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Chapter 1 

 

Introduction 

 

1.1 Motivation 

In response to ever-increasing demand for electrical power, it will be necessary to increase grid 

storage capacity more than 62% by 2050.1, 2 While energy storage demand and utilization has 

enabled many of the technological advancements our culture enjoys today, it has also been 

accompanied by increasing environmental concern.3, 4 Along with society’s heightened 

dependence on on-demand power, there has been a surge in the concentration of atmospheric 

carbon dioxide (CO2) emissions. Since the 1950s, there has been an exponential increase in CO2 

emissions in billions of metric tons, which is steadily on the rise (Figure 1.1). While there are 

strong initiatives set forth to keep the average rise in global temperatures below 2˚C, at the current 

rate of increasing CO2 emissions, > 1.5%/year, carbon negative technologies are needed to solve 

this problem. With over $300 billion invested in clean energy over the last year, global energy 

growth is outpacing decarbonization. 

One promising form of clean energy is the rechargeable lithium-ion battery (LIB).5 From 

handheld electronics to grid size solutions, the developmental trend of battery technology has 

mainly focused on reduction of cost and improved energy storage capability. Significant advances 

have been made to increase the energy and power density while enhancing battery lifetime and 

safety.6-11 Nonetheless, it is still critical to improve battery development to meet the demands for 

more energy storage capacity. While energy generation from rechargeable batteries in the form of 

electrochemical energy is more efficient than that sourced from fossil fuels, unfortunately, LIB 
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materials and manufacturing methods have a large carbon footprint.12 Consequently, the demand 

for more batteries also poses the risk of increasing carbon dioxide emissions. As a result, there is 

a growing need for sustainable battery development to mitigate CO2 emissions while 

simultaneously designing technologies to enable higher energy densities, faster charging rates, and 

multifunctional architectures for next-generation energy storage systems. 

 
Figure 1.1 Increased energy storage demand and projected increase in installed capacity (left) 
from Bloomberg New Energy Finance 2019 and increased CO2 emissions (right) from Oak 
Ridge National Laboratory Carbon Dioxide Information Analysis Center. 

 

1.2 Challenges for Battery Development 

Conventional LIB technology consists of two electrodes; a graphite anode and layered oxide 

cathode, parted by an electronically insulating but ionically conductive separator, in a lithium 

containing salt electrolyte that enables lithium ion (Li-ion) transfer from one side of the battery to 

the other (Figure 1.2). On charge, current is applied, and Li-ions move from the cathode host, 

through the electrolyte, and intercalate between the graphite layers of the anode. When the battery 

is discharged, the Li-ions move through the electrolyte back to the cathode host. 
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There are many components and processes that go into LIB fabrication, and many of these 

materials and methods have a large carbon footprint such as, 1) mining of transition metals for 

current collectors and cathode materials,13 2) cobalt containing cathode materials,14 3) electrolyte 

and battery recyclability,15 4) heat and energy required for synthesis of battery materials,16 and 5) 

overall manufacturing of battery packs for portable electronics and grid scale storage.17 

 

 

 

 

 

 

 

 

 

 
Figure 1.2 Schematic of lithium-ion battery with a graphite anode, layered oxide cathode 
separated by a separator in a lithium-salt electrolyte. Figure modified from Moyer et al.18 

 

Transition metals such as copper and aluminum, are commonly used as anode and cathode 

current collectors. Oftentimes, it can be challenging to find new metal deposits, and once these 

metals are located in the Earth’s crust, either brute force via machinery or in situ leaching are 

employed which either emit greenhouse gases or leach hazardous acid into the ground. In addition 

to toxic lithium, cobalt has been a key component of LIB cathodes since the commercialization of 

the LIB in the 1970s. Unfortunately, lithium and cobalt are both toxic and unstable and mining 
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these metals puts people at serious risk, especially since these lithium and cobalt miners are 

typically children who dig by hand to collect the deadly materials, posing serious violations to 

human rights. These processes associated with collecting materials to make LIB significantly 

contribute to the overall carbon footprint of battery manufacturing. 

Despite the risks associated with some LIB components, once all these materials have been 

acquired, they are used to make various LIB battery packs for applications ranging from portable 

electronics to grid-level design. LIB electrodes are traditionally fabricated via slot-die casting in 

which battery active materials are mixed and then coated onto metal foil current collectors, 

calendared to a specific thickness, notch tilled, cut, and finally assembled into the cell architecture. 

Considering all these steps and materials, to make a single 24kWh battery pack, layered oxide 

cathode materials, carbonaceous anode materials and polymer binders and conductive additives 

require ~30 GJ of energy to be produced and manufactured into electrodes,19 which is about 10 

times the energy needed to power the average family household for a month.  

Along with the heat and energy required to synthesize battery materials and assemblies, 

ecotoxicity contributes to the overall carbon footprint. Battery recycling is a viable way to decrease 

the overall carbon footprint of the LIB, however, battery recyclability is currently a serious issue 

that exposes society to potentially toxic materials.20 When spent LIBs become waste, there are not 

strict disposal guidelines so metals such as lead, chromium, thallium, cobalt, copper, and nickel 

have been shown to leach out and contaminate water sources. Considering the toxicity associated 

with and energy required to make a LIB, the conventional LIB today has a significant carbon 

footprint which needs to be reduced for next-generation technologies to mitigate the concentration 

of CO2 in the atmosphere. 
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1.3 Solution with Nanoengineering 

With advances in nanotechnology, there are promising solutions to help offset the carbon 

footprint of LIB production while also increasing performance, driving towards goals of higher 

energy density and longer cycle life. Among countless different types of nanomaterials, carbon 

nanotubes (CNTs), boast a plethora of unique mechanical, electrical, thermal, and optical 

properties. These one-dimensional rolled up sheets of graphene, with diameters on the nanometer 

scale, boast incredible tensile strength and elastic modulus, can be either metallic or 

semiconducting, are excellent thermal conductors, and have useful spectral properties. 

Consequently, these versatile nanocarbons are highly sought-after for integration into countless 

applications, ranging from energy storage systems, tires, transparent conductors, and coatings, 

among countless others.21, 22 

While CNTs have been on the verge of commercialization for the past twenty-five years, a 

significant bottleneck to integration lies within the thermodynamics of manufacturing CNTs. 

Traditionally, CNTs have been grown via chemical vapor deposition (CVD), a vacuum deposition 

process that involves a high temperature (>800˚C) furnace in which a substrate is exposed to 

precursor gases which then react and decompose at the substrate surface. In order to grow CNTs, 

a metal catalyst layer is needed on the substrates. Most substrates for CNT growth are typically 

silicon wafers with a support layer of alumina and then a layer or combination of metal catalyst 

particles such as nickel, cobalt, iron, or molybdenum. Then, as hydrocarbon gases are flown over 

the substrate in a hot furnace, the catalyst particle breaks down the hydrocarbon species to form 

CNTs. The two main problems with this synthesis strategy are 1) energy efficiency and 2) 

infrastructure. When hydrocarbon gases are flown over substrates in a high temperature reactor, 

99.9% of the inputs are coupled to undesired reacted species other than CNTs. Also, this process 
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is air-sensitive and requires expensive equipment to scale up. Accordingly, alternative strategies 

to synthesize CNTs with enhanced energy efficiency and maximize the use of precursors is 

important for integration of CNTs into next-generation technologies. 

Another approach to conventional CVD growth of CNTs that has recently been discovered 

is the electrolysis of molten carbonates.23-25 In this system, when a current is applied, the carbonate 

electrolyte is reduced and carbon is deposited at the cathode, oxygen is evolved at the anode, and 

lithium oxide, (Li2O) is an unstable, soluble side-product in the molten electrolyte (Figure 1.3, Eq. 

1.1). To regain chemical stability, the Li2O reacts with CO2 consumed from air to regenerate the 

reacted carbonate electrolyte (Eq. 1.2). The net reaction uses greenhouse gas CO2 to yield value-

added carbon nanomaterials and oxygen (Eq. 1.3).   

Li2CO3 →  Li2O + C +  O2    Eq. 1.1 

   Li2O +  CO2 →  Li2CO3      Eq.1. 2 

                              CO2 →  C + O2      Eq. 1.3 

 

 

 

 

 

 

 

 

 
 
Figure 1.3 Electrolytic CO2 reduction system with molten Li2CO3 where nanocarbon deposit at 
the cathode and oxygen is evolved at the anode. 
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Consequently, the carbon from the CO2 is the carbon deposited during synthesis, resulting 

in a sustainable process where CO2 from air can be converted into value-added nanocarbons while 

oxygen is produced at the anode.26-29  Studying this system can help better understand the 

nucleation and growth process of different types of nanocarbons at the cathode. A more 

comprehensive insight can lead to directed product growth with increased yield of desired 

nanocarbons, such as CNTs. These CNTs can then be used for countless applications, including 

energy storage devices to help reduce the greenhouse gas emissions associated with LIBs. 

 

1.4 Integration into Energy Storage Systems 

With the alternative to synthesize CNTs via a sustainable pathway, these nanomaterials can 

help offset the carbon footprint of LIBs. The next challenge to address, is how to incorporate CNTs 

into energy storage systems and re-think how a LIB can be packaged to reduce wasted energy. 

Here, there is a promising solution in electrophoretic deposition (EPD) as a technique to overcome 

the limitations of conventional manufacturing approaches and pioneer unchartered areas of 

materials synthesis. EPD is a tunable and scalable process that enables one to go beyond the realm 

of traditional synthesis techniques to better control the desired product and build structures 

otherwise viewed as unfeasible.30 This technique opens the door to a range of applications, 

specifically targeting fabrication of battery electrode interfaces and materials for energy storage 

devices. Key advantages include, ease of tunability and design, enhanced efficiency, improved 

interface and surface adhesion, compatibility with less-toxic materials, and scalability for 

industrial applications.31, 32 EPD uses an electric field to deposit colloidal particles suspended in a 

liquid solvent onto an electrode to create a compact, homogeneous film.33 Any colloidal particle 

that can carry an electric charge can be an EPD candidate; including polymers, pigments, dyes,  
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Figure 1.4 Electrophoretic deposition of active battery materials, conductive additive, and 
polymer binder to synthesize battery electrodes. Adapted from Moyer et al. “Electrophoretic 
Deposition as a Manufacturing Strategy for High Areal Capacity Cathodes,” in preparation. 
 

ceramics, and metals. EPD is typically performed in a two-electrode cell and is an excellent 

electrochemical method to assemble structures on a variety of substrates using a range of materials. 

This technique can be used to combine CNTs in solution with active battery materials and co-

deposit them onto conductive current collectors to fabricate battery electrodes. Furthermore, EPD 

is compatible with less toxic solvent materials, such as water and alcohols, compared with organic 

solvents that are traditionally used in the battery fabrication process. Organic solvents, typically 

require a solvent recovery process which contributes a significant amount of heat and energy, and 

~10%, to the manufacturing process. On the other hand, EPD helps move towards a more 

sustainable manufacturing platform by helping reduce toxicity in addition to removing an energy-

intensive step from traditional battery manufacturing.  

 The integration of CNTs into battery electrodes can enhance performance of various 

rechargeable energy storage systems. One promising approach to improve the energy density of 
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LIBs is to increase the mass loading of the electrodes. Higher areal loadings of active battery 

material relative to inactive packaging components significantly increases overall energy density. 

Currently, the bottleneck associated with the design of high areal loading cathodes lies within rate 

capability. Oftentimes, high areal loading cathodes are densely packed and lack a conductive 

pathway and porous network throughout the electrode, which consequently leaves a lot of the 

active battery material inaccessible to alkali ions for energy storage. CNTs can enable the 

formation of increased mass loading electrodes through facilitating the formation of an electrically 

conductive and porous network that allows ion transfer. Similarly, CNTs can also enable fast 

charge transport for battery technology that demands faster charging times such as drones, electric 

vehicles, and high-power machinery. Adding CNTs to active battery materials increases 

conductivity and helps create a compact and porous network to enable rapid electron and ion 

transport, respectively, to support fast charge transport.  

In addition, the enhanced electronic properties of CNTs can help overcome the resistive 

nature of insulating battery materials, such as alternative current collector fabrics to enable the 

development of multifunctional battery platforms. Structural battery design requires re-thinking 

how a conventional battery is packaged to ensure that each material has an active role in the system 

functionality. Repurposing materials that are traditionally considered inactive battery materials, 

such as current collectors and packaging, and making them the active mechanical components of 

the system further improves structural battery performance while reducing wasted materials. In 

order to design a structural battery with active electrochemical and structural materials, textiles 

and fabrics are favorable alternative current collector materials that offer both energy storage 

capability and structural integrity. Unfortunately, even carbon cloth and carbon fiber weaves are 

more insulating compared to traditional metallic foil current collectors such as copper and 
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aluminum. Therefore, to enable charge transport in these alternative designs, CNTs can help 

overcome resistance in multifunctional systems and present a simple and effective solution to 

improve energy storage performance. 

 In this work, I will demonstrate how the addition of CNTs can augment energy storage 

capabilities in a range of systems such as, 1) facilitate the development of high areal capacity 

electrodes,34 2) enable high rate capability full-cells,18 and 3) overcome insulating nature of 

electrode materials for integration into multifunctional energy storage platforms.35 Overall, the 

idea of integrating sustainably synthesized CNTs into energy storage systems, using alternative 

LIB manufacturing platforms such as EPD, and rethinking battery packaging for multifunctional 

architectures helps mitigate the carbon footprint of the battery. Synthesizing CNTs from the 

electrolytic reduction of carbon dioxide presents a sustainable alternative to CNT manufacturing 

while higher areal-loading electrodes and battery repackaging makes use of inactive materials that 

are traditionally a source of wasted energy. This sustainable approach has the promise to enhance 

the performance of rechargeable battery systems to achieve improved energy storage capability 

and increase the energy and power density while enhancing battery lifetime and safety.  

 

1.5 Dissertation Organization 

This dissertation is organized as follows: 

Chapter 2 studies the rate-limiting step in the electrochemical conversion of atmospheric carbon 

dioxide into valuable CNTs. This chapter demonstrates a unique cooperative effect between 

transport and the onset and effectiveness of catalytic growth that is necessary to understand to 

produce size-controlled and high quality crystalline high-valued carbon nanomaterials from CO2 

mitigated from the air.   
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Chapter 3 utilizes electrophoretic deposition as a technique to fabricate LIB cathodes with 

different areal loadings on 3-D current collectors. This emphasizes EPD as both a technique to 

overcome the limitations of conventional manufacturing approaches in scaling to 3-D collector 

architectures for improved cell-level energy density. 

Chapter 4 builds upon the findings in chapter 3 to demonstrate electrophoretic deposition as a 

route to manufacture high areal capacity battery electrodes with multiwall carbon nanotubes that 

enable operation at high rates.  

Chapter 5 demonstrates a full-cell battery design that bridges the energy density and rate capability 

between that of supercapacitors or pseudocapacitors with that of traditional lithium-ion batteries. This 

is accomplished by pairing an anode that enables ultrafast ion co-intercalation, an open framework 

cathode that allows rapid ion diffusion, and linear ether-based electrolyte that sustains cell-level 

stability and high rate performance.  

Chapter 6 studies a multifunctional battery platform where lithium-ion battery active materials 

are combined with carbon fiber weave materials to form energy storage composites using 

traditional layup methods. Structural battery panels developed from this approach are 

demonstrated as an integrated power delivery platform for a 1U CubeSat frame to augment or 

replace interior external battery packs.  

Chapter 7 builds upon the findings in chapter 7 to study a key challenge of material 

delamination while designing a structurally robust lithium-ion battery composite material.  A 

thin electroconductive poly acrylonitrile, or PAN, coating applied to the surface of the 

fiber/active material current collector drastically improves the performance of a carbon fiber 

reinforced structural battery material.   

Chapter 8 summarizes the work of this dissertation and outlines future opportunities. 



12 
 

Chapter 2 

 

Oxygen Evolution Activity Limits the Nucleation and Growth of Carbon Nanotubes from 

Carbon Dioxide Electrolysis via Molten Carbonates 

 

Adapted from: K. Moyer, M. Zohair, J. Eaves-Rathert, A. Douglas, C.L. Pint, “Oxygen 

Evolution Activity Limits the Nucleation and Catalytic Growth of Carbon Nanotubes from 

Carbon Dioxide Electrolysis via Molten Carbonates” in preparation. 

