

morphology is conducted to characterize processing-structure relationships. Moreover, 

the mechanisms contributing to the reliable structural stability of the printed 3D 

carbon during/after the post-carbonization process are investigated through Molecular 

Dynamic (MD) simulations and various mechanical tests. 

The carbon 3D printing strategy concept using Fused Filament Fabrication 

(FFF) combined with post-processing steps is as follows (Fig. 3.1).  

 

Chapter 3 
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Figure 3.1: Overall manufacturing concept for 3D carbon architecture from 

carbonizable carbon composite filament fabrication, 3D printing to 

carbonization. 

In the filament fabrication process, the shear force produced from an extruder 

is used to adjust the orientation of the carbon material along the length of a high-

loaded filament to overcome flow behavior in the printing process. This particle 

alignment tendency can reduce the force required to extrude highly loaded filament 

through a nozzle during printing while ensuring smooth extrusion. In FFF, printing a 

filament under high shear force allows highly ordered rearrangement of carbon 

particles along the printed layer, enabling multiscale designs in the preformed 3D 

carbon structure, including nanoscale particle arrangement, mesoscale architecture 

design, and macroscale building. In the post-carbonization, a 3D carbon structure with 

enhanced structural integrity is created after removing a polymer and partially coating 

the carbon particle joints with the converted carbon. The presence of numerous 

interconnected and aligned carbon particles in the 3D carbon assembly prevents 

volume shrinkage and enables efficient outgassing through the pores between carbon 

structures, allowing for maintaining shape as the printed part.  

As a demonstration of the process, we developed a carbon filament by adding 

30 wt.% CNTs into polylactic acid (PLA) polymer to build a 3D carbon assembly and 

created the unit cell of the octet-truss lattice structures as an example (Fig. 3.2).  
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Figure 3.2: Images of fabrication of 3D carbon structures using 30 wt.% CNT/PLA 

filaments via 3D printing. 

This CNT filament offers clear alignment visibility and explores a relatively 

uncharted territory due to challenges posed by CNT agglomeration. 3D printing with 

high-loaded filaments and rapid carbonization at 600 °C in nitrogen produced complex 

3D carbon structures featuring highly aligned CNTs in a designed direction and 

experiencing almost no volume shrinkage. 

3.2 Experimental Methods and Material Selection  

3.2.1 Carbonizable Carbon Filament Preparation  

Multiwall Carbon Nanotube (MWCNT) with a diameter ranging from 20 to 30 

nm and lengths ranging from 10 to 30 ɛm was purchased from Cheaptubes. PLA 

granules (LX175) and dichloromethane (DCM) were purchased from Filabot (Barre, 

Vermont, USA) and Sigma-Aldrich (St. Louis, State of Missouri, USA), respectively. 

To create the PLA/DCM solution, 10g of PLA was dissolved in 100 ml of DCM 

solvent, and the mixture was stirred at 70°C using a magnetic stirrer until the PLA was 

completely melted. Subsequently, 4.28g of CNTs were added to the PLA/DCM 

solution and dispersed thoroughly. The solution was dried overnight to produce a 30 

wt.% CNTs/PLA film. The CNTs/PLA film was cut into smaller pieces to facilitate 
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extrusion. A single extruder was employed to fabricate the CNTs/PLA filament, 

ensuring the production of a continuous filament suitable for 3D printing. 

3.2.2 Fabrication of 3D Carbon Architecture 

3D carbon preform was printed using the CNTs/PLA filament with an FDM 

printer. Subsequently, the printed structure underwent a heating process, starting from 

room temperature and reaching 350 ºC in N2 at a ramping rate of 10 ºC/min. 

Following this, the temperature was further raised to 600 ºC at a ramping rate of 2 

ºC/min and maintained at this temperature for 30 minutes to eliminate the PLA 

component at 600 ºC for 30 mins to remove PLA completely and then cooled to room 

temperature at a rate of 5 ºC/min to produce 3D carbon scaffold. 

3.2.3 Material Characterizations 

The morphologies of the filaments and 3D printed electrodes were examined 

using a scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross Beam) and 

transmission electron microscopy (TEM, FEI Talos F200C). The rheological 

properties of the CNTs/PLA filament were assessed using a TA instrument, the 

Discovery Hybrid Rheometer. The complex viscosity and storage modulus were 

measured as a function of angular frequency in the range of 0.04-600 rad/s at a strain 

amplitude of 1%, utilizing the 8.00-mm ETC crosshatched parallel plate under air at 

the printing temperature of 200°C. The filler ratio in the filament was determined 

under a Nitrogen atmosphere using Thermogravimetric analysis (TGA, Discovery 

TGA) with a ramp rate of 10 ºC/min. Additionally, the decomposition of the PLA 

polymer was characterized using X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific K-Alpha). For orientation characterization, the image processing tool, Fiji, 
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was used to perform a quantitative analysis of the orientation of CNTs in the SEM 

images. Initially, the SEM images were converted to 8-bit, and subsequently, we 

utilized OrientationJ Distribution and OrientationJ Analysis for orientation analysis. 

Gaussian-shaped windows with 2 pixels were set as the parameters during this 

process. 

3.2.4 Course-grained Molecular Dynamics Simulation 

PLA, carbon nanotube (CNT), graphene, and carbon black (CB) were modeled 

and simulated by coarse-grained MD with LAMMPS.63 The PLA molecules were 

described by the MARTINI force field, which has been widely used for modeling 

biomolecules and polymers.64 Every PLA monomer was represented by a bead of the 

Na type with the coalesced weight of 72 g/mol, and the centroid distance between two 

neighboring PLA monomers, 0.434 nm, was adopted as the bond length between two 

PLA beads in a macromolecular chain. The CNTs were described by verified 

mesoscopic parameters developed for (8,8)-(12,12) doubled-walled CNTs.65 Every 

four atomic rings were represented by a single coarse-grained bead with a mass of 

3,840 g/mol positioned at the center of the four atomic rings, and neighboring CNT 

beads were spaced by 1.0 nm. The graphene sheet was modeled with the ñfine-trains-

coarseò approach to generate a mesoscale model derived from atomistic calculations.66 

For graphene, each coarse-grain bead represents 250 atoms of the double-layer 

graphene. The beads were placed 2.5 nm apart from each other. CB was assumed to 

have a similar morphology to graphene.67 Each coarse-grain bead of CB represents 

250 atoms of the four-layer graphene. The clusters of CB aggregates were generated 

from interconnection through weaker van der Waals (vdW) forces.68 
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The coarse-graining method converts both PLA molecules and nanofillers 

(CNTs, graphene, CB) into long chains of electrically neutral beads interconnected 

with harmonic bond and angle interactions. The geometric mixing rule modeled the 

non-bonded interactions between PLA and inclusion beads. The computational study 

focused on five systems: (1) pure PLA, which contains 796 PLA chains, and each has 

100 beads that correspond to a molecular weight of 7200 g/mol; (2) CNT/PLA with 

5wt.% CNT containing 756 PLA chains and 4 CNT chains with 72 beads; (3) 

CNT/PLA with 30wt.% CNT containing 600 PLA chains and 35 CNT chains with 480 

beads; (4) graphene/PLA with 30wt.% graphene containing 600 PLA chains and 6 

graphene sheets with 300 beads; and (5) CB/PLA with 30wt.% CB, which contains 

600 PLA chains and 128 beads of CB. Initial models were built using the self-avoiding 

random walk method with our in-house code. All models were placed in periodical 

computational cells with cell sizes optimized by NPT and fully equilibrated by 

minimization, relaxation, and annealing in NVT before production runs. The time step 

was 5 fs. 