 

2.1 Introduction 

Carbon nanotubes (CNTs) and their growth mechanisms have captivated the 

nanotechnology community now for decades.21, 22 Despite much promise, a critical factor that 

holds back the widespread application of CNTs in bulk manufactured products is the high cost of 

CNTs in the commercial marketplace.  This high cost arises due to a combination of the costly 

energy, materials, and infrastructure needed to produce CNTs with conventional gas-phase 

synthesis approaches, such as fluidized bed and other forms of chemical vapor deposition 

processes.36  In turn, new approaches to produce CNTs with better energy efficiency and high 

utilization of precursors remains important to this ongoing effort and the foundation for next-

generation mainstream applications where CNTs can be incorporated, such as in tires, membranes, 

coatings, batteries, among many other applications.     

One alternative strategy to conventional gas-phase growth of carbon nanostructures that 

has recently been discovered has been the electrolysis of molten carbonates.23-25 In this case, 

electrolytic reduction of molten carbonate allows carbon to be evolved at the cathode, oxygen 
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evolved at the anode, and CO2 scavenged from air to replenish the reacted carbonate.  In this way, 

the carbon atom in CO2 is the active species for synthesis, making this a sustainable process where 

CO2 from air can be transformed into solid carbons while oxygen is evolved.26-29  Whereas the 

first report of carbonaceous deposition from molten carbonates was reported in the 1960’s, only 

through the past decade have researchers begun to adapt this process to new electrodes and observe 

and study the formation of nanostructured carbons. So far, a number of carbons have been 

synthesized using different techniques including nanoporous carbons,37 graphene platelets,38 

carbon nanofibers,39 hollow nanofibers,40 and most recently multi-walled carbon nanotubes with 

diameters in the 10-30 nm range.41, 42  Specifically in the case of CNTs, a key advance toward 

achieving electrochemical CNT growth with diameters competitive with commercial CNT 

materials (e.g. < 30-50 nm) was anode passivation to mitigate corrosion of commonly used anode 

metals, such as Ni, into the molten carbonate media.42  Since metal anode corrosion has been 

shown to adversely impact the controlled catalytic formation of carbons at the cathode, this 

passivation layer isolates the catalytic process of CNT growth to the cathode, facilitating cathode 

design in a manner parallel to gas phase CNT growth, involving Fe catalyst particles either formed 

from, or coated onto the cathode surface.41, 42   

However, since CNT formation involves both a catalytic assembly process of carbon at the 

cathode and also combined full-cell reaction between the anode and cathode to evolve oxygen and 

deposit carbon, respectively, this requires cooperation between rate kinetics of these two separate 

but intertwined processes to form CNTs.  From a broader perspective of studies focused on the 

latter case with the non-catalytic deposition of carbon, key advances have emerged regarding the 

electrolysis of carbonate molten salts.  First, work by Yin et al. used three-electrode cyclic 

voltammograms along with various anodes and concluded that the choice of anode material 
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governs the rate of the reaction for electrochemical growth of carbon powders.37 Very recently, a 

series of advances from Gao et al. has further isolated mechanisms of anode-limited 

electrochemistry in molten salts and studied the roles of temperature and convection to control 

cathode polarization.43, 44 This work emphasizes that with a poor oxygen evolving anode, sluggish 

rate kinetics result in poor transport of oxide ions (O2-) from the cathode to the anode, resulting in 

buildup of lithium oxide (Li2O) at the cathode. To reduce cathode polarization and accelerate 

reaction kinetics, two strategies have been demonstrated.  First, the solubility of Li2O that forms 

across this interface can be improved by increasing the reaction temperature.43, 45 Second, diffusion 

of Li2O from the cathode to the anode can be improved by introducing a hollow gas bubbling 

electrode into the system.  Outside of this, a number of other researchers have observed that 

perturbing transport in the system by processes such as bubbling CO2 directly into the electrolyte46 

and introducing a CO2 atmosphere47-49 can affect the properties of the carbon deposited during 

non-catalytic carbon growth, in line with these observations.  However, there remains a lack of 

understanding relating to how the rate limitations associated with the oxygen transport and 

evolution at the anode can have a corresponding impact on catalytic growth at the cathode, such 

as is the case during synthesis of carbon nanostructures such as graphene and CNTs.   

In this spirit, we demonstrate in this study that the catalytic growth of CNTs during 

carbonate mediated CO2 electrolysis is essentially turned on or off based on the oxygen evolution 

activity of the anode.  By comparing stable but poor oxygen evolving anodes, such as copper, with 

stable anodes exhibiting enhanced oxygen evolution characteristics, like alumina-coated nickel 

wire and platinum,49 our results show that the onset of catalytic CNT growth versus non-catalytic 

micro-fibrous growth is controlled by the anode.  Further, our work highlights that in the two cases 

where CNT growth is observed, CNT properties such as crystallinity are anode-dependent. This 
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work builds upon recent advances in the electrochemistry of molten salts to demonstrate and 

distinguish key mechanisms associated with the formation of high quality and controlled CNTs 

and other valuable carbon nanostructures catalytically produced via carbons sequestered from 

CO2.    

 

2.2 Experimental Details 

2.2.1 Electrode Materials Preparation  

2.5 cm2 316 stainless steel (Trinity Brand Industries) with 5 nm Fe deposited by e-beam 

evaporation was used as the cathode for all experiments. Three different anode materials were 

used: Copper wire (The Hillman Group, 18 gauge), Platinum wire (Fisher Scientific, 99.95%), and 

Alumina coated Ni wire (Fisher Scientific, 99%). Atomic layer deposition (ALD) using a Gemstar 

Arradiance system was used to coat the Ni wire with 50 nm of Al2O3 by pulsing 28 ms of 

C6H18Al2 (TMA) and water with a residence time of 1 second for 500 cycles. An A J.A. Woollam 

spectrometer was used to measure the thickness of the deposited Al2O3 on a silicon wafer and was 

determined to be 50 nm. All anodes were 6 cm2 unless otherwise specified in the text. 

2.2.2 Carbonate Mediated Carbon Dioxide Electrolysis 

 40 g lithium carbonate, Li2CO3 (Fisher Scientific, 99%), electrolyte was dried under 

vacuum at 100˚C overnight and used for all electrolysis experiments in 100 mL alumina crucibles 

(AdValue Technology). The electrolyte was used for 5 hours before disposal. A ceramic fiber 

cylinder heater (Thermcraft) and temperature controller (OEM Heaters) were used to heat the 

crucibles filled with electrolyte to 750˚C. Once the electrolyte reached the setpoint of 750˚C, the 

anode and cathode were placed in the molten Li2CO3 electrolyte. A current was then applied 

between the electrodes for one hour. After the electrolysis, the electrodes were removed from the 
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electrolyte and allowed to cool before removing carbon from the cathode. The collected carbon 

was washed in deionized water in a bath sonicator for one hour and then washed in 2 M HCl to 

remove residual Li2CO3 electrolyte. The carbon was collected by a centrifuge and solvent 

exchange to deionized water and dried overnight at 60˚C. 

2.2.3 Cyclic Voltammograms 

 Cyclic voltammetry was conducted using a 5 nm Fe on stainless steel cathode and one of 

the previously specified anode materials, copper, platinum, or Al2O3 coated nickel. These 

materials were used as working and counter electrodes as indicated. A pseudo Ag/AgCl reference 

electrode was used. This was fabricated by machining a closed-one-end alumina tube to a wall 

thickness of ~0.1 mm and then filling the rod with Li2CO3 electrolyte and 10% AgCl (Sigma 

Aldrich, 99.999%). The Ag/AgCl reference was melted to 750˚C before beginning any experiment. 

2.2.4 Characterization 

 Raman spectroscopy (Raman Microscope Thermo Scientific DXR) with a 532 nm-1 laser 

excitation, 10 mW laser power, 900 lines/mm grating and 50x objective lens was used to analyze 

the degree of graphitization of the carbon and electron microscopy was used to investigate the 

morphology and elemental composition with a scanning electron microscope (Zeiss Merlin) and 

transmission electron microscope (FEI Tecnai Osiris). 

 

2.3 Results & Discussion 

 In order to study the role of the anode in the electrolysis of molten carbonates and 

subsequent catalytic growth of CNTs, electrolysis experiments were conducted using the same 

cathode material of 5 nm Fe on stainless steel with different oxygen evolving anodes that were 

tested to be thermally and chemically stable from corrosion in lithium carbonates. Until now, 
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previous studies focused on CNT growth in molten carbonates have demonstrated engineered 

cathodes where catalytic metal nanoparticles, such as Fe, can be isolated as catalysts for CNT 

growth in a manner analogous to gas-phase chemical vapor deposition or other processes.  

However, reports so far have shown CNTs with slightly larger diameters and higher defect content 

in electrochemical synthesis methods, which can be partially attributed to accelerated Ostwald 

ripening of catalysts at the cathode.  However, in light of recent reports of the strong effect of the 

anode on the non-catalytic growth of carbons in this general process,43, 44 our key motivation in 

this study is to understand how the activity of the anode impacts the catalytic formation of the 

CNTs on the cathode.   

Outside of the catalytic mechanisms that drives CNT growth, when lithium carbonate 

electrolyte is reduced to carbon, the electrochemical reduction at the cathode is:22, 43, 46, 48, 50-52  

        𝐶𝐶𝐶𝐶32− + 4𝑒𝑒−  → 𝐶𝐶 + 3𝑂𝑂2−    Eq. 2.1 

This electrochemical reduction of Li2CO3 in a single four electron step to carbon and Li2O is 

thermodynamically favorable.51  The anodic reaction oxidizes O2- ions to oxygen:22 

2𝑂𝑂2−  →  𝑂𝑂2 + 4𝑒𝑒−                    Eq. 2.2 

This is a cyclic process as the carbonate electrolyte is regenerated by CO2:22, 43, 48, 50 

                      𝐶𝐶𝑂𝑂2 + 𝑂𝑂2−  →  𝐶𝐶𝐶𝐶32−      Eq. 2.3 

All these reactions yield a net reaction of: 

   𝐶𝐶𝑂𝑂2 →  𝐶𝐶 +  𝑂𝑂2       Eq. 2.4 

Cyclic voltammograms (CVs) were first performed to better understand concentration polarization 

controlled by mass transfer (Figure 2.1). A 5 nm Fe on stainless steel cathode was the working 

electrode and the counter electrode was either copper (Cu) wire, alumina coated nickel (Ni/Al2O3) 

wire, or platinum (Pt) wire with a pseudo Ag/AgCl reference electrode. All peaks labeled “C” in  
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Figure 2.1 Cyclic voltammograms of Ag/AgCl reference electrode, 5 nm Fe on stainless steel 
working electrode and a) 1st cycles of Pt, Ni/Al2O3, and Cu counter electrodes with inset of 
anode vs onset potential for each material and calculation of onset potential for each anode 
material, b) Cu, c )Ni/Al2O3, d) Pt. 

 

Figure 2.1 are reduction peaks and peaks labeled “A” are due to oxidation. The CVs were 

performed at a scan rate of 5 mV/s and the onset potential was analyzed by drawing lines tangent 

to the slope of peak C1 to determine at what potential carbon deposition began in each system. 

The onset potential was calculated by taking the difference between the potential at which carbon 

deposition began and the tangent to the anodic limit (Figure 2.1b, c, d). In this characterization, 

we attribute a lower onset potential to represent a configuration that is more favorable for catalytic 

carbon growth that appears associated with enhanced oxygen evolution to limit cathodic 
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polarization (Figure 2.1a inset).  Remarkably, it appears from these CV curves that the catalytic 

activity of the cathode is essentially “switched off” or at least adversely modified by the use of the 

anode expected to provide the poorest oxygen evolution activity, in this case Cu. In addition to the 

signature of catalytic formation of carbon species that is evident in the CV curves, these curves 

also indicate the oxygen evolution of the different anodes that were studied.  Peak C1 is the 

reduction of carbonate ions to carbon (Eq. 2.1) and this peak is also related to the oxide ions, 

another reduction product.37, 53-55 The presence of this reduction peak indicates that carbonate ion 

reduction is controlled by a mass transfer step.43 This indicates that the evolution of O2- ions to O2 

(Eq. 2.2) is the rate-limiting step of the cathodic process and sluggish reaction kinetics results in 

buildup of Li2O on the cathode, as was observed in past reports.43, 44  

Based upon this, if the system reaction kinetics are slow and the rate-limiting step is the 

evolution of O2- ions to O2 (Eq. 2.2), then Li2O can accumulate at the cathode interface. Whereas 

this has been recently studied by Gao et al. for non-catalytic growth of carbons in this process,43, 

44 our findings indicate that this Li2O layer makes the cathode, and any catalyst layer on the 

cathode, less accessible for directed CNT growth (Figure 2.2a). When the rate kinetics are 

enhanced to minimize concentration polarization at the cathode, the catalysts are available for 

carbon nucleation, resulting in CNT growth (Figure 2.2b).  

To extend the observations made in three-electrode CV scans, we characterized the 

resulting growth of carbons on the cathode both with the different anodes of Cu wire, Ni/Al2O3 

wire, and Pt wire, as well as at different current densities (Figure 2.3). A 5 nm Fe on stainless steel  

cathode was used for all experiments and current densities of 50 mA/cm2, 100 mA/cm2, 200  
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Figure 2.2 Scheme of oxygen evolution for a) poor oxygen evolving anode materials and resulting 
carbon product and b) enhanced oxygen evolving anodes and resulting carbon nanotubes.  
mA/cm2, 400 mA/cm2, were applied for 60 minutes. The resulting carbon grown can be seen in 
Figure 2.3a-l. When Cu was used as an anode, tube growth was not observed under any condition.   
 
 

At the lower current densities of 50 mA/cm2 (Figure 2.3a) and 100 mA/cm2 (Figure 2.3b), 

the morphology of the carbons bore little resemblance to any nanostructured materials.  As the 

current density was increased, the carbon morphology appeared to have a more fibril-like character 

(Figure 2.3c, d), but in all cases the feature sizes were on the scale of 200 nm or greater, which is 

above that which is defined as a nanomaterial (Figure 2.12).  Ni/Al2O3 and Pt anodes showed 

similar trends in that at 50 mA/cm2 no tube growth was observed (Figure 2.3e, i) and as the current 
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density was doubled to 100 mA/cm2, the barrier to realize catalytic CNT growth was overcome 

and CNTs were observed in both cases. An analysis of the CNT diameter was performed for 

conditions that resulted in tube or tube-like growth and can be found in Figure 2.12. The tubes 

grown at 100 mA/cm2 with the Pt wire anode (Figure 2.3j) resulted in a nearly 2X smaller diameter, 

mean diameter of 50 nm, than those grown using the Ni/Al2O3 anode, mean diameter of 100 nm. 

(Figure 2.3f), but both samples overall showed CNT growth consistent with that observed 

previously.  As the current density was further increased to 200 mA/cm2 and 400 mA/cm2, the 

Figure 2.3 SEMs of carbon grown at different current densities using 5 nm Fe on stainless steel 
cathode with anode materials; a-d) Cu, e-h) Ni/Al2O3, i-l) Pt and m) Raman spectra and n) D:G 
ratio vs current density. 
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tube-like character remained but the diameter of the resulting tubes significantly increased (Figure 

2.12) likely due to the increased current density and different stages of growth of the tubes.   

Whereas SEM images can provide information on the morphology and size of the CNTs, 

another important factor to characterize is the crystallinity of the CNTs.  One reliable technique 

for this purpose is Raman spectroscopy, where the signature of sp3 hybridized carbon (D-mode) 

and sp2 hybridized carbon (G mode) species can be quantified.  A CNT with a high degree of 

crystallinity will exhibit a low D mode relative to the G mode, and vice versa for a “defective,” or 

low-crystallinity CNT.  Raman spectra taken with 532 nm excitations are shown in Figure 2.3m 

for the CNTs grown with the different anodes studied, and at different current densities.  Further, 

Figure 2.3n shows the ratio of the D:G peak intensity from all anodes.  The most tube-like character 

and lowest D:G ratio occurred at current densities of 100 mA/cm2 for all cases (Figure 2.3n). At 

higher current densities, the degree of graphitization decreased which is likely due to heightened 

reaction rates at the cathode coupled with rate-limited oxygen evolution at the anode. Here we 

believe that even though the reaction efficiency at the cathode increased, if the anode is not able 

to rapidly support oxygen evolution, O2- mass transfer is sluggish resulting in Li2O buildup at the 

cathode and decreased carbon graphitization.  However, regardless of the trends between different 

measured current density, in all cases it is clear that the greatest level of CNT crystallinity is 

achieved when utilizing an anode with the highest oxygen evolution activity, which is in this case 

Pt.  Based on this argument, we believe that in the case of Cu anodes, the sluggish diffusion kinetics 

leads to a significant amount of Li2O buildup at the cathode/carbonate interface, which in this case 

stifles the catalytic process of CNT growth altogether.  
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With this understanding in place, one can equally argue that a moderately good oxygen 

evolution anode that exhibits a large surface area and hence more active sites (relative to the 

cathode), may exhibit comparable or better performance at the system level than a smaller but 

better oxygen evolving anode.  To test this idea, we studied the effect on CNT synthesis as the 

surface area of the anode relative to the cathode was increased from a 1:1 ratio to a 20:1 ratio 

(Figure 2.4).  Notably, all prior studies discussed were based on an anode to cathode ratio of 2.4:1,  

 
Figure 2.4 Anode surface area study using a Ni/Al2O3 anode with 5 nm Fe on stainless steel 
cathode with different anode to cathode surface area ratios (A:C) and the resulting carbon 
product from ratios; a) 1:1, b) 2.4:1, c) 4:1, d) 8:1, e) 20:1 and f) Raman spectra, g) D:G Ratio vs 
Anode:Cathode surface area, and h) normalized lognormal fits from histogram of CNT diameter 
distribution at ratios of 2.4:1, 8:1, and 20:1. 

 

thereby a 1:1 ratio results in a decreased anode area, and 4:1 or greater ratios reflect an increased 

anode area. In all studies, the size of the cathode, the composition of the cathode (5 nm of Fe on 

stainless), and the current density at the cathode surface (100 mA/cm2) remained the same.  In this 

case, the Ni/Al2O3 passivated anode was chosen due to its moderate oxygen evolving activity that 

leads to CNT growth, but with a lower overall crystallinity of the CNTs compared to the case of 
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Pt anodes.  Similar to Figure 2.3, we analyzed the variation of two key characteristics with anode 

to cathode size mismatch: the CNT diameter distribution and the CNT crystallinity.  Notably, as 

the ratio of the anode to cathode surface area increased, the crystallinity and yield of CNTs 

increased up until a peak at a ratio of 8:1 (Figures 2.4f and g). However, further increasing the 

anode size relative to the cathode up to 20:1 led to slightly lower CNT crystallinity.  In the latter 

case, we attribute this to the highly mismatched anode/cathode sizes that causes the electric field 

generated between the anode and cathode to no longer be uniform.  This causes field lines to “spill 

over” to the backside of the cathode due to the size mismatch, causing the effective current density 

to be lower on the cathode surface containing Fe.  Similarly, looking at normalized lognormal 

histograms of the CNT diameter distribution (Figure 2.4h and Figure 2.14), it is clear that 

increasing the anode to cathode ratio leads to a significant decrease in CNT diameters by more 

than a factor of 2X, from > 100 nm in diameter to ~50 nm.   

Overall, comparing the observations made in CNT crystallinity and CNT diameter between 

these two different experiments discussed in Figure 2.3 and Figure 2.4 demonstrates a consistent 

and compelling story emphasizing the importance of the oxygen evolution activity of the anode.  

In both cases, a higher oxygen evolution activity at the anode, regardless of whether this is intrinsic 

to the anode size or anode composition, results in smaller CNT diameters and higher CNT 

crystallinity.  In turn, this means that rate kinetic bottlenecks associated with oxygen evolution at 

the anode are cooperative with the catalytic mechanisms resulting in CNT formation at the cathode.  

To better understand this, we carried out HR-TEM analysis along with analytical STEM-EDS 

characterization of carbon nanomaterials grown with Ni/Al2O3 cathodes at both 1:1 anode to 

cathode ratios to 20:1 ratios, respectively (Figure 2.5).  As is evident in the elemental maps, there 

is a higher degree of oxygen content in the carbons produced with the 1:1 ratio, 2.76 atomic% 
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relatively (Figure 2.5k), compared to the 20:1 ratio, 0.37 atomic% relatively (Figure 2.5l).  Based 

on this data and building from past studies, we propose that this higher oxygen content in the 

carbons arises from a buildup of oxide species at the cathode interface due to the rate-limiting  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 TEM images of carbon grown at an anode: cathode surface area a ratio of 1:1 (a-e) 
and at a ratio of 20:1 (f-j) and k) corresponding STEM-EDS elemental spectra. 

 

transport of these species to the anode.  This causes side reactions at the cathode where oxygen-

containing species are incorporated into the carbon nanomaterials that are synthesized.  This 

mechanism also explains the lack of CNT growth observed when using an anode with a poor 

oxygen evolution capability, since the incorporation of too many oxide species along with the 

carbons can render the transition metal catalysts ineffective for catalytic growth.  Whereas this 

explains the effect of the anode on the crystallinity, Figure 2.3 and Figure 2.4 both indicate that a 

better oxygen evolving anode results in a smaller diameter distribution of CNTs.  In this case, it is 
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well known that the CNT diameter distribution is a direct reflection of the particle size distribution 

of the metal catalyst particles where carbons are solubilized and precipitated as CNTs. Our 

observations therefore reflect that a correlation must exist between catalyst particle size formed 

from a uniformly deposited 5 nm thick coating of Fe on a stainless surface, and the resulting CNTs 

that are produced.  Unlike traditional gas-phase CNT growth where this size distribution is dictated 

by the underlayer onto which the catalyst layer is deposited, in this electrochemical system there 

is an equal or greater role of the carbonate and its local properties at the cathode-carbonate interface 

to dictate catalyst formation and catalyst size.  This indicates that the catalyst size that forms is the 

largest when there is an oxide layer at this carbonate-cathode interface due to a poor oxygen 

evolving anode.  This makes sense since the Li2O layer has been shown to increase the surface 

tension56, 57 of the carbonate-cathode interface and lead to larger particle formation.   

 

2.4 Conclusion 

Overall, these results provide a consistent picture regarding the formation of an oxide layer 

at the cathode interface in the absence of an anode with high oxygen evolution activity, and in 

accordance with recent studies on non-catalytic growth of carbons using molten carbonate 

electrolysis.  Our findings show that this oxide layer has an evident role both in the emergence of 

catalytic growth at the cathode as well as the physical characteristics of CNTs catalytically 

synthesized.  Poor oxygen evolving anodes lead to significant uptake of oxygen species in carbon 

deposited at the cathode, which deactivates metallic catalyst particles and leads to non-catalytic 

growth.  Increasing the oxygen evolution activity of the anode leads to the onset of catalytic growth 

at the cathode surface, and the emergence of CNTs with higher crystallinity and smaller diameters.  

These results are consistent between two separate sets of experiments where the oxygen evolving 
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activity of the anode is modified by either (1) changing the composition of the anode from stable 

materials showing low oxygen evolution activity (Cu) to those showing high oxygen evolution 

activity (Pt), and (2) keeping the anode composition fixed, but changing the ratio of anode to 

cathode surface area.   

From a broader perspective, the ability to synthesize high-valued carbon nanomaterials that 

are of great relevance to technological systems from CO2 mitigated from the air has strong future 

implications at the intersection of technology and sustainability.  However, the inability to control 

the process of catalytic formation of different valuable nanostructures poses a major challenge to 

producing small diameter CNTs (< 10 nm) and other atomically precise carbon nanostructures that 

pose the greatest value proposition toward these technologies.  Our work presents new insight into 

a unique cooperative effect between transport in a carbonate medium and catalytic growth at an 

electrode surface that must be understood and optimized to realize control over catalytic CNT 

growth from CO2 based on molten carbonate electrolysis.      
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2.5 Appendix 

 

 

 

 

 

 

 

Figure 2.6 Linear sweep voltammograms at a scan rate of 10 mV/s with 5nm Fe on stainless 
steel working electrode, Pt, Ni/Al2O3, or Cu counter electrode, and Ag/AgCl pseudo-reference 
electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Cyclic voltammograms at 10 mV/s with a pseudo-reference Ag/AgCl electrode, 5 nm 
Fe on stainless steel counter electrode, and a) 1st cycle of Pt, Ni/Al2O3, and Cu working 
electrodes, and three cycles at 10 mV/s of working electrodes b) Ni/Al2O3, c) Pt, and d) Cu. 
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Figure 2.8 Cyclic voltammograms with pseudo Ag/AgCl reference electrode and 5 nm Fe on 
stainless steel working electrode at rates of 5, 10 and 20 mV/s with different counter electrodes 
of a) Pt, b) Ni/Al2O3, and c) Cu. 
 

 
Figure 2.9 Cyclic voltammograms of the first cycle of each scan for a pseudo Ag/AgCl reference 
electrode, 5 nm Fe on stainless steel working electrode, Pt, Ni/Al2O3, or Cu counter electrode at 
rates of a) 5 mV/s, b) 10 mV/s, c) 20 mV/s. 
 

 
Figure 2.10 Voltage profiles for constant current electrolysis at 50, 100, 200, and 400 mA/cm2 
using a 5 nm Fe on stainless steel cathode and anode of a) Pt, b) Ni/Al2O3, and c) Cu. 
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Figure 2.11 Raman spectra of carbon grown at 50, 100, 200, 400 mA/cm2 current density using a 
5 nm Fe on stainless steel cathode and anode of a) Pt, b) Cu, c) Ni/Al2O3, and d) a table of the 
D:G ratio at each current density for different anode materials used. 
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Figure 2.12 Histograms of size distribution of CNT diameters from CNT growth conditions 
using a 5 nm Fe on stainless steel cathode with different anode materials and different current 
densities with normalized lognormal distributions. 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 2.13 Voltage profiles for anode:cathode surface area study using a 5 nm Fe on stainless 
steel cathode and Ni/Al2O3 anode. 
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Figure 2.14 Histograms of CNT diameter distributions for CNTs grown at 100 mA/cm2 with 5 
nm Fe on stainless steel cathode and Ni/Al2O3 anode with anode:cathode surface area ratios of 
2.4:1, 8:1, and 20:1. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.15 Complete STEM-EDS spectra for carbon grown at 100 mA/cm2 with a Ni/Al2O3 
anode and 5 nm Fe on stainless steel cathode with an anode:cathode surface area ratio of 1:1 and 
20:1. 

 

 

 



33 
 

Chapter 3 

 

Electrophoretic Deposition of LiFePO4 onto 3-D Current Collectors for High Areal Loading 

Battery Cathodes 

 

Adapted from: K. Moyer, R. Carter, T. Hanken, A. Douglas, L. Oakes, C.L. Pint, 

“Electrophoretic Deposition of LiFePO4 onto 3-D Current Collectors for High Areal Loading 

Battery Cathodes,” Materials Science & Engineering: B, 241, 42-47 (2019). 

 

3.1 Introduction 

 Lithium-ion batteries (LIBs) have been a modern-day foundation for existing and emerging 

technological systems due to their benefits of durability and high energy density.58, 59 One of the 

biggest challenges for the LIB manufacturing community is to simultaneously enable lower cell-

level cost and improve specific energy density.2, 60-62 Over 80% of the total costs of making high 

performance LIBs comes from the expense of materials and materials processing, and this places 

a large burden on manufacturing methods to command scalability, throughput, and cost footprint 

either comparable or better than current manufacturing approaches.63-65 The challenge to improve 

mass specific performance amidst manufacturing limitations have led to cell-level modifications, 

such as thinning separator materials, with adverse safety implications.66 Whereas a significant 

community of researchers is studying the design and discovery of new electrode materials, it is 

similarly important to consider new methodologies and manufacturing methods that can overcome 

bottlenecks for existing LIB chemistries.   
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  In this regard, one route for improved packaging considerations in LIB devices is to 

transition planar collector materials to 3-D collector materials67-73 which decreases inactive 

packaging mass without implications to safety or operation of the device.  For example, given the 

change in geometry, a mesh or fibrous Al or Cu current collector with the same thickness as 

conventional planar current collectors could reduce the total collector material mass in a LIB by > 

40%.  Given that ~ 15% of total battery mass is attributed to packaging from excess inactive 

collector material,74 this could yield over 15% improvement in specific energy density, which is 

significant for LIB systems.  However, conventional manufacturing methods such as slot-die 

casting are not well-suited for such a challenge, since these techniques are optimized for planar 

surfaces.75-77 This opens the door to new methods for manufacturing 3-D coatings, and electric 

field-directed methods with this capability such as electrospinning78-80 or electrophoretic 

deposition81, 82 remain excellent candidates. 

 Specifically, EPD has been an area of significant emerging research due to the ability to 

controllably fabricate coatings of nano- and microstructures on a wide variety of different 

functional surfaces.31-33, 83 Unlike conventional processing routes, EPD allows for controlled mass 

deposition across the total exposed surface area of a conductive electrode that can satisfy the high 

throughput required for conventional manufacturing processes. EPD has been a key technique used 

in the design of electrodes for a range of energy storing devices such as supercapacitors, lithium 

ion, and lithium sulfur batteries, and lithium oxygen batteries84-89 and used for coating 3-D 

surfaces.90 One critical challenge of any manufacturing technique is the capability to match or 

surpass the areal loading and areal capacity of conventional manufacturing methods, since high 

areal loadings maximize the ratio of active energy storage materials to inactive packaging material 

in the battery needed to achieve high cell-level energy density.91 Furthermore, conventional 
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manufacturing methods, such as slot-die coating, require a high solids content in the solvent for 

fabrication of thick electrodes which increases the viscosity, preventing quick and facile electrode 

coating. When fabricating thick electrodes via EPD, the deposition bath maintains a low viscosity 

while the coating itself has a high weight percent of solid material that does not impede electrode 

fabrication. 

 In this report, we utilize EPD as a technique to produce a stable LiFePO4 cathode with high 

areal loading of ~ 20 mg/cm2 of active material using a 3-D carbon cloth current collector.  

Compared to LiCoO2, which is the benchmark for LIB cathodes, LiFePO4 is non-toxic and 

overcomes cost limitations of a Co-containing cathode,92 whereas the 3-D carbon cloth collector 

provides a flexible current collector framework.  Our work demonstrates EPD as a viable technique 

for the manufacturing of electrodes from 3-D current collector templates, enabling processing 

routes compatible with cheaper, less-toxic solvent processing and more versatile control needed 

for lower cost and higher performing LIBs.   

 

3.2 Experimental Details 

3.2.1 Electrophoretic Deposition of LiFePO4 

      LiFePO4 powders (MTI), conductive carbon black,93, 94 Super C45 (MTI), and nontoxic 

xanthan gum binder, abbreviated as XG in this work,95-97 (Sigma Aldrich) were used to produce 

cathode materials. Composite solutions of 0.5 mg/mL and 5.0 mg/mL LiFePO4 in ethanol (200 

Proof, Decon Laboratories) were prepared with the ratio of components LiFePO4/C45/XG = 

100/10/2.5. Then, the LiFePO4 composite was prepared using EPD onto fibrous carbon cloth90, 95-

99 (Fuel Cell Store). A two- electrode configuration of 1 cm2 carbon cloth and an aluminum foil 

counter electrode with a separation of 0.5 cm was used. A Labview-operated Keithley 2400 
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Sourcemeter was used to apply a voltage of 100 V to the system for 10 minutes to deposit the 

LiFePO4 composite on the carbon cloth.  

3.2.2 Materials Characterization and Electrochemical Testing 

 A Malvern Zetasizer Nano ZS instrument was used to obtain the zeta potential and particle 

size measurements of all solutions. The structure, morphology, and elemental analysis of the 

deposited film was characterized by a Zeiss Merlin scanning electron microscope.  To investigate 

LiFePO4 as a cathode material, coin cells were fabricated with the EPD LiFePO4 composite films 

as the cathode material. In the coin cell, Li metal was used as the counter and reference electrode, 

the liquid electrolyte was 1.0 M lithium hexafluorophosphate (Sigma Aldrich, 98%) ethylene 

carbonate (Sigma Aldrich, 98%) -diethyl carbonate (Sigma Aldrich, 99%) (1:1 by volume), and 

Celgard 2400 polypropylene separators were used. A Metrohm Autolab multichannel testing 

system was used for electrochemical testing.  