Molecular entanglement is often characterized by the number of overcrossings 

formed between two molecular chains. Molecular overcrossing was calculated as the 

writhing number (ὡὶ)69 via a Gauss double integral over molecular paths ὅand ὅ, 

i.e. ὡὶ ᷿ ᷿ , where ὶ and ὶare points passing along the curves 

ὅand ὅ, ὶ ὶ ὶ,, and ὶ ȿὶȿ. ὡὶ numbers were calculated for all 

individual PLA chains with the CNT fibers, which statistically led to the probabilistic 

spectrum of CNT-PLA intermolecular overcrossing. 
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3.2.5 Mechanical Tests  

The flexibility of the CNTs/PLA filament was evaluated using an Instron 5944 

machine equipped with a 50N load cell, applying a constant compression speed of 

1mm/min. The compressive mechanical properties of the 3D printed electrodes were 

tested using an Instron 5848 with a 200lbs load-cell, employing a constant 

compression speed of 0.01mm/s. 

3.3 Design of High-Loaded Carbon Composite Filaments Through Mechanical 

and Physical Characterization 

The key step in creating 3D carbon structures is the design of carbonizable 

filaments containing high-loaded carbon materials that can maintain shape during the 

polymer removal/carbonization process. However, achieving a printable filament with 

high-loaded carbon is challenging due to increased brittleness and viscosity that tend 

to cause filament breakage or nozzle clogging during printing.2 As the carbon particle 

content increases from 0 to 40 wt.%, the extrusion force for printing, calculated based 

on the flow behavior of the filament in a printer nozzle, rises significantly from 0.49 N 

to 7.38 N at the printing temperature of 200°C (slight reduction in force for the 

10wt.% CNT due to the tendency of low particle concentrations to align). In the case 

of the flexural stress at break, there is a sudden decrease from 67.8 kPa to 31.9 kPa at 

40 wt.% CNT filaments, which can be attributed to the dominance of nanopores as 

crack initiation sites (flexural stress at maximum bending strength for ductile PLA) 

(Fig. 3.3). 
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Figure 3.3: A graph showing the printability of the CNT/PLA filament as a function 

of the weight percent of CNT loading based on calculated extrusion force 

and brittleness of the filament. 

The extruding force is calculated by considering the pressure drop in the 

nozzle, determined as the sum of all pressure drops that occur in the three zones of the 

nozzle70,71, under isothermal flow, steady-state flow, incompressible fluid, no inlet and 

outlet effects, and no-slip boundary condition (Fig. 3.4 and Equation 3.1-4). The flow 

exponent (m) and the fluidity (ɲ) of the CNTs/PLA feedstock are calculated based on 

a model of the power law of Ostwald and de Waele (Equation 2.5). 

Ўὖ Ўὖ Ўὖ Ўὖ                                               (3.1) 

Ўὖ ςὒ
ʉ

ᶮ
                                            (3.2) 

Ўὖ
ᶻ

ᶻ
ɻ Ὑ ᶻά σ ςz

ʉ

ᶮ
              (3.3) 



 31 

Ў╟ ╛
ʉ

ᶮ

□ □ ╡

╡□

□
                                      (3.4) 

ɾ  ɲʐ                                                           (3.5) 

where ɜ is the flow mean velocity, † is the viscosity, and ‎ is the shear rate.  

 

Figure 3.4: Nozzle geometry for extruding force calculation.  

Once the carbon content surpasses 30 wt.%, not only the viscosity of the 

molten filament is high to be extruded, but also the filament becomes prone to 

breakage during printing due to its reduced flexibility. With this filler amount 

optimization process, continuous 30 wt.% CNT filaments were fabricated with a 

standard diameter of 1.75 mm, essential for uniform extruding pressure and constant 

supply in 3D printing (Fig. 3.5a). The carbon composite filament, unlike PLA 

filaments, exhibited evident shear-thinning behavior across all frequency ranges (from 

3.034×107 Pa.s at 0.04 rad/s to 5451.62 Pa.s at 620 rad/s), owing to the alignment of 

CNTs along the rotational direction (Fig. 3.5b). In addition, a higher storage modulus 

of the nanocomposite filament in rheology results from interconnected CNT structures 

and physical entanglements and interlocks between the CNT and the PLA molecular 

chains within the composite that reduces the chain mobility of the matrix polymers. 
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This effect of microstructure on chain mobility was also observed in differential 

scanning calorimetry (DSC) tests, in which exothermic peaks corresponding to the 

crystallization of PLA disappeared in CNT/PLA samples compared to PLA (Fig. 

3.5c).  

 

Figure 3.5: (a) A photo of 30 wt.% CNT/PLA filament. (b) Rheological properties of 

PLA and CNT/PLA filament. (c) A comparison of the differential 

scanning calorimetry (DSC) curves between the CNT/PLA composite 

and pure PLA, exhibiting the PLA polymer's crystallization behaviors 

(exothermic reactions). 

With respect to mechanical properties, the carbon filament exhibited a higher 

Young's modulus (3.37 ± 0.14 GPa) compared to the neat PLA filament (2.31 ± 0.44 

GPa) due to the high load-bearing capacity of CNTs in the longitudinal direction (Fig. 
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3.6a). However, the tensile strength of the nanocomposite filament was reduced to 

35.16 ± 0.18 MPa, which is primarily attributable to the nanopores within the 

filaments. These nanopores contribute to crack initiation and propagation when 

subjected to forces from the extruding rollers during the printing process (Fig. 3.6b). 

For this reason, CNT loading exceeding 30 wt.% increased brittleness, limiting 

printability, as observed in the printing experiment and tensile tests. 

 

Figure 3.6: (a) Mechanical properties of PLA and CNT/PLA filament. (b) Side view 

of the 30 wt.% CNT/PLA filament. Nanopores are observed in the CNT 

entangled region. 

Furthermore, the CNT distribution within the filaments before and after 

carbonization was characterized using scanning electron microscopy (SEM) (Fig. 

3.7a). Overall, the filaments displayed a dense CNT distribution within the PLA with 

an alignment tendency of CNTs along the longitudinal axis of the filament, and the 

carbonized filaments at 600 °C showed a high degree of structural integrity, retaining 

approximately 91.6% of their original form. A more detailed examination of the CNT 

microstructure change in the filament after the carbonizing process was carried out 

(Fig. 3.8b). Increasing the carbonization temperature of filaments to over 500°C led to 
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the conversion of PLA polymers to amorphous carbon structures bridging the CNTs at 

the interface (~ 0.9 wt.% of PLA), which was observed in thermogravimetric analysis 

(TGA) and transmission electron microscopy (TEM).72 This conversion played a 

significant role in enhancing the structural stability of the carbonized filament by 

establishing an integrated network among individual CNTs with combustion-induced 

carbon structures. PLA polymers closely attached to the CNT surfaces transformed 

into carbon structures (i.e., carbon-carbon composites) at elevated temperatures due to 

the mechanical interlocks and strong interfacial bonds between CNT and PLA, leading 

to (Fig. 3.9c).  
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Figure 3.7: (a) Morphological characterization of CNT/PLA filament before and 

after carbonization. Scanning Electron microscope (SEM) images. (b) 

Transmission Electron Microscope (TEM) images with Thermal 

gravimetric analysis (TGA). (c) Cross-section of the 30 wt.% CNT/PLA 

filament before and after carbonization. Parts of the PLA turned into 

amorphous carbon and stayed at the CNT/PLA interface. 
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Along with the high structural stability of the carbon composite filament, the 

filaments exhibited a straightening behavior in the combustion experiment, which 

could possibly be attributed to a shape memory effect (Fig. 3.8). The stored elastic 

strain energy in the interconnected structure of CNT-CNT and interlocks between 

CNT and PLA, resulting from deformation during filament extrusion and winding, is 

released when the PLA ignited, demonstrating the shape recovery phenomenon.73,74  

 

Figure 3.8: Structural stability upon ignition of PLA and CNT/PLA filaments. 

3.4 3D Printing and Post-Carbonization of Carbon Composite Filaments 

Fig. 3.9a shows the creation of the scalable 3D carbon structure with 

multiscale features, ranging from the nanoscale orientation of CNTs to mesoscale 

architecture design, achieved through 3D printing. In the nanoscale, the distribution of 

CNT orientation within the carbonized samples was quantitatively analyzed, as shown 

in Fig. 3.9b. A high degree of CNT alignment was observed, tilted at approximately 

9.5 degrees horizontally, indicating the effectiveness in achieving carbon material 

alignment through extruding filaments using shear forces. In Fig. 3.9c, the structural 

stability and high shape retention capability of 3D carbon parts resulted from the high-
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loaded carbon reinforcements linked by the carbonized PLAs. The parts maintained 

their shape even after manual deformation at a temperature above the polymer melting 

temperature.  