 

3.3 Results and Discussion 

To explore the use of EPD to produce cathode materials on flexible 3-D current collectors, 

we used three different mass loadings (Figure 3.1) labeled as low (2 mg/cm2), medium (10 

mg/cm2), and high (20 mg/cm2), respectively (Figure 3.2a). Here we use flexible, lightweight 

carbon cloth for scaling to flexible energy storage devices with improved energy density. All 

cathode materials underwent EPD for ten minutes and the low mass loading films were deposited 

from LiFePO4  
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Figure 3.1 Electrophoretic deposition of LiFePO4 on a three-dimensional carbon cloth current 
collector to achieve variable mass loadings at two different solution concentrations (a) Low mass 
loadings from 0.5 mg/mL solution and (b) Medium and high mass loadings from 5.0 mg/mL 
solution. 
 

composite solution of 0.5 mg/mL and both the medium and high mass loading films were deposited 

from LiFePO4 composite solution of 5.0 mg/mL. To achieve a LiFePO4 film with medium mass 

loading, a depositing solution with concentration 5.0 mg/mL was used. Then, to achieve the high 

mass loading film of 20 mg/cm2, the film underwent EPD two times in the 5.0 mg/mL depositing 

solution for ten minutes each. 
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Figure 3.2 Electrophoretic deposition can be used on a three-dimensional current collector to 
achieve (a) Variable mass loadings with low and high areal densities. The particle size of the 
LiFePO4 and C45 being deposited is (b) Very similar regardless of depositing solution 
concentration and the morphology and size of the deposited material appears the same for all films 
(c) Low and (d) High mass loadings. 
 

Particle size characterization based on the measured hydrodynamic diameter indicated 

particles of LiFePO4 and conductive carbon black (C45) in both the 0.5 mg/mL and 5.0 mg/mL  

solutions were approximately the same at ~ 1 µm LiFePO4, matching that on the supplier’s website 

implying no particle aggregation, and ~ 0.25 µm C45 (Figure 3.2b). However, the particle diameter 

of xanthan gum (XG) was significantly smaller than this and undetectable by the Malvern 

Zetasizer. Film characterization by scanning electron microscopy (SEM) generally confirms the 

particle sizes of LiFePO4 and C45 obtained from the Zetasizer hydrodynamic diameter 
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measurements and shows that at higher magnification the morphology of LiFePO4 is the same for 

all the films, independent of the depositing solution concentration used (Figure 3.2c-d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 3.3 (a) Zeta potential of the composite LiFePO4/C45/XG solution and LiFePO4 only 
solution in ethanol (b) current profiles for the deposition of the low, medium, and high mass 
loading films for the 10-minute deposition time at which the electrodes were removed from the 
solution (c) assembly of full LiFePO4 cathode. 
 

Electrophoretic mobility measurements were performed to obtain the zeta potential of the 

LiFePO4 solution to better understand the deposition conditions (Figure 3.3a). In order to confirm 
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that the zeta potential of the solution did not change upon addition of C45 and XG binder to the 

LiFePO4 in ethanol solution, the zeta potential of the LiFePO4 only solution and LiFePO4/C45/XG 

solution are compared and both have a zeta potential of ~ -30.0 mV. The as received LiFePO4 

particles are carbon coated, contributing to having a similar mobility to carbon black. The current 

profiles were used to electrochemically monitor the EPD environment during deposition for each 

type of full cathode film fabricated (Figure 3.3b) and the assembly via EPD of each film yielded a 

full cathode composed of LiFePO4, C45, and XG particles (Figure 3.3c).  Following the fabrication 

of cathodes using EPD coated LiFePO4, 2032 coin cells were fabricated by soaking the electrode 

and separator in electrolyte, and crimping the cell. These devices were then tested for their  

 
Figure 3.4 Electrochemical tests of LiFePO4 on 3-D carbon cloth current collectors as lithium-ion 
battery cathodes. Galvanostatic charge discharge at a rate of 0.1C of (a) The specific capacity of 
the first cycles for low, medium, and high mass loading films normalized to the LiFePO4 active 
mass and composite electrode, (b) The areal capacity of the first cycles for low, medium, and high 
mass loading films, (c) Cycling performance at 0.1C for 100 cycles of low, medium, and high mass 
loading films and (d) Corresponding decay rates and (e) Material deactivation and material 
retention of the 3-D current collector. 
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performance utilizing galvanostatic charge -discharge measurements.  Notably, the long and stable 

voltage plateau associated with LiFePO4 is evident at all mass loadings (Figure 3.4a). When the 

electrode mass is normalized to the active mass of LiFePO4, the voltage profile reveals a capacity 

for the low loading film of ~ 160 mAh/gLiFePO4, medium loading film of ~ 140 mAh/gLiFePO4, high 

loading film of ~ 110 mAh/gLiFePO4 at the expected operating voltage range (3.4 V – 3.6 V). Even 

though the specific capacity slightly decreases with increased mass loadings, the high mass loading 

film exhibits a much larger areal capacity of 2.40 mAh/cm2 compared to that of the medium and 

low mass loading films of 1.30 mAh/cm2 and 0.35 mAh/cm2, respectively (Figure 3.4b). Notably, 

the device with the greatest areal capacity yields areal performance competitive with conventional 

manufacturing methods. However, whereas a significant portion of the cost in conventional LIB 

manufacturing is associated with NMP processing, this EPD methodology employs fast-drying 

ethanol as a solvent, which can decrease the total energy required for cathode processing by 

significantly reducing solvent drying and recovery which can make up >12% of electrode 

processing costs, and hence lowering this processing cost proportionally.100 This implies that EPD 

onto 3-D current collectors can yield performance that meets or exceeds the areal capacity of 

conventional manufacturing processes while enabling routes to use solvents that can significantly 

decrease processing time and cost, such as ethanol.   

To understand the differences in the durability of 3-D current collectors processed with 

coatings of LiFePO4 cathode materials, devices with all three mass loadings prepared in this study 

were cycled at a rate of 0.1 C for 100 cycles (Figure 3.4c). Our findings support the overall 

observation that the 3-D current collector enhances the stability of cathodes prepared with higher 

mass loadings, yielding decay per cycle < 0.11% (Figure 3.4d) and corresponding Coulombic 
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efficiencies can be found in Figure 3.9.  Devices prepared with 2.0 mg/cm2 areal loading exhibited 

0.5% decay per cycle, which indicates significant performance loss.  We attribute this observation  

 
 Figure 3.5 (a) Rate performance of the low and high mass loading LiFePO4 3-D carbon cloth 
electrode system at the specified rates, (b) Corresponding capacity retention for each system at 
each cycling rate, and (c) Durability measurements based on galvanostatic charge discharge at 
0.5C over 300 cycles.  
 

to the fact that the low-loading material framework involves LiFePO4 particles that are only 

topically adhered to the current collector surface.  Upon cycling, volume change associated with 

lithium extraction and insertion cause shear stress at the LiFePO4/current collector interface, 

facilitating delamination of the active material.  However, at higher loadings, the thicker layer of 

LiFePO4 becomes “wedged” into crevices in the 3-D current collector architecture, and shear-

stress induced delamination of active material becomes less likely.  This implies a unique structure- 
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property relationship correlating cathode stability and current collector microstructure that could 

be important for the practical design of improved LIB devices.   

 To better understand these results, the electrochemical performance of LiFePO4 cathodes 

produced at different loadings with EPD are further examined in a rate study comparing the 

stability and decay of LiFePO4 at rates of 0.1 C, 0.25 C, 0.5 C, and 1.0 C (Figure 3.5a), where 0.1 

C corresponds to 17 mA/g. As the rate is increased, the high mass loading films exhibit greater 

capacity retention than the low mass loading film at each current density rate (Figure 3.5b). Upon 

returning to cycling at a rate of 0.1 C, the high mass loading films exhibit ideal capacity retention 

whereas the low mass loading films only retain ~90% capacity that we attribute to the decay 

mechanism illustrated in Figure 3.4e and corresponding Coulombic efficiencies can be found in 

Figure S6c. To further examine the capacity retention of the high mass loading films, cycling at 

0.5 C over duration of 300 cycles demonstrates excellent stability and average areal capacity of 

~1.20 mAh/cm2 (Figure 3.5c).  This demonstrates the capability of EPD to produce LiFePO4 

cathodes directly into 3-D current collector geometries with the stability and areal performance 

necessary to be competitive for LIB processing.   

 

3.4 Conclusion 

The findings of this work support the underlying premise of this study that (1) EPD is an 

effective method to prepare cathodes with high areal capacity competitive with or better than 

conventional manufacturing methods on 3-D current collectors, (2) EPD enables the use of solvent 

processing that relieves the low-throughput and energy-intensive NMP processing steps of 

conventional battery manufacturing, and (3) EPD enables straightforward processing LiFePO4 

cathode materials into high areal capacity networks to overcome costly Co-containing cathode 
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materials currently utilized for LIBs.  This work solidifies EPD as a competitive manufacturing 

technique for LIB devices with lower packaging weight and hence improved cell-level specific 

and volumetric energy.   
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3.5 Appendix 

LiFePO4 Solution Characterization 

In order to determine the optimum electrophoretic deposition (EPD) conditions for LiFePO4 in ethanol, 

zeta potential measurements using a Malvern Zetasizer Nano ZS instrument were taken at various solution 

pH. Solutions of 0.5 mg/mL LiFePO4 (MTI) in ethanol (200 Proof, Decon Laboratories) were prepared and 

tuned to a range of pH; 2.73, 5.09, 8.98, 10.35, 12.70. The zeta potentials are plotted as a function of pH in 

Figure S1a, a distribution of the zeta potential for each solution pH can be found in Figure S1b, and the 

LiFePO4 hydrodynamic diameter can be viewed in Figure S1c. Using this information and testing each 

solution via EPD, the solution of pH 10.35, zeta potential ~ -30.0 mV, resulted in the optimum deposition 

conditions for the LiFePO4 system. 
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Figure 3.6 (a) Zeta potential vs pH, (b) Zeta potential distribution, and (c) Size distribution of LiFePO4 in 
ethanol at various pH.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Mass deposited for each EPD trial for high mass loading films to achieve a total mass 
deposition of 20 mg/cm2.  
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Figure 3.8 (a) SEM image of the LiFePO4 composite deposited on carbon cloth with inset of 
higher magnification image of LiFePO4 spherical particles and (b) EDS elemental map and 
corresponding elements (c) Carbon, (d) Iron, (e) Phosphorous, and (f) Oxygen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Coulombic efficiencies of the low, medium, and high mass loading films cycling at 
0.1C (17 mA/g) for 100 cycles.  
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Figure 3.10 Coulombic efficiencies of the high mass loading film at an increased rate of 0.5C 
(85 mA/g) for 300 cycles. 
 
 
 
 

 
Figure 3.11 Galvanostatic charge discharge of the first cycles of each current density of the rate 
study for (a) Low and (b) High mass loading films and their (c) Coulombic efficiencies at each 
specified rate. 
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Chapter 4 

 

Electrophoretic Deposition as a Manufacturing Strategy for High Areal Capacity Cathodes 

 

Adapted from: K. Moyer, R. Carter, K. Share, T. Hanken, L. Oakes, C.L. Pint, “Electrophoretic 

Deposition as a Manufacturing Strategy for High Areal Capacity Cathodes,” in preparation. 

 

4.1 Introduction 

 Over the past decades, the cost of electrochemical energy storage of lithium ion batteries 

(LIBs) has dramatically increased along with the annual world energy consumption.101, 102 More 

than 90% of the energy and cost required for manufacturing high energy LIBs lies within materials 

cost and production.103 While the cost of materials fabrication remains a prominent issue, the 

standards and performance metrics of LIBs also continue to demand improvement. Among the 

many requirements for enhanced LIBs, energy density is one of the most critical parameters.104-107 

In order to achieve the energy density and sustainable performance necessary for the next 

generation of technology, it is critical to understand how to overcome the current barriers and 

limitations of electrode design. Several parameters contribute to engineering high energy density 

battery electrodes, such as mass loading, porosity, and ratio of inactive to active materials within 

the electrode.108-110 Electrode mass loading is a critical factor in electrode design that substantially 

contributes to the energy density of the battery.111, 112 Higher mass loadings can significantly 

reduce inactive packaging mass, minimizing the ratio of inactive to active components which 

consequently increases the energy density of the total battery system.113-115 
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Engineering an approach to produce high energy density batteries while reducing the 

inactive material in the system is a necessary solution to solve this two-pronged problem. Previous 

attempts to achieve higher areal loadings for increased energy density have been reported, but are 

oftentimes labor intensive, incompatible with current manufacturing strategies, and unable to 

perform at higher rates >0.2 C.114, 116, 117 Various current collector materials have also been 

investigated to achieve higher mass loadings to increase energy density, such as three-dimensional 

metal foams.105 However, this current collector architecture has proven to be difficult to integrate 

into calendaring processes and conventional slot die battery casting. Standard battery cathode 

fabrication typically consists of making a slurry of active material with conductive additive and 

binder in an organic solvent, usually n-methylpyrrolidone (NMP), which is then processed through 

a slot die caste onto a planar metal foil current collector and undergoes an energy intensive drying 

process to yield a positive electrode with mass loading around 10 - 20 mg/cm2.118 It is difficult to 

achieve uniform, crack-free, high mass loading electrodes beyond 10 - 20 mg/cm2 with current 

slot die manufacturing capabilities on planar current collectors without the use of multiple 

additives and surfactants.119, 120 Consequently, there is a demand for manufacturing strategies that 

enable high areal loading without sacrificing electrochemical performance. 

Electrophoretic deposition (EPD) is an alternative manufacturing technique that allows for 

simultaneous, uniform deposition of all electrode components directly onto a current collector at 

various mass loadings.121 EPD has been previously demonstrated as a means to make many 

different types of LIB technologies over a range of electrode types and morphologies.84, 87, 122-124 

EPD can be used to produce compact films, as it is analogous to gravity sedimentation, and can be 

used to make electrodes from thin films125 to high mass loading architectures126, 127 that surpass 

current areal loadings. Not only is EPD highly versatile and can support a range of materials, but 
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it requires simple equipment and is scalable to allow for a large throughput,128 making it an 

excellent route to achieve high areal loading electrodes for high energy density LIBs while 

maintaining high rate capability. 

 Driven by an electric field through solution assembly, a variety of different solvents may 

be used for EPD, ranging from aqueous to alcohol to organic based mediums.129 Acetone is a 

common solvent used for EPD and is significantly less expensive and less toxic than NMP, which 

is used in conventional battery manufacturing.130, 131  Aqueous processing has been explored as an 

alternative to using NMP as a solvent, however agglomeration and inferior wetting of the current 

collector materials make it difficult to yield a uniform, crack-free electrode material.119 Using 

acetone as the solvent significantly eliminates the costly and energy intensive recovery step of 

NMP and the electrode drying time is drastically reduced. The compatibility with a variety of 

solvents also allows for co-deposition of a variety of materials within the same solution.132 Several 

cathode materials, such as lithium cobalt oxide, nickel manganese cobalt, and lithium iron 

phosphate (LFP), are currently the benchmark positive electrode battery materials, however LFP 

shows the best compatibility with water based solvents111 and is nontoxic, stable, environmentally 

friendly81 and boasts a theoretical capacity of 170 mAh/g133. Unfortunately, one drawback to LFP 

is its low electrical conductivity,134 but this challenge is solved through the addition of conductive 

carbon additive to the electrode.  

In this work, we use multiwall carbon nanotubes (MWCNTs) to enhance the electrode 

conductivity. Carbon nanotubes (CNTs) boast excellent tensile strength, have a low density, and 

offer desirable electronic properties to create an electronically conductive pathway and porous 

network throughout the entire electrode,86, 135-137 enabling high rate capability. A common 

technique to process CNTs is dispersion in a solvent138 and EPD of CNTs has repeatedly been 
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reported as a straightforward method to deposit CNTs on a variety of substrates.123, 139-141 When 

deposited in conjunction with LFP, MWCNTs facilitate the formation of high areal loading 

electrodes on planar current collectors by creating a compact yet porous, electrically conductive 

electrode network.  