X-ray photoelectron spectroscopy (XPS) analysis further characterized the 

conversion of PLA into carbon. In Fig. 3.9d, showing the deconvolution of the C 1s 

spectra, the as-printed sample displayed three intensive peaks, attributed to the CïC, 

CïOH, and OïC=O, respectively, which are the characteristic peaks for PLA. After 

carbonization, however, these peaks weakened, and strong peaks corresponding to 

graphitic and pi-pi bonds appeared as CNTs embedded in the PLA polymers were 

exposed out of the sample surface. Additionally, relatively weak signals related to Cï

C bonds were still observed in the carbonized sample due to the presence of carbon 

associated with the PLA carbonization. 

Furthermore, this approach can create near-net-shape carbon structures using a 

variety of carbon nanomaterials other than CNTs, such as carbon black and graphene, 

which offers the benefit of tailoring the properties of carbon assemblies for various 

applications (Fig. 3.10). The mechanism of the structural stability of the 3D carbon 

architecture will be deeply investigated in the following section. 
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Figure 3.9: (a) New route for 3D carbon assembly from carbon nanomaterials 

through 3D printing and binder removal process using carbonizable 

filament. (b) CNT orientation analysis based on surface images of 

horizontally printed samples. Most CNTs are aligned horizontally with a 

9.5-degree tilt. (c) Structural stability photograph of 3D printed samples 

made of CNT/PLA at elevated temperatures up to 450°C. (d) XPS results 

of samples with as-printed, carbonized CNT, and PLA were used to 

quantify the existence of PLA within the structure. 
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Figure 3.10: The versatility of carbon 3D printing using various carbon materials, 

such as 0D CB, 1D CNT, and 2D graphene. 

3.5 Structural Stability Modeling of 3D Printed Carbon Architectures 

To elucidate the underlying structural stability mechanism, we studied various 

nanofiller (i.e., CB, CNT, and graphene)/PLA systems via coarse-grained molecular 

dynamics (MD) models (Fig. 3.11a). Focusing on the CNT samples, pure PLA and 

inadequately reinforced PLA with 5wt% CNT rapidly collapsed at 327°C, while CNT 

(30%)/PLA as well as other nanofiller (30wt.%)/PLA retained its shape under the 

simulated gravitational load (Fig. 3.11b). Evidently, pure PLA and CNT (5%)/PLA 

lose the original structures due to the molten PLA at an elevated temperature, while 

the addition of 30 wt.% carbon nanomaterials offered the reinforcing structure and 

reduced PLA mobility, which is further corroborated by the calculated glass transition 

temperature, Tg (Fig. 3.12). The Tg of PLA was estimated to be 346 K, a value that 

aligns well with experimental data1; and as the temperature was above Tg, PLA chains 

became increasingly mobile, leading to collapse. In contrast, PLA reinforced by 30 

wt.% of nanomaterials such as CNT, graphene, and carbon black exhibited 

considerably higher Tg. The remarkable thermal stability results from the intricate 

molecular network between PLA and strong carbon nano-reinforcements.  
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Figure 3.11: (a) Coarse-grained computational models of PLA, CNT/PLA, 

graphene/PLA, and CB/PLA. The systems where yellow and red 

represent PLA and nanofillers (CNT, graphene, CB), respectively. (b) 

Deformation of PLA, CNT/PLA with 5wt.% CNT, and CNT/PLA with 

30wt.% CNT under simulated gravitational loads at 600K (gold: PLA; 

red: CNT). 
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Figure 3.12. Density versus temperature for the calculation of glass transition 

temperature, Tg, by using coarse-grained models of PLA, CNT 

(5%)/PLA, CNT (30%)/PLA, CB (30%)/PLA, and graphene (30%)/PLA. 

Fig. 1.13a depicts long, torturous PLA chains wrapping around CNT to create 

an entangled structure contributing to enhanced strength and thermal stability. In the 

case of 5 wt.% CNT filament, the probability of the mechanical interlocks between 

CNT and PLA molecular chains exponentially decayed to zero, which suggested a low 

possibility of forming CNT-PLA entanglement (Fig. 3.13b). However, as the CNT 

content increased to 30 wt.%, the probabilistic spectrum showed a lognormal 

distribution peaked at 1.12 per PLA chain, indicating a high level of entanglement.  



 42 

 

Figure 3.13: (a) MD snapshots showing polymer chains wrapping around CNTs. (b) 

Probabilistic spectra of mechanical interlocks between CNT and PLA 

molecular chains in CNT/PLA with 5 wt.% and 30 wt.% CNTs. 

In summary, the CNT-PLA intermolecular entanglement and interfacial 

hydrogen bonds synergistically interlock PLA chains, enhancing structural stability 

and strength at elevated temperatures. As simulation results show, similar mechanisms 

can be applied to create robust carbon scaffolds using various nanomaterials, such as 

graphene and carbon black. 

3.6 Potential and Conclusions 

The development of carbonizable filaments designed for 3D printing, along 

with the utilization of post-processing techniques, facilitates the generation of 3D 

carbon structures featuring customized carbon material orientations and high structural 

integrity. This methodology is also adaptable to a range of carbon nanomaterials, 

offering a rapid and scalable means to produce robust 3D carbon assemblies with 
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programmable properties. Furthermore, it opens up a wide array of carbon 

applications, including energy storage. The capability of producing net-shape and 

complex carbon architectures provides numerous opportunities for designing and 

fabricating multiscale 3D carbon architectures with enhanced structural stability and 

advanced multifunctionalities. 
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ELECTRODE FILAMENT PRINTING FOR GRAPHITE STRUCTURED 

ELECTRODES 

4.1 Introduction  

In line with emissions reduction targets, lithium-ion batteries (LIBs) are 

considered one of the most important energy storage systems and have been developed 

to increase electrochemical performance for a variety of applications, such as electric 

vehicles.9,10 Currently, mainstream strategies to improve battery performance address 

two aspects: material level and electrode level design. The material level design 

involves the development of battery chemistries and materials to achieve increased 

energy density and power, and reduced weight. On the other side, substantial research 

is underway to devise electrode designs aimed at addressing current challenges 

associated with the trade-off between energy density and power density. Current 

batteries have multi-layer 2D thin electrodes, as shown in Fig. 4.1. A stacked cell 

made of thin layers can bring better battery performance in terms of power than the 

thick one. LIBs store energy based on redox reactions within bulk electrode materials, 

and Li-ion moves within the electrode with a diffusion-controlled process. Therefore, 

thin electrodes give a shortened transport path for Li-ion within the electrode that 

enables better kinetics of the ion, resulting in high power. However, the batteries with 

thin electrode layers consist of a high content of inactive materials (e.g., separators, 

current collectors, and packaging) that reduce the energy density in a limited volume. 

In the case of the thick electrode, it can store more energy in the same volume by 

Chapter 4 
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increasing active material loading, but the power density is compromised due to the 

sluggish ion kinetics, and the electrode might be mechanical instability and have 

safety issue caused by more concentrated stress from thermal stress and internal 

resistance. The ideal one is a 3D thick electrode. Incorporating a 3D design, such as an 

ordered arrangement of active materials at the nano/microscale and an interdigitated 

structure at the meso/macroscale, can mitigate the restriction of Li-ion movement 

within the thick electrode thickness. This approach leads to enhanced power and 

energy density. 

 

Figure 4.1: Development of lithium-ion battery electrodes toward 3D thick 

electrodes. 
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In this thesis, a new electrode processing route, employing Fused Filament 

Fabrication (FFF) combined with secondary processing, is utilized to produce 3D 

carbon electrode, which can address inherent challenges present in state-of-the-art 

(SOA) battery electrodes. This chapter examines electrode manufacturing strategies, 

focusing on the production of structured anodes utilizing graphite with low tortuosity, 

mechanical robustness, and complex geometry, and investigates the structural impact 

of these electrodes on battery performance, emphasizing the relationship between 

electrode internal structure and electrochemical performance. 