Here, we demonstrate EPD as a scalable approach to fabricate LFP cathodes with high 

areal loadings of ~50 mg/cm2 on a planar current collector architecture. Acetone is used as the 

solvent throughout the deposition which eliminates NMP from the fabrication process. This 

highlights EPD as a route towards aqueous and alternative solvent processing to greatly reduce the 

cost of electrode manufacturing.119, 130 In this report, we demonstrate EPD as a manufacturing 

strategy to fabricate electrodes with high energy density and rate capability. 

 

4.2 Experimental Details 

4.2.1 Electrophoretic Deposition 

 Cathode materials were made from LFP powders (MTI), MWCNT 8-15 nm outer diameter 

(CheapTubes, > 95 wt%), and xanthan gum (Sigma-Aldrich). 8 mg/mL LFP solutions for EPD 

were prepared in acetone (Fisher Scientific, 99.8%) with the following ratio of components 

LFP/MWCNT/XG (100:1.25:2.1875). EPD was performed using a Keithley 2400 Labview-

operated sourcemeter by applying a 200 V bias for 10 minutes to a two-electrode arrangement with 

a separation of 0.5 cm between a 1 cm2 aluminum foil electrode and a stainless-steel counter 

electrode. Each 10-minute trial deposited ~10 mg/cm2 onto the planar Al foil current collector. 

Electrodes were allowed to dry after each trial and depositions were repeated five times to yield a 

total areal loading of ~50 mg/cm2. 

4.2.2 Materials Characterization 
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 Deposition solutions were characterized using a Malvern Zetasizer Nano ZS instrument to 

determine the particle size distribution and zeta potential. Measurements of the LFP/MWCNT/XG 

deposition solution along with LFP only, and MW only solutions were obtained (Figure S1). The 

particle size distribution, morphology, and structure were further examined by a Zeiss Merlin 

scanning electron microscope. 

4.2.3 Electrochemical Testing 

 Coin cells were assembled using the LFP EPD fabricated electrodes as the cathode, 2500 

Celgard polypropylene separators, and Li foil (Sigma-Aldrich, 99.9%) as the counter and reference 

electrode. 1.0 M lithium hexafluorophosphate (Sigma-Aldrich, >99.99%) 1:1 by volume ethylene 

carbonate (Sigma-Aldrich, 98%) – diethyl carbonate (Sigma-Aldrich, 99%) was used as the 

electrolyte. Electrochemical testing was performed on an eight-channel MTI battery testing 

system. 

 

4.3 Results & Discussion 

 In order to demonstrate EPD as a means to manufacture nanoarchitecture electrodes, LFP 

cathodes with a high areal loading of ~50 mg/cm2 were fabricated (Figure 4.1a). Increasing the 

areal capacity by fabricating electrodes with mass loadings greater than those of conventional 

manufacturing (>10 mg/cm2) significantly increases the energy density (Figure 4.1b).142, 143 In 

addition, as the active cathode material loading increases, the ratio of inactive to active material 

within the electrode decreases, specifically the separator, current collectors, and housing (Figure 

4.1c). Consequently, this technique is promising to achieve high areal capacity electrodes with the 

capability to increase the overall energy density.  
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Figure 4.1 a) Scheme demonstrating EPD as a manufacturing strategy that can be used to fabricate 
high areal loading electrodes, b) relationship between energy density and amount of cathode mass 
deposited, and c) normalized ratio of inactive:active material for different cathode loadings. 
 

EPD was employed to fabricate high areal capacity electrodes. At the beginning of the EPD 

process the depositing solution was dark in color, but after the ten-minute deposition in which a 

voltage bias was applied, the solution was clear, indicating complete deposition of all particles 

from solution (Figure 4.2a, b). The hydrodynamic particle size distribution of the particles ranges 

from ~ 0.5 µm for the LFP particles to ~4-6 µm for the MWCNTS (Figure 4.2c). The co-deposition 

of LFP, MWCNTs, and XG creates an interconnected conductive network in which the MWCNTs 

wrap around the LFP particles creating an electronically conductive pathway throughout the  

size distribution of individual and all components in solution, d) SEM image of LFP particles 

surrounded by an electrically conductive network of MWCNTs. 
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Figure 4.2 a), b) During the EPD process the depositing solution starts out at its respective 
concentration and appears very dark in color and overtime, the solution turns clear indicating that 
all particles in solution have been deposited on the working electrode, c) hydrodynamic particle  
electrode (Figure 4.2d).  
 

The addition of MWCNTs also helps to create a more porous structure throughout the 

electrode to facilitate ion transport. One limitation of high areal loading is reduced ion transport 

throughout the entire electrode which often results in the inability for high areal capacity electrodes 

to perform at high rates.144, 145 As the mass loading per unit area increases, there is considerably 

more material to penetrate, making it harder for the ions to access all the material. Therefore, the 

addition of MWCNTs via EPD is highly desirable to create a more porous structure that aids ion 

transport throughout the high mass loading electrodes, enabling performance at high rates, up to 

2C.135 
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While a porous structure is necessary to achieve ion transport throughout the electrode, 

optimization of porosity is crucial to maximize energy density.146 Electrode porosity is commonly 

reduced through calendaring processes to increase the battery energy density, however it is critical 

not to over-decrease the porosity of high areal loading electrodes and create a barrier to ion 

transport. In this work, the total thickness of the electrode is approximately 510 µm, yielding a 

porosity of ~33%. This porosity is on par with the reported metrics of current battery 

 
 
Figure 4.3 Galvanostatic testing of EPD LFP electrodes a) The areal capacities for the first cycles 
of each specified rate, b) The areal capacities and specific capacities during a rate study, c) The 
average areal capacity at each tested current density, d) The increasing overpotential with 
increased current density. 
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manufacturing and those desirable for high energy density.104, 146  

To assess the electrochemical performance of the high areal capacity cathodes, a rate study 

was performed at current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 C (Figure 4.3). The charge-

discharge curves of the first cycle at each current density (Figure 4.3a) illustrate areal capacities 

as high as 8 mAh/cm2 at rates of 0.1 and 0.2 C and slowly decrease with increased current density; 

7.7 mAh/cm2 at 0.5 C, 6.9 mAh/cm2 at 1 C and 5.73 mAh/cm2 at 2 C (Figure 4.3b, c). The high 

areal capacity is further highlighted over 100 cycles at current densities of 0.1 and 0.5 C (Figure 

4.4a-c). The cycling performance shows capacity retention of 88.8% at 0.1 C and 79% at 0.5 C 

over 100 cycles with areal capacities greater than 7 and 6 mAh/cm2 after cycling, respectively. 

When comparing our work from this study with other fabrication techniques and high areal 

performances reported to date, it was observed that most of the high areal capacities that had been 

reported were tested at rates of C/10 (Figure 4.4d). Various techniques such as EPD,81, 121, 126, 140 

and doctorblading,108, 113, 134, 144 and other methods115, 131, 147-149 have shown promise as 

manufacturing techniques to fabricate high areal capacity cathodes, however, when tested 

electrochemically, these cathodes did not perform at rates as high as 2C. Figure 4.4e is a plot 

comparing the amount of active material deposited and the corresponding areal capacity at rates at 

2C, showing the areal capacity reported in this work, is one of the highest reported to date that 

comments on the active material loading and areal capacity at rates as high as 2C.108, 144, 147, 149 

Literature has also demonstrated that high mass loadings can be attained by creating cellulose or 

textile, CNT mixtures as scaffolds for filling with electrochemically active material.147 While this 

technique yields high areal capacities due to the large areal loadings, it requires more time and 

step-intensive processes, such as high pressure cellulose homogenization coupled with vacuum 

assisted infiltration and the use of NMP as a solvent along with multiple drying steps. The 
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fabrication technique highlighted in this work uses EPD as a low-cost approach using non-toxic 

solvent materials to yield cathodes with some of the highest areal capacities while maintaining rate 

capability at rates as high as 2C. 

 
Figure 4.4 a) Extended cycling performance at current densities of 0.1 and 0.5 mA/cm2, b) 
Capacity retention of each current density, c) Areal capacity of first and last charge-discharge 
cycles at current densities of 0.1 and 0.5 mA/cm2 and corresponding coulombic efficiencies, 
Literature comparison to date of areal capacity versus electrode mass loading active material at 
rates of d) 0.1C and e) 2C. 
 

4.4 Conclusion 

In this study, EPD offers many benefits to electrode manufacturing and is highly scalable. 

Using acetone as the solvent minimizes the energy required for the drying steps in-between 

deposition and increasing the areal loading to ~50 mg/cm2 significantly reduces the battery 

materials cost ($/kWh) while simultaneously enhancing the energy density while maintaining rate 

capability. EPD as a fabrication technique yields high areal loading electrodes with areal capacities 
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of a resounding 8 mAh/cm2 that demonstrates cycling stability over a range of current densities 

while maintaining areal capacities >5.5 mAh/cm2 at rates as high as 2 C. Overall, EPD is an 

alternative, cost-effective method to synthesize high energy density cathodes with high areal 

capacities. 
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4.5 Appendix 

Solution Characterization 

A Malvern Zetasizer Nano ZS instrument was used to determine the zeta potential of the solutions to 

optimize the electrophoretic deposition (EPD) conditions. Solutions of combined and individual 

components were made in acetone. A combined solution of lithium iron phosphate (LFP), multiwall 

carbon nanotubes (MWCNTs), and xanthan gum (XG), LFP/MWCNT/XG (100:1.25:2.1875) was made, 

a solution of MWCNT only was made, and a solution of LFP only was made. The xanthan gum particles 

are soluble in acetone and undetectable by the Malvern Zetasizer so these particles were not tested 

individually. The concentrations of individual solutions were the same concentration of the individual 

components in the combined solution. The goal of this experiment was to make sure that the zeta potential 

of the LFP solution did not change with addition of MWCNT and XG components. 
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Porosity Calculation 

Porosity was calculated by evaluating the difference between the actual electrode density and theoretical 

electrode density by the following equation: 

𝑃𝑃𝑃𝑃𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =  
𝑇𝑇 − 𝑆𝑆(𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿

𝐷𝐷𝐿𝐿𝐿𝐿𝐿𝐿
+ 𝑊𝑊𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

+ 𝑊𝑊𝑋𝑋𝑋𝑋
𝐷𝐷𝑋𝑋𝑋𝑋

)

𝑇𝑇
 

Where T is the electrode thickness (cm), not including the aluminum current collector, S is the weight 

deposited per unit area (g/cm2), W is the weight percent of material, D is the density of each material 

(g/cm3). 

 
Figure 4.5 Zeta potential of a) LFP only solution, b) MWCNT only solution, c) 
LFP/MWCNT/XG combined solution, and d) summary of zeta potentials. 
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Figure 4.6 Mass deposited of LFP/MWCNT/XG solution on working electrode during each EPD 
trial to achieve a total mass loading of 50 mg/cm2. 
 

 

 
 

  
 
 
 

 

 
 
 
 

 
 
 
 
 
 
 
Figure 4.7 Current profile of each 10 minute EPD trial of LFP/MWCNT/XG solution. 
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Figure 4.8 SEM images of deposited LFP/MWCNT/XG at different magnifications. 
 
 
 

 
 
Figure 4.9 Deposited LFP/MWCNT/XG a) EDS elemental map and corresponding elements, b) 
iron, c) carbon, d) phosphorus, e) oxygen. 
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Figure 4.10 Decay per cycle of each current density of the rate study in Figure 4.3. 
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Chapter 5 

 

High-Rate Potassium Ion and Sodium Ion Batteries by Co-Intercalation Anodes and Open 

Framework Cathodes 

 

Adapted from: K. Moyer, J. Donohue, N. Ramanna, A.P. Cohn, N. Muralidharan, J. Eaves, 

C.L.Pint, “High-Rate Potassium Ion and Sodium Ion Batteries by Co-Intercalation Anodes and 

Open Framework Cathodes,” Nanoscale, 10, 13335-13342 (2018). 

 

5.1 Introduction 

 Whereas many applications, such as consumer electronics, can suffice with the energy and 

power density of conventional lithium-ion batteries, many future applications that will pivot on 

battery technology will demand faster charging times.  This is especially true for numerous areas 

such as high power weaponry, EVs or drones conducting long distance travel, and robotics or other 

high power machinery.150-152 To this regard, fast recharging and high power density is the focus of 

high power electrochemical supercapacitors, although even the most novel approaches in such 

systems remain limited to energy density many times lower than a battery due to electrolyte, cell 

packaging, and the nature in which charge is stored.153-159 The energy stored per active site for a 

supercapacitor is much less compared to the energy stored per active site for a faradaic system. 

Similarly, pseudocapacitors and hybrid capacitors are largely centered on the use of aqueous 

electrolytes that may enable high power, but at the cost of energy density and commercially viable 

materials in a packaged device.160-168  Therefore, there remains a significant need to design devices 
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that can boast the energy density competitive with a battery, but with fast charging capability and 

durability.   

 One of the key challenges in fast charging batteries is the diffusion kinetics of ions across 

the liquid-solid interface, and through the host insertion materials where they are stored.  In the 

first case, this is associated with the de-solvation step of ion insertion into the host material, and 

in some cases, the diffusion of the ion through the solid-electrolyte interphase (SEI) region.169  In 

anode materials such as graphite, the de-solvation of an alkali ion is the rate-limiting step for high 

power capability.170 To address this, recent work has highlighted the mechanism of co-

intercalation for both sodium (Na) and potassium (K) ions that leverages a solvent which chelates 

with the alkali metal ion where the solvent forms a shell around the ion.171-179  This enables the 

insertion of the ion and solvent shell into a layered anode, such as graphite or multi-layered 

graphene, where the rate-limiting de-solvation process is mitigated and the weak ion-host lattice 

interactions facilitate ultrafast diffusion.180, 181  Recent work has demonstrated extraordinary 

results for half-cell devices that utilize co-intercalation, with sodium boasting capacities exceeding 

100 mAh/g for over 8000 cycles in nanostructured carbons, and charge times as low as 12 

seconds,182 and potassium demonstrating capacities up to 100 mAh/g with rate capability up to 30 

second charge.183 Whereas researchers have emphasized this mechanism to be transferrable across 

different ions and different high quality graphite-like materials, the bottleneck of co-intercalation 

studies to date remains the challenge of combining these half-cell studies into full-cell 

configuration that can exploit this high rate performance.  

 In this regard, separate research efforts have been focused on improving the performance 

of cathode materials.  Prussian blue (PB) has been lauded as a promising battery cathode for high 

rate capability alternative ion chemistries due to its high theoretical capacity (170 mAh/g),184 rigid, 
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open structure with large interstitial sites,90, 185 and nontoxic nature and low cost,186 which is 

advantageous for large scale applications. This metal organic framework187 has a 

hexacyanometalate structure188 with chemical formula AxM[M(CN)6)]1-y∙zH20,175 where A 

represents alkali ions (Na, K), 0<x<2, and M represents transition metals.  As observed by previous 

work, the use of iron as the transition metal to synthesize sodium/potassium hexacyanoferrate 

yields higher capacity and cycling stability compared with other PB analogues.189 The rigid, open 

framework cathode structure190, 191 has large interstitial sites which aid in accommodating 

corresponding changes in volume during cycling with low lattice strain,192 and tunable, three-

dimensional channels that allow for ion, and even molecule, insertion/extraction.90, 193 As a result 

of the electrochemical practicality, there is a strong correlation between the structure of Prussian 

blue and performance making it an ideal cathode for high rate battery systems.194-198 

In this work, we build from previous studies with an aim toward a synergistic cathode – 

electrolyte- anode battery configuration that leverages the open framework cathode structure and 

co-intercalation anodic mechanism into a high rate battery device.  Our work demonstrates a 

broadly adaptable design strategy to tailor the performance of a battery to perform with energy 

density and cycling performance characteristic of a battery, but at high rates often limited to 

supercapacitors or pseudocapacitors.  This enables a class of energy storage systems optimized for 

higher power applications, such as grid-storage, weaponry, power beaming, electric vehicles, 

among other next-generation application areas.   

 

5.2 Experimental Details 

5.2.1 Prussian Blue Synthesis 
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Sodium Hexacyanoferrate – Sodium Prussian Blue (NaPB): 3 mmol FeCl2∙4H2O (Sigma-

Aldrich, >99%) and 2.0 g Na3C6H5O7∙2H2O (Fisher Scientific) were added to 100 mL deionized 

water to make solution A and stirred until dissolved. 2 mmol Na4Fe(CN)6∙10H2O (Sigma-

Aldrich, >99%) and excess of NaCl (Fisher Scientific, 99.8%) were added to 100 mL deionized 

water to make solution B and stirred until dissolved.  Potassium Hexacyannoferrate – Potassium 

Prussian Blue (KPB): 3 mmol FeCl2∙4H2O (Sigma-Aldrich, >99%) and 2.0 g C6H5K3O7∙H2O 

(Sigma-Aldrich, >98%) were added to 100 mL deionized water to make solution A and stirred 

until dissolved. 2 mmol K4Fe(CN)6∙3H2O (Sigma-Aldrich, 98.5-102.0%) and excess of KCl 

(Sigma-Aldrich, 99.0-100.5%) were added to 100 mL deionized water to make solution B and 

stirred until dissolved.  In both cases solution B was added to solution A and stirred for 4 hours. 

The composite solution was collected by centrifugation and the precipitate was dried at 100˚C 

overnight. Particle size, morphology, and composition was examined using SEM and EDS with a 

Zeiss Merlin scanning electron microscope. Material crystal structure was examined by x-ray 

diffraction using a Rigaku Smart Lab with a Cu Kα radiation source. 

5.2.2 Electrode Fabrication 

Graphite electrodes were fabricated by making a slurry of natural graphite powder (Alfa Aesar, 

99.9995%), conductive carbon black (MTI), and PVDF binder (MTI, >99.5%) in the ratio of 

(80:10:10) and coated onto carbon coated aluminum (MTI, >99.9%). Similarly, Prussian blue 

electrodes were fabricated by making a slurry of the synthesized Prussian blue powder (either K- 

or Na- hexacyanoferrate), multi wall carbon nanotubes (CheapTubes, >95%), and sodium 

carboxymethyl cellulose (Sigma-Aldrich) in the ratio of (80:10:10) and coated onto carbon coated 

aluminum (MTI, >99.9%). 

5.2.3 Coin Cell Assembly & Electrochemical Testing 
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Graphite half-cells were fabricated using the graphite electrodes as the working electrode with 

either Na (Strem Chemicals, 99.95%) or K (Sigma-Aldrich, 99.95%) metal as the counter and 

reference electrode. Prussian blue half-cells were made using the Prussian blue electrodes as the 

working electrode with either Na or K metal as the counter and reference electrode. Full-cells were 

assembled using the graphite electrodes as the anode and Prussian blue electrode as the cathode 

with a cathode to anode ratio of 1.6:1 by mass with cathode of 1.00 mg and anode of 0.625 mg. A 

2325 Celgard separator and whatman glass fiber separator were used to fabricate all coin cells. 

The electrolytes used for all coin cells were 1 M NaPF6 (Alfa Aesar, >99%) in diglyme (Sigma-

Aldrich, 99.5%) for Na chemistries and 1 M KPF6 (Sigma-Aldrich, 99.5%) in diglyme (Sigma-

Aldrich, 99.5%) for K chemistries. Electrochemical testing was performed on a multichannel 

Metrohm Autolab testing apparatus and MTI 8 Channel Battery tester. 

 

5.3 Results and Discussion 

To develop a fast charging battery that relies upon co-intercalation at the anode, and an 

open framework cathode architecture, we first characterized each type of electrode material in a 

half-cell configuration (Figure 6.1). Both Na+ and K+ charge storage in natural graphite via co-

intercalation was explored using diglyme (DEGDME) solvent using half-cells: Na|NaPF6 in 

DEGDME|GR and K|KPF6 in DEGDME|GR. As the coordinated alkali ions and solvent molecule 

co-intercalate into the graphite, the spacing between the graphene sheets in the c-direction 

increases and reversibly restores its original structure upon extraction177 (Figure 5.1a). 

Galvanostatic cycling can be observed in Fig. 6.1b as the half-cells are charged and discharged 

and the alkali ions are inserted and extracted into the graphite, respectively. The rate capability of 

natural graphite as a co-intercalation anode was galvanostatically tested and the results can be 
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Figure 5.1 Diglyme electrolyte solvent is compatible with both anode and cathode chemistries, 
confirmed by galvanostatic charge-discharge curves of both Na and K chemistries of (b) natural 
graphite and (d) Prussian blue. 
 

found in Figure 5.13.  Similarly, half-cells of alkali metal Na or K and the respective PB electrode, 

Na|NaPF6 in DEGDME|NaPB (NaPB) and K|KPF6 in DEGDME|KPB (KPB), were made to study 
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the synthesized Prussian blue in the diglyme system. Figure 5.1c and galvanostatic charge-

discharge curves for both the NaPB and KPB electrode materials illustrate the alkali ions moving 

out of the PB structure on charge and back into the PB open framework on discharge for both Na 

and K chemistries (Figure 5.1c, d). The rigid structure and large interstitial sites186 of this 

perovskite-type structure184 metal organic framework facilitate the intercalation process, allowing 

for high rate capability, as further demonstrated in this study.   

 
 Figure 5.2 Prussian blue cathode supports both Na and K chemistries for high rate capability 
demonstrated by the synthesized (c) NaPB and (d) KPB nanoparticles and their corresponding 
electrochemical performance (a, b, e). 
 

Further, scanning electron microscopy (SEM) of the as-synthesized PB particles are shown 

in Figure 5.2c and 5.2d.  KPB particles are more spherical in morphology (Figure 5.2d) compared 

with the NaPB (Figure 5.2c) which are more cubic, corresponding to past literature 
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observations.184, 186, 189, 190  Both NaPB and KPB particles are ~100 nm in diameter with the particle 

size of NaPB is ~100nm in diameter while that of KPB is < 100nm, yielding capacities consistent 

with those from previous work.199 In this work, we use XRD ad EDS along with analysis of the 

electrochemical performance to qualify the composition of the Prussian Blue analogues. XRD 

analysis (Figure 5.7) shows that the NaPB is rhombohedral in structure while KPB has a 

monoclinic crystal structure. Both atomic arrangements are a result of the higher Na and K content, 

respectively, as the higher alkali ion concentrations force the lattices to shift into lower symmetry 

structures. This shift is consistent with that observed for NaPBs184-186 and KPBs199 intentionally 

synthesized with high sodium and potassium content for battery cathodes. EDS spectra and 

mapping (Figure 5.8-5.10) supports electrochemical observations to suggest that the composition 

of the Prussian Blue analogues are NaxPB, x > 1.9 and KxPB, x < 1.7. 

A rate study was conducted for both NaPB and KPB half cells to probe the rate-capability 

of the individual working electrodes (Figure 5.2 a, b, e). Both NaPB and KPB were tested at C 

rates spanning between 1 C to ~ 60 C, which yields charging times of ~1 minute (Figure 5.2e). At 

rates near 1 C, both NaPB and KPB exhibit storage capacity of ~110 mAh/g, while at the highest 

rate (58.8 C) the NaPB maintains a capacity of ~38 mAh/g and the KPB exhibits ~31 mAh/g.  

As half-cell performance confirms material stability of both the NaPB and KPB and reflects 

the stability of the electrode material over a certain set of testing conditions, full-cell batteries 

require a combination of electrode/electrolyte compatibility, high Coulombic efficiency, and 

minimal first cycle loss such that the alkali metal shuttling between the electrodes actively 

participate in the intercalation reactions.  In this spirit, we tested Na and K full-cells, GR|NaPF6 

in DEGDME|NaPB and GR|KPF6 in DEGDME|KPB. A rate study with the full-cells was 

conducted to examine the electrochemical performance at high rates and corresponding capacities. 
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Figure 5.3 Electrochemical performance of rate study of GR|PB full cell, galvanostatic charge-
discharge curves of 1st cycle of each rate for (a) Na and (b) K chemistries, (c) corresponding plot 
of energy density at cycle, and (d) average energy density at each rate. 
 

Galvanostatic charge-discharge curves (Figure 5.3 a, b) represent the measured cell capacity with 

respect to the cathode (NaPB) and both electrodes (FullCell).  The latter case represents the 

actual full-cell capacity of the device, even though the former is commonly reported in the 

literature.  As has been reported with the Prussian blue system185, 190, 191 even with other 

commercially viable battery systems such as the lithium nickel manganese oxide and graphite 

cells,200 the compatibility between half-cells and full-cells differ. This is most likely due to the 
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increased number of active material interfaces in a full-cell, such as those between the active 

materials and current collectors and active materials with each other. In a half-cell there is a 

surplus of alkali ions, in this work either Na or K, however when introducing another active 

material interface, different types of SEI layers form with diverse SEI layers which can impede 

kinetics and diffusion in the full-cell.201  

All batteries were cycled between rates of 1.2 C to 17.7 C, with the applied current 

calculated with respect to the cathode material.  The energy density (E) was assessed based on the 

relation:  

𝐸𝐸 =  I/𝑀𝑀� 𝑉𝑉(𝑡𝑡)𝑑𝑑𝑑𝑑
t

0
   

where M is the total combined electrode mass, V(t) is the voltage during galvanostatic testing, 

and I is the (constant) current used for the galvanostatic measurement.    The energy density is 

shown in Figure 5.3c at different charging/discharging rates.  From this data, we observe the 

energy density of the Na and K batteries to be ~ 110 Wh/kg at rates of 1.2 C to energy density of 

~ 75 Wh/kg for NaPB|GR and ~30 Wh/kg for KPB|GR at the fastest charging rate of 17.7 C. 

Cycling coulombic efficiencies and first cycle decay can be found in Figure 5.15 and 5.16, 

respectively. Although there are many factors that contribute to the rate capability of the 

system,202, 203 we attribute the lower reversible capacity, and consequently lower energy density, 

of the KPB|GR battery at high rates to larger charge transfer resistance (Figure 5.18). Especially 

at high rates, there can be additional electrolyte consumption as a result of joule heating due to 

oxygen reactions that occur at the end of fully charging the device.204 While understanding the 

mechanisms that influence the coulombic efficiencies is very important and a good platform for 

future work, this study demonstrates promise of this open framework/co-intercalation 

architecture design for full cell batteries. 
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Figure 5.4 Full cell high rate capability for extended cycling at (a) 2 A/g for 2000 cycles with an 
inset of a lit green light LED, (b) this work compared to literature, and (c) this work compared 
with other electrochemical energy storage devices. 
  

To characterize the durability of these fast-charging batteries, each of these devices were 

subjected to extended high rates of 2 A/g, or ~ 11 C (Figure 5.4a). The NaPB|GR full-cell 

maintained a capacity retention approaching ~ 80% over 2000 cycles and the KPB|GR full-cell 

retained nearly 60% capacity.  This emphasizes cycling performance, especially for the 

NaPB|GR, promising for technological applications where augmented power capability can be 

achieved with comparable cycling duration to existing battery systems.  It should also be noted 
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that safety is often highlighted as a challenge in high power operation of Li batteries, with one 

reason for this being the non-uniform deposition of Li that occurs under high currents.  In such 

systems, dendrite formation originates from the anode as the local host insertion lattice achieves 

full capacity and Li metal plating occurs on the anode surface.  Whereas this is problematic for 

Li cells since Li metal plating in liquid electrolytes is unstable, leading to dendrite formation, the 

less negative electrochemical potential of Na/Na+ compared to Li/Li+ leads to dendrite-free and 

stable plating processes that occur within the electrochemical window of glyme electrolytes.182, 

205 This implies that, at least for fast-charging Na batteries, such non-uniform deposition will not 

lead to adverse safety concerns that remain problematic for fast charging Li batteries, even 

though this could be a concern for the fast charging K batteries since K metal plating is similarly 

unstable.206, 207  

To understand how our results compare to other high power approaches discussed in the 

literature, we have plotted our results compared to others who have reported full-cell battery 

performance (Figure 5.4b). Recent reports by Jiang et al. (blue squares, Figure 5.4b) and Wang et 

al. (blue circles, Figure 5.4b) have demonstrated Prussian blue and Prussian white cells with 

energy densities of 150 Wh/kg and 206 Wh/kg, respectively.  However, in both cases the cell 

performance remains limited to rates less than 0.5 A/g.  Alternatively, Le Comte et al. (Orange 

hexagons, Figure 5.4b) reported long term cycling for over 60,000 cycles at 5 C but with lower 

energy densities of ~11 Wh/kg and power densities on par with those reported in this work. 

Other works reporting NIC and KIC performance sandwich the power and energy density values 

in this study. When comparing the devices from this study with other electrochemical energy 

storage devices (Figure 5.4c), it is evident that the energy density is on par with and the power 

density is higher than that of battery technologies. Even when considering the mass contributions 
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from packaging, the power and energy densities are still improved over current battery 

technologies. In our study, we demonstrate the feasibility for a battery system to enable both 

high rate performance and moderate energy densities with the possibility to further tune and 

optimize both the open framework cathode structure, as well as the electrode-electrolyte 

interface that enables co-intercalation to engineer the performance characteristics in the 

framework of this general fast-charging battery design scheme.    

 

5.4 Conclusion 

 In summary, here we have demonstrated how a co-intercalation natural graphite anode and 

an open framework Prussian blue cathode can enable high-power batteries with moderate energy 

density >100 Wh/kg and power density > 1000 W/kg. Using a co-intercalation anode, 1) eliminates 

the rate-limiting step of alkali ion de-solvation at the electrode-electrolyte interface, allowing for 

high rate capability and 2) allows for alternative ion intercalation into graphitic carbon. Prussian 

blue as a cathode material offers a rigid, open framework with large interstitial sites for ease of 

rapid ion extraction and insertion, supporting both Na and K chemistries.  

The synergy of these electrode materials holds great promise for high-power batteries for 

electric vehicles and efficient storage of renewable energy. Further investigation into refining the 

cathode material allows for tunability to access a broad range of power and energy densities 

currently outside the scope of traditional supercapacitor and battery systems. This study lays the 

groundwork for engineering an electrode/electrolyte system for fast-charging, energy-dense 

batteries that overcome the limitations of supercapacitors and enable performance as a battery at 

high currents or under fast-charging conditions. 
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5.5 Appendix 

 

Figure 5.5 Experimental images of NaPB synthesis after all precursors were added at (a) t = 0 
hours, (b) t = 4 hours, (c) and the resulting product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Experimental images of KPB synthesis after all precursors were added at (a) t = 0 
hours, (b) t = 4 hours, (c) and the resulting product. 
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Figure 5.7 XRD of synthesized NaPB and KPB: (a) smoothed and (b) unsmoothed data. 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 5.8 Scanning electron microscopy images of (a), (b) synthesized NaPB and (c), (d) 
synthesized NaPB with multiwall carbon nanotubes. 



78 
 

 
 
Figure 5.9 Scanning electron microscopy images of (a), (b) synthesized KPB  and (c), (d) 
synthesized KPB with multiwall carbon nanotubes. 
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Figure 5.10 Elemental analysis of synthesized NaPB all with scale bar of 5 µm (a) electron 
image, (b) all elements, (c) iron, (d) nitrogen, (e) carbon, (f) sodium. 
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Figure 5.11 Elemental analysis of synthesized KPB all with scale bat of 1 µm (a) electron 
image, (b) all elements, (c) iron, (d) nitrogen, (e) carbon, (f) potassium. 
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Figure 5.12 Energy dispersive x-ray spectroscopy for elemental analysis of the Prussian blue 
analogues (a), (b) NaPB and (c), (d) KPB. 
 
 

 
Figure 5.13 Electrochemical data from Na|GR and K|GR half cells (a) rate study, and 
galvanostatic charge discharge curves of the first cycle at each rate of the rate study for (b) 
Na|GR, and (c) K|GR. 
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Figure 5.14 Electrochemical data from Na|PB and K|PB half cells, galvanostatic charge 
discharge curves of the first cycle at each rate of the rate study for (a) Na|PB, and (b) K|PB. 
 

 

Figure 5.15 Electrochemical data from NaPB|GR and KPB|GR full cells, galvanostatic charge 
discharge curves of the first, second, and last (50th) cycles at 1.2 C for (a) NaPB|GR, and (b) 
KPB|GR, and corresponding coulombic efficiencies for (c) NaPB|GR, and (d) KPB|GR. 
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Figure 5.16 1st cycle decay for both NaPB|GR and KPB|GR full-cells. 