4.2 Experimental Methods 

4.2.1 Fabrication of Electrode Filament  

Anode feedstock was made using graphite as an active material, which is 

commonly used due to the stable and repeatable lithium intercalation within the 

graphite layers. The artificial graphite powder (Particle distribution: 19.0-23.0ɛm) was 

purchased from MTI corporation. For conductivity and structural stability, the active 

materials (purchased from MTI corporation) and multiwall carbon nanotube 

(MWCNT, 20ï30 nm and 10ï30 ɛm in outer diameter and length of the MWCNT, 

purchased from Cheaptubes) were employed. A high ratio of carbon particles was used 

at a weight ratio of PLA/carbon nanomaterials (70/30), and carbon black 10%, 

MWCNT 20%, and graphite 70% by weight were used as carbon materials. The 

electrode granule fabrication and filament preparation steps were described in Chapter 

2. 
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4.2.2 Fabrication of 3D Graphite Electrode Using Electrode Filament 

The zigzag pattern with a small dimension of 10×10×2 mm was printed out 

using electrode filament. The printing speed was set at 10 mm/s and nozzle size was 

0.4 mm. The top and bottom sides of the printed electrodes were polished using 

sandpaper of different grain sizes (3M; 400 and 3000) to suit electrode thicknesses of 

~0.5 mm and ~1 mm. The printed electrodes were placed on copper foil, which is used 

as a current collector, and attached using the heat of the hot plate (~80 ºC). The 

electrodes with the current collector were carbonized at 600 ºC in nitrogen for 30 

minutes using tube furnace (Fig. 4.2). The heating condition was mentioned in Chapter 

2. 

 

Figure 4.2: Manufacturing process schematic and photo of the single-sided 3D 

graphite electrodes. 

4.2.3 Morphological Characterization 

The internal structure of the structured electrode was characterized by 

conducting SEM, X-ray diffractions (Bruker D8 XRD, 40 kV/40 mA), and Nano 

computed tomography (Rigaku nano3DX Scanner, 40 kV/30 mA). 

To quantitatively analyze the alignment of graphite, the image processing was 

performed though óFijiô software using 3D reconstructed images with a pixel size of 

681 × 597 × 501. The stacked images were segmented through a Gaussian filter of 2 

voxels, threshold operation, and statistical region merging. The plugin ódirectionalityô 
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was used to measure orientation distribution. The graph used in the paper was 

obtained by summing up all the orientation distributions measured from the individual 

images. 

4.2.4 Mechanical and Material Property Characterization 

The printed and carbonized vertically aligned samples with a 1mm thickness 

were tested using Instron 5848 (200lbs load-cell) with a constant compression speed 

of 0.01mm/s at room temperature. The effect of carbonization on graphite powder was 

analyzed XPS and the details were described in Chapter 2. 

4.2.5 Half -cell Assembly 

Coin cell (CR2032) was used for cell cycling, and Li metal was used as a 

reference electrode. A commercial Celgard separator and glass fiber were used as the 

separator in an electrolyte. Glass fiber was used to absorb a sufficient amount of 

electrolyte. For electrolyte, Lithium hexafluorophosphate solution 

(EC/DMC/DEC=1:1:1(v/v/v)), purchased from Sigma-Aldrich, was used. A ring-

shaped supporter (~1 mm thickness) was printed out using polylactic acid (PLA) and 

then put around the electrode to prevent the breakage of the graphite electrode by 

controlling the gap between the coin cell covers. 

4.2.6 Electrochemical Measurement 

Rate cycling tests were performed at different current densities from 0.05C to 

0.5C using a Neware battery tester. Electrochemical impedance spectroscopy (EIS) 

tests were carried out using a Gamry reference 3000. EIS was measured from 1000 

kHz to 10 mHz at a constant amplitude set to 10 mV. All the cells were investigated at 

room temperature. 
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4.3 Working Principle of 3D Graphite Electrode Manufacturing   

This chapter demonstrates the fabrication of a thick structured electrode using 

3D printing, specifically a thick graphite electrode featuring an out-of-plane aligned 

graphite arrangement. The through-thickness multiscale channels and oriented 

graphite flakes reduce lithium-ion path tortuosity for enhanced ion mobility within the 

electrode and increase the availability of preferential intercalation paths within 

graphite flakes, both promoting power-and-energy in thick electrodes. 

The 3D printing strategy for 3D graphite electrodes involves two innovations: 

manipulation particle position at multiple scales and the utilization of 

debinding/carbonization process (Fig. 4.3). In 3D printing step, highly loaded graphite 

extruded, and graphite flakes are oriented along the printing direction with a high-

pressure induced shear flow.75 After the as-printed electrode is made, a debinding 

process is applied to remove polymers.76 The carbonization process can remove 

polymers in the electrode while retaining the as-printed geometry without structural 

collapse. In a small-scale production demonstration, the printing pattern developed for 

out-of-plane electrode architecture is coupled with this manufacturing process to 

realize low tortuous electrode structures.  
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Figure 4.3: Schematic of structured electrode additive manufacturing for 3D graphite 

thick electrode with an out-of-plane aligned architecture. 

4.4 Effect of Filler Content in the Electrode Filament on Structural Stability of 

3D Graphite Electrode 

To create durable 3D electrodes, the effect of the filler amount of the electrode 

filament on printability and structural stability of the 3D graphite electrode was 

investigated. The filler loading varied from 10 wt.% to 30 wt.%. As the filler loading 

increases, the composite feedstock becomes more viscous at the printing temperature 

(~200 °C) but exhibits a shear thinning behavior that can be expressed as the fluidity 

(ø) and the flow exponent (m), with the details of the equation described in Chapter 3 

(Fig. 4.4). To understand the relationship between extrusion force needed and filler 

ratio, we calculated the extrusion force at the nozzle. As the filler percentage increases 

from pure PLA to 30 wt.% filler, the extrusion force at the nozzle increases from 0.49 

N to 1.98 N, 3.06 N, and 3.91 N under the condition described in Chapter 2. Using a 

feedstock with a higher filler ratio puts higher shear stress on the material during 

printing and aligns the CNTs and graphite flakes in the PLA stream.  
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Figure 4.4: Viscosity comparison of graphite filament according to the filler ratio. 

Furthermore, the volume change is highly dependent on the filler ratio in the 

electrode feedstock. As the filler amount decreases, the volumetric shrinkage increases, 

and the structure collapses when the filler percentage decreases to 10 wt.% (Fig. 4.5). 

The higher the filler content ratio, the higher the possibility of entanglement between 

the fillers, so that the shape change after sintering can be prevented. 

 

Figure 4.5: Comparison photo of dimension change of 3D printed samples before 

and after polymer removal according to the filler ratio. 
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In accordance with findings from prior studies on the effect of filler amount to 

structural stability, a 30 wt.% filler ratio was chosen for the 3D graphite electrode. 

With 30wt. % filament, the air thermal stability of 3DBenchy samples made by 

electrode feedstocks (black) and pure PLA (white) was further examined (Fig. 4.6). 

The black 3DBenchy sample structure did not change as the polymer within the 

structure decomposes with increasing temperature. By contrast, the white 3DBenchy 

structure melted and collapsed. 

 

Figure 4.6: Comparison photo of air thermal stability of 3DBenchy samples made 

with electrode feedstocks (black) and pure PLA (white). 

4.5 3D Graphite Fabrication and Morphological Characterization 

A thick electrode with a thickness of approximately 2 mm is successfully 

printed, featuring closely packed columns, and exhibiting no structural defects such as 

warping, delamination, or layer shifting (Fig. 4.7). Through the carbonization process, 

as-printed electrode undergoes transformation into a 3D graphite electrode as the 

polymer components are removed. As a result, free-standing 3D graphite electrodes 

made with graphite and carbon additives (7:3 by weight) are obtained. The 3D 

graphite electrode, made with 30wt.% fillers, was well retained with small shrinkage 

after being carbonized without collapsing, cracking, as well as damaging the active 
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material (i.e., graphite). Further discussion on this topic will be provided in the 

subsequent sections. 