 
 
 
 
 
 
 
 

 

 

 

 

Figure 5.17 Cyclic voltammetry of (a) GR|NaPB and (b) GR|KPB full-cells. 
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Figure 5.18 EIS data of full cells NaPB|GR and KPB|GR. 
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Chapter 6 

 

Carbon Fiber Reinforced Structural Lithium-Ion Battery Composite: Multifunctional Power 

Integration for CubeSats 

 

Adapted from: K. Moyer, C. Meng, B. Marshall, O. Assal, J. Eaves, D. Perez, R. Karkkainen, L. 

Roberson, C.L.Pint, “Carbon Fiber Reinforced Structural Lithium-Ion Battery Composite: 

Multifunctional Power Integration for CubeSats,” Energy Storage Materials, (2019) 

doi.org/10.1016/j.ensm.2019.08.003. 

 

6.1 Introduction 

 The developmental trend for electricity use over the past several decades has shifted from 

systems dependent upon a centralized source of electricity to systems fully supported by portable 

batteries.  In this regard, the boom in portable technology has been primarily enabled by the 

commercial development of lithium-ion (Li-ion) battery electricity storage media.  Simply 

extrapolating this development forward, batteries and energy systems will likely evolve from 

externally situated systems to integrated flexible, structural, wearable, and multifunctional 

materials.208, 209 Similarly, such a transition in the form factor of the energy storage platform can 

enable a new leg of technology development focused on power-integrated systems and materials.  

Despite this vision, there are critical fundamental challenges posed in efforts to increase the 

functionality of battery systems.210-212 Most notably, Li-ion batteries require operation in the 

absence of air exposure due to electrolyte and/or electrode sensitivity to air.213 Additionally, Li-

ion batteries are packaged under compression to mitigate mechanical failure mechanisms.214, 215  
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In turn, any efforts to un-package a Li-ion battery into a multifunctional platform must clearly 

address these challenges.   

 In this regard, numerous reports have emerged in the past few years focused on the 

conception and design of structural energy storage systems.  This includes efforts both in 

supercapacitors216-221 and batteries222-227 where the energy storage material is situated into a solid-

state composite matrix without compromising the mechanical properties of the matrix material.  

Current approaches are generally divided into two separate thrusts: (1) the integration of 

commercially packaged energy storage systems into composite structures,228-230 and (2) the design 

of multifunctional materials that can be processed much like traditional composite materials, but 

exhibit both structural and energy storage properties.227, 231-234 In the former case, Periera et al. 

embedded pre-manufactured Li-ion cells into a carbon fiber matrix, but discontinuity at the matrix-

battery interface in this approach detracts from the intrinsic mechanical advantages of carbon fiber 

composites.229 In the latter case, researchers have taken steps to evolve packaged lithium battery 

materials into structural templates.  Early work by P. Liu et al. replaced particulate fillers in 

electrodes with carbon fibers, but this structure lacked external reinforcement and required 

additional packaging for mechanical performance.235 Other approaches in this direction have 

demonstrated battery performance in solid materials, but routes to sustain multifunctional 

performance and packaging remain challenging.  Most recently, efforts by G. Fredi236 et al. and E. 

Jacques et al.237, 238 showed that carbon fiber materials can be used for lithium battery anodes, and 

emphasize this as a step toward a structural battery.  However, despite a persistent vision toward 

a Li-ion battery fabricated along with and into a structural composite, no reports yet have shown a 

successful path to achieve this, despite progress on modular structural elements including 

electrolytes and electrodes that could be useful for such a battery system.  Further, whereas 
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multifunctional energy materials have broadly garnered some attention, current advances in this 

area do not clearly delineate the system-level advantage for integrated energy storage systems.   

In this letter, we demonstrate the direct integration of a pouch-free full cell Li-ion battery 

materials into a carbon fiber containing composite matrix to produce a high-performance structural 

battery.  This strategy provides a clear system-level performance advantage for integration since 

the inactive materials for the Li-ion battery are the active materials for the carbon fiber epoxy 

composite matrix.  We utilize carbon fiber as the current collector with graphite/carbon fiber 

anodes and LFP/carbon fiber cathodes, which are directly integrated into the carbon fiber panels 

via a traditional composite layup process.  We demonstrate total energy density above 35 Wh/kg 

relative to all active and composite packaging materials and specifically show how this pouch-free 

battery composite material can be used to fabricate the walls of a 1U CubeSat to absorb the 

electrical energy storage capability into the CubeSat structural walls and increase the utility of 

interior CubeSat volume.   

 

6.2 Experimental Details 

6.2.1 Electrode Fabrication 

All electrodes were slurry cast onto 6 cm x 6 cm de-sized carbon fiber current collectors (NASA, 

Prototype Lab). To make the graphite electrodes, the slurry consisted of graphite powder < 20 µm 

(Sigma-Aldrich), conductive carbon black (MTI), and PVDF binder (MTI, >99.5%) in the 

respective ratio of (80:10:10). To make the LiFePO4 electrodes, the slurry consisted of LiFePO4 

powder (MTI), conductive carbon black (MTI), multiwall carbon nanotubes (CheapTubes, >95%) 

and PVDF binder (MTI, >99.5%) in the respective ratio of (65:20:5:10). A Zeiss Merlin scanning 

electron microscope was used to examine the materials used for fabricating the battery electrodes. 
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6.2.2 Carbon Fiber Composite Battery Assembly & Electrochemical Testing 

To begin the layup process to make one composite battery panel, 4 pieces of 8.4 cm x 8.4 cm PAN 

based carbon fiber (NASA, Prototype Lab) were cut. Using a roller and squeegee, all 4 carbon 

fiber squares were impregnated with epoxy (Fibre Glast Developments Corp., System 1000 

Laminating Epoxy Resin Standard Part Kit 1000/1025). The carbon fiber battery was assembled 

with the following architecture; two epoxy-impregnated carbon fiber pieces|graphite electrode 

along with a copper foil tab|whatman glass fiber separator|LiFePO4 electrode with an aluminum 

foil tab|two epoxy-impregnated carbon fiber pieces. To attach the tabs to the graphite and LiFePO4 

electrodes, copper and aluminum pieces, respectively, were cut in an “L” shape and then attached 

to the carbon fiber using hot melt adhesive (polymer tape) for heat sealing pouch cell tabs (MTI) 

Figure S4a).  Before placing the separator in the battery system, it was soaked in 1 M LiTFSI 

(Sigma-Aldrich, 99.95%) in EMIMBF4 (Sigma-Aldrich, >=99% ) electrolyte. After soaking the 

separator in the electrolyte, it was observed that the ionic liquid easily wet the carbon fiber and 

entire electrode material. This architecture was then allowed to cure under vacuum overnight. To 

evaluate electrochemical performance cyclic voltammetry and galvanostatic charge/discharge 

measurements were performed using a Metrohm Autolab 8 channel battery testing system. 

6.2.3 Mechano-Electrochemical Testing 

An Instron mechanical tester and Autolab PGSTAT101 were used to perfom mechano-

electrochemical tests. All samples underwent tensile tests at a strain rate of 2 mm/min. 

 

6.3 Results & Discussion 

A key challenge in structural energy storage is the requirement for (1) structural integrity 

of the energy storing composite, (2) meaningful energy density relative to total composite mass, 



89 
 

and (3) invariant energy storage capability under mechanical loading.  Recently, efforts have 

demonstrated a structural ultrabattery platform, but the energy density relative to all active and 

packaging materials remains limited to ~ 1 Wh/kg due to the use of heavy laminate materials and 

a mostly air-stable but lower energy density Ni-Fe battery chemistry.222  To produce a more 

practical structural battery composite material, we instead focus on lightweight conductive carbon 

fibers as a reinforcing material and Li-ion battery chemistries which offer higher achievable energy 

density.  The strength of this approach is that the packaging (or inactive) materials for the Li-ion 

battery provide a secondary role as the primary materials for the structural carbon fiber composite.  

This means that unlike the case of an externally situated battery, which requires liquid electrolyte, 

heavy metal current collectors, and additional packaging materials, the integrated structural battery 

provides a system-level performance advantage in terms of gravimetric energy storage capability.  

To assemble these materials into a packaging-free carbon fiber battery composite, we used Li-ion 

battery materials integrated into a vacuum infusion composite layup process, illustrated in Figure 

6.1. In this process, we use carbon fiber as the current collector for both the lithium iron phosphate 

cathode and graphite anode (Figure 6.1a). Whereas carbon fiber has been previously reported as a 

potential anode material for Li-ion intercalation, graphitic sheaths on the fibers were used due to 

the low capacity of the fibers, significant first cycle losses, and non-uniformities that lead to fibers 

swelling and areas of additional mechanical stresses.239, 240 Here, we used graphite as the anode 

material, CF GR (Figure 6.1b) and used a lithium iron phosphate cathode, CF LFP, (Figure 6.1c) 

incorporated with carbon nanotube (CNT) conductive additives.  These active materials were 

coated onto thermally processed carbon fiber weave materials, which acted as a current collector 

and structural component in this design. Furthermore, using carbon fiber as the current collectors 

in a battery can increase the duration of safe zero-volt state of charge.241 
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Figure 6.1 Carbon fiber battery composite fabrication as shown by SEMs of a) carbon fiber, b) 
graphite, and c) lithium iron phosphate, d) a scheme showing the stacking of the individual layers 
of the composite battery along a picture of these layers cured into a composite material and e) 
composite layup process along with a picture of a carbon fiber composite structural battery panel 
being held. 

 

To prepare the electrolyte interface between the electrodes, we overcome air stability issues 

through the direct assembly of the battery components and electrolyte in the carbon fiber 

composite layup process. 1 M LiTFSI in EMIMBF4 ionic liquid was infiltrated into the separator 

between the carbon fiber electrodes and integrated into the Li-ion battery matrix. This electrolyte 

remains stable within operational voltage window, Figure 6.5, with no observed corrosion at the 

metal tab connection to the carbon current collector, even though this could be a relevant point to 

evaluate for studies to evaluate the shelf life/durability of this structural battery.242 The battery 
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layup of CF GR|LiTFSI in EMIMBF4|CF LFP was then sandwiched between epoxy-impregnated 

carbon fiber and then placed under vacuum to cure overnight (Figure 6.1d,e). The electrodes on 

carbon fiber current collectors were 6 cm x 6 cm in size, resulting in a carbon fiber battery 

composite with dimensions of 8.4 cm x 8.4 cm.  

The entire 8.4 cm x 8.4 cm carbon fiber battery panel was then evaluated electrochemically 

to characterize energy storage performance (Figure 6.2a, b, c). Galvanostatic charge discharge 

measurements were performed at a series of rates from 0.10 C to 1.0 C, which yields charging 

times of 10 hours to 1 hour, respectively. The applied current was calculated with respect to the 

active mass of LFP cathode material, but the capacity was calculated with respect to the mass of 

the entire battery composite.  The corresponding energy density was calculated by integrating the 

area under each discharge curve in Figure 3a according to the following equation: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝐼𝐼
𝑀𝑀
� 𝑉𝑉(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡

0
 

Here, I is the constant current applied during the galvanostatic measurements, M is the total 

structural battery composite mass, and V(t) is the voltage as a function of time throughout the 

galvanostatic test. At rates of 0.1 C, the carbon fiber battery composite exhibited capacity of ~30 

mAh/g, which results in total energy density of 36 Wh/kg. Despite the higher resistivity of carbon 

fiber current collectors compared to traditional Cu or Al current collectors, the entire battery panel 

was cycled up to rates as high as 1.0 C, and displayed a capacity of 7 mAh/g with an energy density 

of 10 Wh/kg at the highest rates. The composite structural battery panel was also subjected to 

extended cycling at a rate of C/2 and had an energy density of 18 Wh/kg, even after 50 cycles 

(Figure 6.2d).  

 A key characteristic of a structural battery is the need for the material to exhibit reversible 

battery performance under mechanical loading that is the hallmark of a multifunctional material.   
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Figure 6.2 Galvanostatic testing of carbon fiber composite battery panel, rate study a) first cycle 
charge discharge curves at each rate, b) corresponding energy density at each rate, c) average 
energy density at each rate, d) and extended cycling at a rate of 0.50 C with inset of characteristic 
charge discharge curve after system stabilizes. 
 

 To study this we first tested the mechanical integrity of the composite structural battery 

panel by tensile testing at a strain rate of 2 mm/min (Figure 6.3a).  These results support an ultimate 

tensile stress of 213 MPa with Young’s modulus of ~1.8 MPa/(Δl/l). The mechano-electrochemical 

properties, or the simultaneous testing of mechanical properties and battery electrochemistry, of 

the composite structural battery panel were also examined through performing galvanostatic 

charge discharge measurements at a rate of 0.10 C at various points throughout the tensile test. 
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Charge discharge measurements were initially performed before tensile testing with no applied 

stress (Figure 6.3d). Then, the composite was loaded to 100 MPa at which point the tensile testing 

was stopped and galvanostatic charge discharge cycling was performed (Figure 6.3e).  

Subsequently, the composite was loaded to near-failure, 200 MPa. Again, charge discharge 

measurements were taken at 200 MPa (Figure 6.3f). Prior to tensile tests, the galvanostatic curves 

exhibit a first discharge capacity of 28 mAh/g and energy density of 37 Wh/kg, as summarized in 

Figure 6.2b, c. After being stressed to 100 MPa, polarization due to stresses in the structural 

material result in steeper and less well-defined galvanostatic charge-discharge profiles, and the 

first discharge capacity and energy density decrease to 16 mAh/g and 20 Wh/kg, respectively. 

Finally, at 200 MPa of tensile stress the polarization due to localized stresses applied to the 

structural battery composite greatly reduce the performance, yielding sloping charge/discharge 

curves and a first discharge capacity of 8 mAh/g and energy density of 12 Wh/kg.  Importantly, 

measurements of the performance of these devices after releasing the load resulted in no significant 

recovery of the performance.  We therefore conclude that mechanical stress applied to a structural 

battery can dictate the resulting capacity and energy density likely due to shear-stress induced 

delamination at interfaces.  As the basic role of a carbon fiber additive to a reinforced composite 

is to facilitate load-transfer between the epoxy matrix and carbon fiber, the presence of a coated 

battery material on the carbon fiber that itself is subject to volume changes during charging and 

discharging presents a new challenge for a stable structural battery material.  Specifically, these 

results emphasize the need for mechano-chemical testing combined with reinforcement strategies 

across the carbon-battery material-epoxy interface are critical to realize full battery performance 

under significant mechanical stress.  However, our approach that uses coated active material layers 

on carbon fibers without such reinforcement strategies can be appropriate for structural batteries 
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exhibiting low-levels of mechanical loading, where mechano-chemical and electrochemical 

cycling performance are both stable. Nonetheless, this study emphasizes the need for ongoing 

efforts to propose and design novel interface reinforcement strategies which can facilitate high 

performing multifunctional materials.   

 
Figure 6.3 Mechano-electrochemical performance of carbon fiber composite battery panels a) 
stress strain curve of tensile testing, b) charge (outlined bar) and discharge (striped bar) capacity 
at different stress loadings, c) energy density at different stress loadings, and galvanostatic 
charge discharge curves at stress loadings of d) 0 MPa, e) 100 MPa, f) 200 MPa. 

 

As the focus of our efforts so far have been around the use of common materials (graphite 

and LFP) for Li-ion batteries, the novelty in our approach lies in the idea that not only is this the 
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first air-stable, full-cell structural Li-ion battery reported to date, but the design of this battery 

provides quantifiable gravimetric performance enhancement to a system it is integrated into.  Here, 

our design leverages the structural composite materials (carbon fibers, epoxy, etc.) to replace the 

inactive packaging materials in an externally (or internally) situated Li-ion battery pouch cell, such 

as current collectors, liquid electrolyte, and the pouch.  This means that when benchmarking 

energy storage performance against the system, where the system includes structural materials plus 

the battery, our approach yields a significant gravimetric performance enhancement to the system 

that comes from this integration strategy.  We estimate the maximum gravimetric performance 

enhancement based on the known energy density and packaging mass of a standard LFP/graphite 

cell (1.35 Ah cell, Harding Energy) to be ~ 30% in our configuration.  Whereas many researchers 

are focused on strategies to improve the energy densities of batteries, which is proving increasingly 

more difficulty, this approach shows that effective integration methods can yield improvements to 

the energy densities of systems containing externally situated batteries.   