 

Figure 4.7: Photo of 3D printing 3D graphite electrode with a dense and aligned 

structure according to the printing direction. 

Fig. 4.8 shows the Scanning Electron Microscope (SEM) images of 3D 

graphite electrode in the top and cross-section view. These images reveal the presence 

of channels created between printed columns at the micro/meso-scale, as well as 

between the aligned graphite flakes at the nanoscale. The multiscale channels will 

provide a short pathway from the top to the bottom of the electrode for the liquid 

electrolyte and lithium ions. 
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Figure 4.8: Scanning electron microscopy (SEM) image of 3D graphite electrode. 

Furthermore, X-ray diffraction (XRD) and nano-computed tomography (nano-

CT) also confirmed graphite alignment in the electrode. Tracking the intensity of the 

(002) Bragg peak corresponding to the graphite basal plane suggests an out-of-plane 

alignment of the graphite flakes in an electrode. The electrode with out-of-plane 

aligned graphite flakes exhibited a weak (002) Bragg peak, but the reference electrode 

with in-plane aligned graphite flakes was found to have an intense peak (Fig. 4.9). The 

weaker (002) peak intensity confirms the alignment of graphite flakes in the out-of-

plane direction within the electrode.  
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Figure 4.9: XRD of the 3D graphite electrode in different directions (out-of-plane 

and in-plane alignment). The star symbols in the graph represent the 

existence of carbon additives. 

Fig. 4.10 shows 3D reconstructed images of the internal electrodes by Nano-

Computed Tomography (Nano-CT). The out-of-plane alignment of graphite flakes 

was noticeable in the 3D graphite electrode. The majority of mesoscale channels, with 

an average distance of approximately 180 ɛm, were identified between the printed 

layers, consistent with the cross-sectional views depicted in the SEM images. 

Microchannels within a range of 23.1 to 76.9 ɛm were also observed between the 

printed columns. In contrast, flakes were randomly distributed slightly horizontally in 

the slurry-casted electrode without creating channels for ions.  
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Figure 4.10: Nano-CT images of the 3D graphite electrode and the slurry-casted 

electrode. 

The orientation degree of the graphite particles was quantified based on the 3D 

reconstructed images (Fig. 4.11). In the slurry-casted electrode, the flake alignment is 

approximately -10° in the horizontal direction, whereas most flakes are oriented at 90° 

to the horizontal plane in the 3D graphite electrode, indicating approximately 58% of 

the graphite aligned within the range of 90° ± 40° direction.  
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Figure 4.11: Orientation distribution as a function of the elevation angle for the 3D 

graphite and the slurry-casted electrodes. The angle is calculated relative 

to the x-y plane. 

4.6 Mechanical Properties of 3D Graphite Electrode 

In Fig. 4.12, these 3D graphite electrodes (size 7×7×1 mm) have a compressive 

strength of 0.84 MPa and modulus of 5 MPa, higher than other reported 3D printed 

electrodes and structures for electronic components (e.g., ink-based electrodes made 

with graphene77ï81). The improved structural robustness might come from the densely 

packed and interconnected filler  structure. 



 58 

 

Figure 4.12: Comparison of compressive strength and modulus of 3D graphite 

electrodes with other reported 3D printed electrodes. 

4.7 Effect of the Structure on the Electrochemical Performances 

The effects of multiscale channels on the electrode electrochemical 

performance were tested in a half-cell configuration. Rate capabilities at different 

current densities were tested to show the enhanced transport of Li ions compared to 

the slurry-casted electrode. 3D graphite electrodes with different thicknesses (0.5 mm 

and 1mm) were prepared with areal loading of 19.5 mg/cm2 and 46.6 mg/cm2, 

respectively. The slurry-casted graphite electrode with 1 mm thickness was prepared 

as a reference electrode with areal loading of 38.8 mg/cm2. The charge-discharge 

profiles at different currents of the 3D graphite are shown in Fig. 4.13. The 3D 

graphite electrode with 0.5 mm delivered the highest specific capacity of 442.0, 165.4, 

and 82.6 mAh/g, corresponding to areal capacity of 7.3, 2.7, and 1.4 mAh/cm2 at 0.61, 

3.05, and 6.12 mA/cm2 (0.1, 0.5, and 1C). While the 3D graphite electrode with 1 mm 
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showed a slightly lower specific capacity of 393.8, 148.7, and 77.3 mAh/g, the areal 

capacity was enhanced due to its greater thickness and aligned internal structure, 

resulting in 18.4, 6.9, and 3.6 mAh/cm2 at 0.1, 0.5, and 1C (17.37 mA/cm2). Specific 

capacities higher than the theoretical specific capacity (372 mAh/g) have often been 

observed in graphite flakes or graphite with enlarged interlayer distances at lower 

rates.82,83 

 

Figure 4.13: Rate charge and charge-discharge profiles of 3D graphite electrodes with 

0.5- and 1-mm thickness. 

By contrast, slurry-casted electrode with 1 mm delivered a much lower 

capacity of 292.8, 52.3, and 25.5 mAh/g at 0.1, 0.5, and 1C, corresponding to areal 

capacity of 11.4, 2.0, and 1 mAh/cm2 at 0.1.44, 7.22, and 14.47 mA/cm2 (0.1, 0.5, and 

1C), due to sluggish ion movement (Fig.4.14). The charge and discharge graph 

illustrate that slurry-cased electrodes exhibit higher voltage hysteresis compared to 3D 

graphite electrodes. 3D graphite electrodes displayed voltage hysteresis of 0.055, 
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0.182, and 0.397 V, while slurry-based electrodes showed 0.134, 0.259, and 0.539 V 

at 0.1, 0.5, and 1C, respectively. 

 

Figure 4.14: Rate charge and charge-discharge profiles of slurry-casted electrodes 

with 1 mm thickness. 

As the current increased, the gap between the overpotentials of the 3D graphite 

electrode and the slurry-casted electrode increased, more than doubling at 1C (Fig. 

4.15). The overpotential was calculated based on a potential difference between the 

potential plateau at 0.1C and the corresponding potential plateau at each elevated rate 

(0.2, 0.5, and 1C).  
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Figure 4.15: Overpotentials of the 3D graphite and the slurry-casted electrodes at 

different current densities. 

The improved electrochemical performance of the 3D graphite sample was 

also observed in the electrochemical impedance spectroscopy (EIS) tests (Fig.4.16). 

Symmetric cells were used for detailed analysis of the internal resistance by 

decoupling ionic transport inside pores and charge transfer. The Nyquist plot of both 

electrodes consists of three parts: a deformed semicircle, a 45° slop line, and a steep 

slope, representing porous electrodes. To analyze the resistance of the porous 

electrode, a transmission line model (TLM) was applied as a simulation model. A 

deformed semicircle and a 45° slop line correspond to the resistance for a stepwise 

flux of ions at the interface between electrode and electrolyte and the ionic transport, 

respectively.84 The ionic transport resistance can be measured by projecting a 45° slop 

to the Zre axis, which is 1/3 of the ionic transport resistance according to TLM theory 

for cylindrical pores.85 The 3D graphite electrode has an ion transport resistance (Rion) 
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of 21.21 ɋ, much lower than the slurry-cast electrode (199.5 ɋ), indicating faster ion 

transport within the electrode.  

 

Figure 4.16: Nyquist plots of the 3D graphite and slurry-cased electrodes measured 

with symmetric cells along with zoomed in Nyquist plot of each 

electrode. Rion means ionic transport resistance. 

Additionally, in a half cell, displayed a lower charge-transfer resistance of 

approximately 41 ohms compared to the reference electrode, which had a resistance of 

around 85 ohms, which corresponds to the semicircle in the Nyquist plot (Fig. 4.17).  
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Figure 4.17: Nyquist plots of the 3D graphite and slurry-cased electrodes measured 

with half cells. 

Lastly, the cycling performance of 3D graphite electrode was measured at 0.1 

and 0.2C (~1 and ~2 mA/cm2, respectively) (Fig. 4.18). After 50 cycles, the capacity 

of the 3D graphite electrode decreased from 390 to 337 mAh/g and from 287 to 193 

mAh/g with capacity retentions of 86.4% and 67.2%, respectively. The capacity decay 

of the half-cell 3D graphite battery over 50 cycles may primarily be attributed to the 

corrosion of a lithium counter electrode utilized in the test.  
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Figure 4.18: Cycling stability of 3D graphite electrodes under 0.1 (red) and 0.2C 

(blue). 

Additionally, our 3D graphite electrode rate performance was compared with 

reported thick electrodes either produced by 3D printing53,59,62,77,86 or the graphite 

alignment methods82,87 (Fig. 4.19). Results demonstrate that this 3D printing 

processing can produce high electrode material loading and achieve the highest 

capacity due to the densely aligned graphite flakes and multiscale low tortuosity. 
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Figure 4.19: Comparison of the 3D graphite electrode and previously reported thick 

electrodes in the aspect to a specific capacity. 

4.8 Potential and Conclusion 

A scaled-up production process is proposed in Fig. 4.20 to fabricate structured 

electrodes with multiscale out-of-plane alignment in large volume. Initially, a printer 

deposits the electrode composite horizontally. Subsequently, a cut and stack strategy is 

employed to create a double-sided electrode, wherein pieces of electrodes are obtained 

by cutting the electrode composite to a specific thickness. These pieces are then 

laminated onto metal foil and subjected to hot-pressing to remove the polymer. This 

strategy can produce multi-scale structural features in a fast and simple way. 
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Figure 4.20: Schematic of a scale-up structured electrode production process using 

filament extrusion 3D printing system. 

3D printing creates multiscale alignments of anisotropic electrode materials to 

achieve high-energy and high-power electrodes. The 3D printing and the 

debinding/sintering process enable flexible electrode design with rapid speed. In 

combination with an optimized printing path, we have successfully fabricated 3D thick 

graphite electrodes with low tortuosity and high mechanical robustness. The electrodes 

are aligned across multiple length scales in the through-thickness direction, providing 

the shortest path for ion transport and significantly improving areal and specific 

capacity at a high current rate (~200% and ~260% improvement in specific and areal 

capacity at 1C, respectively, compared to the slurry-casted electrode). We expect 

further broadening of this 3D printing route in the development of high-volume, large-

area electrodes for practical energy storage applications. 
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ELECTRODE FILAMENT PRINTING FOR CF STRUCTURED 

ELECTRODES  

5.1 Introduction  

Applying the electrode fabrication mechanism detailed in Chapter 4, a thick 

and vertically aligned carbon fiber (CF) frame embedded with Lithium Iron Phosphate 

(LFP) is fabricated for lithium-ion battery electrodes with low tortuosity, improved 

mechanical stability, and enhanced electrochemical performances (Fig. 5.1). To 

achieve high areal capacity, we adjusted the filler loading to as high as 55 wt.% (42 

wt.% of LFP and 13 wt.% of carbon additives) within the electrode filament and 

printed thick 3D electrodes with a strategic alignment of anisotropic materials in the 

direction of electrode thickness. Such CF alignment can serve to enhance the structural 

stability of the electrode and increase the utilization of active materials within the 

thick electrode. 

 

Figure 5.1: Manufacturing process schematic from electrode filament fabrication and 

3D printing to 3D CF electrode. 

Chapter 5 
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5.2 Experimental Methods 

5.2.1 3D Electrode Fabrication  

A CF 3D electrode feedstock was made with the filament containing 

PLA/LFP/CF/CNT/CB composition in 45/42/10/1/2 ratios. After the carbonization 

process, the CF 3D cathode has 76.4 wt.% LFP within the structures. The following 

procedure from filament fabrication, 3D printing, and carbonization was mentioned in 

Chapter 2. Slurry-cased electrode was made by mixing Lithium iron phosphate 

(LFP)/polyvinylidene fluoride (PVDF)/CB with 8/1/1 ratios into N-methylpyrrolidone 

(NMP) solution, forming a thin film that was subsequently dried overnight. 

5.2.2 Material and Morphological Characterization 

The equipment used for the characterization of electrodes, along with specific 

details such as measurement conditions, is described in Chapter 2.  

5.2.3 Half -cell Assembly and Electrochemical Measurement 

The half cells of the 3D CF electrodes were assembled with Swagelok cells 

using a commercial Celgard separator. The measurement condition is described in 

Chapter 2, and all cell investigations were carried out at room temperature. 

5.3 Morphological Comparison of 3D CF and Slurry-casted Electrodes 

Compared to Chapter 4, this chapter delves deeper into characterizing the 

distribution of consistent materials according to the manufacturing methods employed. 

Initially , as reference samples, particle distributions of thin slurry-casted electrodes 

were characterized using Scanning Electron Microscope (SEM) analysis (Fig. 5.2). In 

the cross-section of the electrodes, particle and binder separation was observed due to 

binder migration, which refers to the accumulation of binder on the top surface of the 
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electrode. The movement of the binder during the drying process can be reduced by 

regulating the temperature and duration of drying, but in this experiment, the 

electrodes were dried at 80 °C for overnight, which was considered the appropriate 

temperature for achieving a more even distribution of the binder.88 Nevertheless, 

binder separation was observed at some parts and caused detachment of the electrode 

from the current collector substrate, leading to the low electronic transport at this 

interface. This electrode isolation effect on the electrochemical properties will be 

further studied in Section 5.4. 

 

Figure 5.2: Scanning Electron Microscope (SEM) images of cross-section of the 

slurry-casted electrode. 

In contrast to the slurry-casted electrode, the 3D CF electrode exhibited a more 

uniform distribution of particles throughout the thickness of the electrode, as 

evidenced in SEM/EDS images (Fig. 5.3 and 5.4). The electrode is characterized by 

the presence of nano/microchannels formed primarily created near the fibers with 
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vertically oriented carbon fibers within the 3D structure that can enhance ion diffusion 

and mechanical properties in the aligned direction.  

 

Figure 5.3: SEM/EDS images of cross-section of the 3D CF electrode. 

 

Figure 5.4: Zoomed in SEM images of cross-section of the 3D CF electrode. 

On the top surface of the electrodes, carbon particle agglomeration was 

observed in the slurry-casted electrode, contrasting with the 3D CF electrode. This 

agglomeration has the potential to induce non-uniform electrical conductivity in LFP 

particles, thereby impacting the activation of the active materials (Fig. 5.5). 
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Figure 5.5: Comparison of surface SEM images of the slurry-casted and 3D CF 

electrode. 

The vertically oriented fiber framework within the thickness of the electrode 

led to enhanced mechanical stability in the out-of-plane direction (compressive 

modulus of 13.2 MPa and a strength of 3.2 MPa. 

5.4 Structure and Electrochemical Performance Relationships 

The conductive carbon framework with multiple channels contributes to the 

improved electrochemical performance, which was evaluated through testing on 

5×5×1.05 mm printed electrodes within half-cells. In the electrochemical impedance 

spectroscopy (EIS) tests, the 3D CF electrode displayed a substantially reduced charge 

transfer resistance, ~155.4 ohms, which can be attributed to the favorable ion and 

electron transport pathways (Fig. 5.6).89 In comparison, the 2D reference electrode, 

with a thickness of around 0.2 mm, exhibited a higher charge transfer resistance of 

~261.2 ohms. 
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Figure 5.6: Comparison of charge transfer resistance between 3D CF and slurry-

cased electrodes in half-cells. 

Moreover, the aligned and porous structure within the printed electrode 

facilitated efficient lithium-ion transportation, resulting in ~66 times higher ion 

transport rates (~1.72×10-10 cm2/s) compared to the slurry-casted electrode (~2.61×10-

12 cm2/s). Lithium-ion diffusion coefýcient, DLi
+, is calculated based on the following 

Equation 5.1 and 2: 

Ὀ
 

                                                  (5.1) 

ὤ Ὑ Ὑ „‫ Ⱦ                                           (5.2) 

in which R is the gas constant, T is the absolute temperature, A is the surface area of 

the electrode, n is the number of electrons in the reaction, F is the Faraday constant, 

and C is the concentration of lithium-ion, „  is the Warburg coefficient, ὤ is the real 

part of the Nyquist plot, ɤ is the angular frequency. The parameters are summarized in 

Table 5.1.  
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Table 5.1. Parameters for a coefficient of ion diffusion. 

R (J/mol K) 8.3145 

T (K) 298.15 

A (cm2) 1 

n (the electronic transport ratio 

during the redox process) 1 

F (J/mol) 96485 

C (mol/cm3) 0.001 

„  (ohm/S1/2) 

72.215 (for 3D printed electrode) 

116.49 (for slurry-cased electrode) 

The enhanced ion transport facilitates an increase in charge performance, 

especially at high current densities during the rate cycling test (Fig. 5.7a and b). The 

3D CF electrode (areal loading: 67.86 g/cm2) delivered specific capacities of 149.8, 

128.5, 81.3, and 39.3 mAh/g, corresponding to areal capacity of 9.9, 8.5, 5.4, and 2.6 

mAh/cm2 at 1.1, 5.6, 11.3, and 22.5 mA/cm2 (0.1, 0.5, 1, and 2C), respectively. On the 

other hand, the thin slurry-casted electrode exhibited a much lower capacity of 117.2, 

108.5, 74.1, and 9.4 mAh/g at 0.28, 1.4, 2.8 and 5.6 mA/cm2 (0.1, 0.5, 1, and 2C), 

respectively. The low overpotentials of the 3D electrodes were also observed, 

contrasting with slurry-casted electrodes, across the entire range of current densities 

(Fig. 5.7c). The improved electrochemical properties, along with enhanced mechanical 

stability, resulted in stable battery performance during long-cycle stability tests, 

delivering ~135 mAh/g, ~8.92 mAh/cm2 at 0.2C over 40 cycles with 97.74% 

Coulombic efficiency (Fig. 5.7d).  
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Figure 5.7: Rate cycling performance and charge/discharge curves of 3D CF (a) and 

slurry-casted electrodes (b) at different current densities. (c) 

Overpotentials of the 3D CF electrode and slurry-casted electrodes at 

different current densities. (d) Cycling stability of 3D CF electrodes 

under 0.2C. 

The rate cycling performance of the 3D CF electrodes was compared with 

reported thick electrodes fabricated using various methods, including 3D printing and 

emerging techniques for thick electrode production (Fig. 5.8).48,61,77,86,90ï92 The aligned 

and conductive CF frame coupled with high-loaded active materials, contributes to the 

enhancement of battery performance when using the 3D CF electrodes. 
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Figure 5.8: Comparison of areal capacities between 3D CF electrodes and previously 

reported thick electrodes. 

5.5 Potential and Conclusions 

While some earlier studies have explored the use of fiber-aligned frameworks 

in batteries using chemical vapor deposition93 and commercial fibers49, there have 

been limitations in electrode design flexibility and scalability. On the other hand, 3D 

printing combined with carbonization method enables the fabrication of electrodes 

with multiscale features, encompassing not only macro/mesoscale considerations for 

design and size but also micro/nanoscale attributes related to particle distribution and 

arrangement. Compared to thin slurry-casted electrodes, 3D CF electrodes deliver over 

13 times higher specific capacity (~128.5 mAh/g) at the same areal current density 

(5.6 mA/cm2). Overall, the results demonstrate the successful fabrication of high-
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performance carbon electrodes using 3D printing, showcasing the potential of this 

approach for advancing LIBs. 
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HIGH -LOADED ELECTRODE FILAMENT PRINTING FOR STRUCTURAL 

ELECTRODES 

6.1 Introduction  

In Chapter 6, leveraging the design flexibility afforded by 3D printing, an 

interdigitated design of the electrode (i.e., honeycomb-shaped cathodes and pillar-

shaped anodes) is fabricated that allow lithium ions to move laterally and diffuse 

efficiently between the cathode and anode. Concurrently, design advancements 

include the utilization of a high-loaded electrode filament containing approximately 65 

wt.% fillers, incorporating a plasticizer to maximize active material loading and 

generate structural electrodes with enhanced mechanical properties through a 

combination of 3D printing and post-processing techniques (Fig. 6.1). The honeycomb 

structure efficiently transfers load within the cell walls, and the formation of a carbon 

layer during carbonization plays a pivotal role in synergistically integrating 

components with aligned anisotropic nanomaterials. This integration further enhances 

the overall structural stability of the electrodes. 

Chapter 6 
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Figure 6.1: Schematic representation of 3D printed structural electrodes using high-

loaded filaments. 

6.2 Experimental Methods 

6.2.1 Preparation of Electrode Filaments and Structural Electrode Fabrication 

The polyethylene glycol dimethyl ether 500 (PEGDE 500) was purchased from 

Sigma-Aldrich. The multiwall carbon nanotube (MWCNT, 10ï30 ɛm in length of the 

MWCNT) was purchased from Cheaptubes, and the active carbon powder (CB), 

lithium iron phosphate powder (Particle size; D50: 3.5 Ñ 1.0 ɛm), and artificial 

graphite powder (Particle distribution: 19.0-23.0 ɛm) were purchased from MTI 

corporation. We made a slurry by dissolving PLA polymer into dichloromethane 

(DCM). Once the PLA was fully melted, the plasticizer was mixed with a 5wt.% to 

PLA for 30 minutes. And then, the fillers, including active materials, were added and 

mixed overnight. The weight ratio of components for electrodes is 
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33.3/1.7/56.6/2.8/5.6 (PLA/PEGDE/active materials/MWCNT/CB). The dried 

composite was cut into small pieces, and the filament with ~1.7 mm diameter was 

extruded at 165 °C using the electrode filament through a single extruder. Following 

3D printing and post-processing are described in Chapter 2. 

6.2.2 Thermal and Mechanical Analysis of Materials 

The threshold temperature of the electrode feedstocks was measured by 

thermogravimetric analysis (TGA, Discovery TGA). The test was conducted in 

nitrogen with a constant ramp rate of 10 °C/min. The effect of the plasticizer on the 

composite feedstocks was measured by differential scanning calorimetry (DSC, 

Discovery DSC). The samples were heated at a constant ramp rate of 10 °C/min, and 

the data were extracted in the first cycle. 

Rheology and chemical analysis of materials: The rheology properties of the 

electrode feedstocks were measured at 190 °C using a rheometer (Discovery HR-1). 

The decomposition of the PLA polymer was characterized by X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific K-Alpha).  

Morphological characterizations of materials: The morphologies of the 

nanoparticles and carbon coating layer inside the printed structural electrodes were 

characterized by the scanning electron microscope (SEM, SEM/FIB Auriga 60 Cross 

Beam) and transmission electron microscopy (TEM, FEI Talos F200C). The internal 

structure of the printed samples was characterized using high resolution computed 

tomography (CT) scanner (Nano-CT, Rigaku nano3DX). 

The tensile properties of the electrode filaments were tested by a dynamic 

mechanical analysis (DMA, Q800) with a constant strain rate of 2 %/min at room 

temperature (25 °C). Samples about 0.3 mm thick were fabricated by film casting 
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using a composite slurry. The compressive properties of the printed electrodes and 

samples were tested by a mechanical testing machine (500N load-cell, Instron 5848) 

with a constant compression speed of 0.01mm/s. The compression samples are 

prepared with 2.7 mm cells with 1.1 mm wall thickness on an 11 mm circular plate. 

Young's modulus is determined in compression tests by calculating the slope within a 

0.2 offset region. The strength is determined by identifying the cracking point. The top 

area of the honeycomb cells was used for mechanical property calculations. 

6.2.3 Electrochemical Measurement 

Each electrode was printed on an 11 mm circular plate with a designed pattern. 

The half and full cells of the printed electrodes were assembled with Swagelok cells 

using a commercial Celgard separator. For electrolyte, Lithium hexafluorophosphate 

solution (EC/DMC/DEC=1:1:1(v/v/v)), purchased from Sigma-Aldrich, was used. The 

detailed sample preparation procedure is described in Fig. 6.2. For full cells, the 

Celgard separator was pre-deformed using the as-printed electrodes to provide a 3D 

shape fit to the electrode (Fig. 6.3). The rate cycling tests were performed at different 

current densities from 0.05C to 0.5C. The areal capacity was calculated by capacity 

(mAh) / volume (cm3) × thickness (cm). 
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Figure 6.2: Sample preparation and Swagelok cell assembly for electrochemical 

tests. 

 

Figure 6.3: Design of a pre-deformed 3D separator using a commercial Celgard 

separator 

6.3 High-loaded Electrode Filament Fabrication and Characterization 

A high-loaded filament is produced by incorporating a plasticizer, which 

enhances the printability of the high-loaded electrode filaments by inserting itself 

between the crystalline polymer chains and increasing the spacing between them. 
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Typically, higher filler loading in the electrode filament results in brittleness and 

breakage during the printing process. However, the addition of plasticizers softens the 

polylactic acid (PLA) by weakening the intermolecular forces of the PLA chains, 

allowing for the creation of highly loaded filaments that maintain better printability.94 

Among a variety of plasticizers, including acetyl tributyl citrate (ATBC), 

polycarbonate (PC), and high molecular weight polyethylene glycol (PEG) based 

polymers, polyethylene glycol diglycidyl ether (PEGDE-500) is selected since other 

plasticizers show phase separation from PLA polymer or evaporation under 

atmospheric conditions.62 We made electrode feedstocks with ~65 wt.% of fillers (i.e., 

active materials, carbon black (CB), and multi-walled carbon nanotube (MWCNT)) by 

optimizing the amount of the plasticizer to the polymer. In this work, lithium iron 

phosphate (LFP) and graphite were used as active materials for the cathode and anode, 

respectively.  

Electrode feedstocks were studied by varying the amount of the plasticizer (0, 

5, 10 wt.%) relative to the PLA amount. The loading of the fillers was confirmed by 

thermogravimetric analysis (TGA) (Fig. 6.4a). TGA results indicate that the critical 

temperature for removing most of the polymer from the electrode is around 400 °C, 

leaving ~65 wt.% active materials/carbon fillers. Especially in the filament for anodes, 

as the amount of plasticizer increases, the degradation of the polymer begins faster, 

indicating the weak intermolecular force between the PLA chains (Fig. 6.4b). The 

electrode feedstocks with larger graphite particles than the LFP may result in a 

reduced interface between polymer and fillers, clearly showing the plasticizer's effect 

on the polymer.  
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Figure 6.4: Thermogravimetric analysis (TGA) of the cathode (a) and anode (b) 

feedstocks by varying the amount of plasticizer (0, 5, 10 wt.%) relative to 

the amount of PLA.  

Fig. 6.5a exhibits the detailed thermal behavior of the cathode feedstocks as a 

function of the amount of the PEGDE. As the amount of plasticizer increased, an 

exothermic crystallization peak (between 90 and 100 °C) became evident because of 

improved crystallinity caused by enhanced chain mobility95,96, not seen in the 0 wt.% 

PEGDE feedstocks. The rheological properties of the feedstocks were also studied 

(Fig. 6.5b and c). The tendency was observed that the viscosity slightly decreases 

when the amount of plasticizer PEGDE is increased, which can be attributed to weak 

intermolecular forces between molecules. Though pure PLA and electrode feedstocks 

have shear-thinning behavior that facilitates 3D printing, the large amounts of fillers 

increase the viscosity (68~83 and 44~59 MPa.s at 0.1 rad/s for cathode and anode, 

respectively) at the printing temperature (190 °C) compared to the pure PLA (~970 

Pa.s), which means more extruding force should be applied to extrude the molten 

electrode feedstocks. Therefore, the electrode filaments made from electrode 



 84 

feedstocks should have appropriate stiffness and flexibility to withstand the high 

pressure exerted by the rollers during 3D printing to allow extrusion.  

 

Figure 6.5: Comparison of physical and rheological properties of the cathode and 

anode feedstocks by varying the amount of plasticizer (0, 5, 10 wt.%) 

relative to the amount of PLA: differential scanning calorimetry of 

cathode feedstock (a) and complex viscosity (b and c) of the cathode and 

anode feedstocks, respectively. 

With the electrode feedstocks, continuous electrode filaments with a diameter 

of ~1.7 mm were fabricated (Fig. 6.6a). When the feedstocks contained more than 

15% plasticizer by weight, the resulting filaments became excessively soft and prone 

to warping under gravity (Fig. 6.6b). For the fabrication of honeycomb-shaped 

cathodes, electrode filaments with PEGDE content ranging from 0 to 10 wt.% were 

used. Among these, only the filaments with 5 wt.% PEGDE were successful in the 

printing process. The filaments with 0 wt.% and 10 wt.% PEGDE broke and buckled, 

respectively, when subjected to pressure from the extruding rollers (Fig.6.6c). 
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Figure 6.6: (a) A picture of the high-loaded electrode filament using 5 wt.% PEGDE. 

(b) A picture of electrode filaments using 15 wt.% of PEGDE. (c) The 

schematic showing printability of cathode filaments according to the 

plasticizer amount. 

6.4 Mechanical Properties of Electrode Filaments 

In order to characterize the printability of the electrode filament according to 

the plasticizer ratio, the relative flexible property of the electrode filaments was 

evaluated by subjecting them to bending and measuring the difference in length before 

fracture (Fig. 6.7). As expected, filaments with increased amounts of PEGDE exhibit 

good bendability.  

 

Figure 6.7: A picture of the bending ability of the cathode filaments. 
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Furthermore, the mechanical properties of the electrode filaments were 

evaluated through tensile mechanical tests. Fig. 6.8a and b show Youngôs modulus, 

ultimate strength, and elongation at the break of pure PLA and cathode filaments. The 

results support the need for plasticizers as the high-loaded fillers in the electrode 

filaments make them more brittle than pure PLA (Youngôs modulus: 3500 MPa, 

tensile strength: 59 MPa, and elongation at break: 7%).97 It is noted that with 

increasing PEGDE, Young's modulus and strength decrease from 317.9 MPa and 6.1 

MPa to 77.5 MPa and 12.1 MPa, respectively, and elongation increases from 0.3 to 

0.9, which is consistent with the behavior of the plasticizer. Young's modulus and 

yield strength were plotted to compare the flexibility of the filaments based on the 

plasticizer ratio (Fig. 6.8c). Flexible materials mean that they are compliant and 

strong.98 The electrode filaments, containing 10 and 5 wt. % plasticizer, are more 

compliant compared to those with 0 wt.% plasticizer. Similar trends were observed in 

the anode filaments, as seen in the effects of the plasticizer on the cathode filaments 

(Fig. 6.8d-f). The characterization of relative bendability and mechanical properties 

provides insights into the printability of the electrode filaments, where the filaments 

with 0 wt.% PEGDE were too brittle and those with 10 wt.% PEGDE were too 

flexible for printing. 
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Figure 6.8: Tensile properties of the cathode (a-c) and anode filaments (d-f): 

Youngôs modulus, ultimate strength (a and d), and elongation at break (b 

and e). (c and f) The flexibility of the electrode filaments. 

6.5 3D Printing and Secondary Processing 

Fig. 6.9 displays the 3D printing and post-processing of the structural electrode 

using the high-loaded electrode filaments. After printing structural electrodes, a 

debinding/carbonization process removes the polymer from the electrodes with nearly 

98% shape retention for the cathode. 

 

Figure 6.9: Structural electrode manufacturing process from 3D printing to 

debinding/carbonization process. 






























