 To further validate this idea, we focused on demonstrating an idealized testbed for this 

structural battery integration strategy by using these materials as components of a structural frame 

for a 1 U CubeSat.  As shown in Fig. 6.4a, this addresses a key challenge for CubeSat systems as 

external Li-ion battery packs occupy a significant volume of a 1 U CubeSat assembly.  By 

integrating energy storage into the CubeSat structural frame, the improved gravimetric and 

volumetric performance of the system allows more volume and mass for additional contents into 

the CubeSat assembly, enabling improved value for an individual CubeSat mission.  Specifically, 

for the case of 4 structural battery panels assembled into the 1 U CubeSat, each with energy density 

of 35 Wh/kg, this produces a total energy of ~ 10 Wh, which decreases the total required mass of 
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external batteries by ~ 30% in this configuration and creates free volume in the CubeSat chassis, 

pushing closer towards NASA’s operational requirements for mission infusion, as illustrated in 

Figure 6.4a.  To demonstrate this approach, we connected 4 - 8.4 cm x 8.4 cm composite battery 

panels in series in a prototype 3-D printed 1 U CubeSat frame with outer dimensions of 10 cm x 

10 cm.  The batteries in the panels were connected in series and shown through supporting videos 

(still shots in Fig. 6.4b and 6.4c) to provide power to both a small industrial fan (Figure 6.4c) and 

an LED (Figure 6.4b). Whereas CubeSats provide a clear value-driven approach for structural 

energy storage composites due to the high cost of payload materials (~ $10,000/lb), this approach 

can be realized in other aerospace or structural systems as well,243, 244 such as in drones, small  

 
 
Figure 6.4 Replacing interior external battery pack with structural battery creates free volume 
within the CubeSat chassis; a). Electrochemical performance of 4 composite structural battery 
panels in series in a 1U prototype CubeSat frame, b) lighting a LED and c) operating a fan. 
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UAVs, and microscale robots – all of which are lightweight structural systems which are often 

bottlenecked by the challenge of integrating external energy storing payloads into the systems.   

 

6.4 Conclusion 

 In summary, we have demonstrated an approach to directly combine battery processing 

and composite layup processing into a single step that produces a pouch-free carbon fiber 

reinforced structural Li-ion battery with energy density relative to all active and inactive battery 

components > 35 Wh/kg. This is achieved by resourcing the components of the carbon fiber epoxy 

composite matrix to be the inactive packaging materials for the Li-ion battery, providing a distinct 

energy storage performance improvement to a system (structural materials + energy storage).  This 

approach, which is the first to demonstrate structural energy storage using Li-ion battery 

chemistries having practical energy density and cycling durability, gives promise to an alternative 

pathway to improve the energy density of systems by carefully designed integration strategies, 

rather than improving the energy density of state-of-the-art commercial battery systems.  Our 

findings in studying the mechano-electrochemical performance of these materials highlights the 

fundamental ongoing challenge for structural energy storage materials, namely the reinforcement 

of interfaces spanning carbon fiber – battery material – epoxy resin layers during charging and 

discharging processes.  We further show how these structural battery panels can be coordinated in 

series into a 1 U CubeSat frame to provide integrated power delivery and reduce the need for heavy 

on-board battery systems, providing a key value-driven approach for structural energy storage that 

leverages the performance enhancement of this approach.  Looking forward, the processing of 

structural composite materials that incorporate energy storage capability can change the 



98 
 

technology of the future at a system-level in a manner analogous to how batteries have changed 

the technology that we use today.  Despite ongoing fundamental challenges related to interface 

design for these materials, our results give promise to practical, lightweight multifunctional 

structural composites that can be used for the design of next-generation power-integrated 

technologies.   
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6.5 Appendix 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Cyclic voltammogram of a CF GR | LiTFSI in EMIMBF4 | CF LFP carbon fiber 
battery composite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6 Galvanoststic rate study of carbon fiber composite battery panel, capacity at each rate 
for charge (open circles) and discharge (closed spheres) and corresponding coulombic efficiency. 
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Figure 6.7 Galvanostatic testing at a rate of 0.50 C. Charge (open circles) and discharge (closed 
spheres) capacity and corresponding coulombic efficiency for each cycle. 
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Figure 6.8 Illustration of a) tab integration into pouch cell showing graphite on carbon fiber with 
copper tab, Whatman glass fiber separator, and LiFePO4 on carbon fiber with aluminum tab and 
b) carbon fiber battery composite fabrication process. 

(a) 

(b) 
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Figure 6.9 Electrochemical impedance spectroscopy of carbon fiber battery composite panels a) 
before tensile testing, b) after being stressed to 213 MPa, and c) a direct comparison of before 
and after. 

 

Figure 6.10 In-situ mechano-electrochemical testing a) current response of a potentiostatic test 
at 3.5 V during tensile testing and b) voltage response after galvanostatically charging to 3.5 V 
during tensile testing. 

 

Supplementary Video 1 

Lighting an LED 

CubeSat_LED_compressed.avi 
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Supplementary Video 2 

CubeSat_Fan_compressed.avi 
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Chapter 7 

 

Polymer Film Stabilized Carbon Fiber Battery Electrode Interfaces for Stable and High Energy 

Density Structural Lithium-Ion Batteries 

 

Adapted from: K. Moyer, N. Ait Boucherbil, M. Zohair, J. Eaves-Rathert, C.L. Pint, “Polymer 

Film Stabilized Carbon Fiber Battery Electrode Interfaces for Stable and High Energy Density 

Structural Lithium-Ion Batteries,” in preparation. 

 

7.1 Introduction 

Whereas the lithium battery has been an enabling device for mobile applications, the basic 

method for combining the lithium-ion battery into systems has remained unchanged over the past 

thirty years.5  This involves materials and electrolytes packaged into self-contained cells, which 

are then added externally to a system that requires power input.  Despite great strides since the 

conception of the lithium-ion battery to reduce inactive mass,9 minimize packaging,11, 245 and 

streamline manufacturing,6, 8 performance improvements in batteries have been historically slow.  

Whereas improved anodes give promise to higher cell capacity,10, 246, 247 the push to reduce or 

eliminate cobalt from cathodes as battery production volume scales higher means lower cell 

voltage,13, 14 and this brings a push-pull competition toward improved battery performance at the 

cell level.  One alternative idea is to instead focus on the improvement for battery integration into 

systems, such as designing structural materials that are imbued with capability to store electrical 

energy.   
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With this said, structural energy storage represents a growing field of research over the past 

years.  Early studies in this area primarily focused on supercapacitors due to the simplicity of 

design with two symmetric electrodes, and inspiration building from work on polymer and/or solid 

battery architectures.217-219, 248-253 Challenges among these early studies included a lack of clear 

justification for multifunctional operation and/or performance, and extremely low areal and 

gravimetric energy storage capability on the order of a few to tens of mF/cm2.  Whereas many of 

these problems continue in this area, recent work by Sun et al.170 introduce a methodology to 

benchmark multifunctional advantage of structural energy storage materials, and show an 

rGO/Kevlar supercapacitor to exhibit improved multifunctional efficiency compared to carbon 

aerogel/epoxy materials.  Moving toward batteries, the challenges for structural batteries become 

more significant since useful anode or cathode materials exhibit moderate levels of volume change 

during charging and discharging.254  This means that interfaces between active materials and 

current collectors, which are already problematic in commercial cells packaged under 

compression, are a limiting aspect for the design methodology of structural batteries.  Early studies 

in this area simply encapsulated packaged lithium-ion battery pouch cells into the composite layup 

process.228, 255-257  However, such an approach bears no gravimetric advantage to a system, and 

brings a mechanical disadvantage due to a smooth battery packaging/epoxy interface.  Only 

recently have approaches been demonstrated for direct integration of battery materials into 

structural composites, but these approaches so far have been limited to either low energy density 

(relative to all active and composite materials) and moderate cycling stability,226, 230, 237, 258-264 or 

moderate energy density and low cycling stability.35  Efforts moving forward in this area require 

identification and mitigation of mechanically induced degradation mechanisms that arise from 
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operation without compressive stress due to packaging and with the introduction to external forces 

on the composite materials.   

In this spirit, one effective approach in stabilizing active battery materials from degradation 

under stresses caused by charging and discharging has been the use of ultrathin coatings.  A 

common way to achieve such coatings has been the use of atomic layer deposition (ALD),265-268 

which additionally provides control on the solid electrolyte interphase formation at the electrode-

electrolyte interface.  Outside of this, there have been other studies on the utilization of polymer 

films for battery electrodes.269-272  Recent work by Shen et al.273 demonstrates an initiated chemical 

vapor deposition coating of polycyclosiloxane polymer films onto silicon anodes to facilitate in 

overall better stability owing in part to mechanical and chemical stabilization at the electrode-

electrolyte interface.  Moving away from conventional battery configurations that are packaged 

under compressive stress toward structural battery configurations requiring the battery materials 

to withstand external stresses is likely to place a greater demand on such methodologies and their 

role in electrode mechanics.   

In this work, we show that for active battery materials coated onto carbon fiber current 

collectors, a thin PAN coating is effective to “lock-in” the active materials onto the carbon fibers 

and more effectively distribute stresses in the composite to prevent battery material delamination.  

We demonstrate the effectiveness of this approach by comparison of structural batteries with and 

without the PAN polymer coating on the electrodes, where PAN-based electrodes exhibit 

significantly improved energy density up to 52 Wh/kg relative to active and inactive composite 

materials as well as cycling performance up to 100 cycles while maintaining > 80% capacity.  This 

work highlights a broad and effective approach to stabilize the mechanical interfaces of battery 
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electrodes in multifunctional or novel platforms that do not involve external compressive 

packaging, such as in structural batteries.  

 

7.2 Experimental Details 

7.2.1 Electrode Fabrication and Battery Assembly 

Carbon fiber (Fibre Glast) was used as the current collector for all electrodes. Lithium iron 

phosphate (LFP) electrodes consisted of LFP (MTI), conductive carbon black (MTI), multiwall 

carbon nanotubes (CheapTubes, >95%), and PVDF binder (MTI, >99.5%) in a ratio of 65:20:5:10, 

respectively. Carbon nanotubes were used as a conductive additive to offset the insulating nature 

of the carbon fiber current collector and increase the conductivity throughout the cathode.274 

Graphite (GR) electrodes were made with graphite powder < 20 µm (Sigma-Aldrich), conductive 

carbon black (MTI), and PVDF binder (MTI, >99.5%) in a ratio of 80:10:10, respectively. A 

polyacrylonitrile (PAN) coating was made by dissolving 2.5 wt% PAN in dimethylformamide 

(Sigma-Aldrich, 99.8%) and stirring at 70˚C. PAN GR and PAN LFP electrodes were made by 

coating the GR and LFP electrodes, respectively, with PAN. Celgard 2525 separators were used 

with 1 M LiPF6 (Sigma-Aldrich, 98%) in ethylene carbonate (sigma-Aldrich, 98%):diethyl 

carbonate (Sigma-Aldrich, 99%) in a 1:1 volume ratio as the electrolyte. Carbonate solvents were 

chosen as a control to minimize water contamination issues more heavily associated with other 

solvents like ionic liquids. Galvanostatic testing was performed on an 8 channel MTI battery 

testing system and cyclic voltammetry and electrochemical impedance spectroscopy were 

conducted using a Metrohm Autolab potentiostat/galvanostat. 

7.2.2 Carbon Fiber Composite Battery Assembly 
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The carbon fiber layup process used epoxy (Fibre Glast Developments Corp., System 1000 

Laminating Epoxy Resin Standard Part Kit 1000/1025), a roller, squeegee, and carbon fiber (Fibre 

Glast). 4 pieces of 6 cm x 6 cm carbon fiber were impregnated with epoxy. The composite battery 

was then assembled similarly to;35 two of the epoxy-impregnated carbon fiber squares GR|CF 

electrode with and without PAN, separator, LFP|PAN electrode with and without PAN, and two-

epoxy impregnated carbon fiber squares. Nickel tabs (MTI, 99.99%) were used for the GR|LFP 

electrode and aluminum tabs (MTI, 99.99%) were used for the LFP|PAN electrode. 

7.2.3 Electrode Characterization and Mechanical Testing  

All electrode materials were examined by scanning electron microscopy using a Zeiss Merlin 

SEM. An Instron mechanical tester was used to perform lap shear tensile tests and carbon fiber 

composite tensile tests. All samples underwent tensile tests at a strain rate of 2 mm/min. 

 

7.3 Results & Discussion 

  In order to assess the interface properties of the electrode design, full-cells using carbon 

fiber current collectors with graphite anodes and lithium iron phosphate cathodes (GR|LFP) were 

made with and without the addition of a PAN interface (Figure 7.1a). Material selection is 

fundamental for both the mechanical structure and electrochemical properties. Carbon fiber is an 

excellent structural material due to its lightness and mechanical strength and the way in which the 

weave architecture evenly distributes stress throughout the matrix.226, 230, 249 Furthermore, carbon 

fiber can also function as an energy storage material and current collector.248, 262, 263, 275 There are 

reports of polyacrylonitrile (PAN) based carbon fiber as anodes for structural batteries that resulted 

in mass and volume savings.237, 260, 261 Using carbon fiber as a current collector in a Li-ion battery 

reduces up to 15% of the cell mass compared to metal current collectors which is advantageous 
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for offsetting the mass penalty of incorporating battery systems in composites.143 While plain 

carbon fiber has low electrochemical cycling reversibility,258, 259 it is an excellent platform for 

mechano-electrochemical energy storage and cyclability can be enhanced by adding graphite as 

an anode material on the carbon fiber current collector.35 This study focused on electrode design 

that has the promise to be integrated into a mechano-electrochemical system. 

 When carbon fiber is subjected to a mechanical force, shear stress is transferred from the 

carbon fiber to the active battery material, resulting in material delamination. If the electrode is 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 a) Scheme illustrating stress distribution and material delamination in carbon fiber 
structural battery electrode with and without a PAN coating and b) 100th galvanostatic charge 
discharge cycle at 0.1 C for uncoated (black) and PAN coated (blue) carbon fiber GR|LFP full 
cells. 
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subjected to a concentrated stress upon bending (Figure 7.1a), active electrode material 

delaminates from an uncoated electrode surface and electrochemical performance significantly 

degrades over the course of 100 cycles, the 100th cycle at 0.1 C is shown in Figure 7.1b. The 

addition of a PAN coating helps increase the adhesion strength between the carbon fiber and 

electrode material,276 minimizing electrode material delamination from the carbon fiber and 

facilitating contact of the active electrode material with the carbon fiber (Figure 7.1a). Enhanced 

contact between the interphase more evenly distributes stress throughout the woven network which 

also improves electrochemical cycling. The 100th cycle at 0.1 C for PAN GR|LFP electrodes is 

shown in Figure 7.1b and is ~2 times the capacity with respect to total mass compared to the 

GR|LFP electrodes. 

 
Figure 7.2 Lap shear tests at rate of 2mm/min for a) GR and b) LFP electrodes with and without 
PAN, and inset of lap-shear test scheme. 

 

The addition of PAN improves the interfacial structure by helping transfer mechanical 

forces to the fiber and improving the interlaminar shear stress which minimizes material 

delamination. Lap-shear tests were performed for both GR and LFP electrodes with and without 

PAN (Figure 7.2a-b). The addition of PAN for the GR electrode increased the ultimate tensile 
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strength by >40% and that of the LFP electrode by >80%. The interface properties between the 

carbon fiber and surrounding composite matrix are significantly affected by the interfacial 

structure.277 The properties are primarily based on microstructure and performance of an interphase 

between the fiber and matrix, an area where the fiber and matrix phases are chemically or 

mechanically combined.278 In the case of a structural battery, the active battery materials both 

chemically and mechanically interact with the carbon fiber current collector as intercalation 

reactions and ion diffusion occurs within that area. The interphase between the fiber and matrix 

provides a critical role in binding and transferring forces to the fiber which, in turn, determines the 

mechanical properties of the composite. There are countless modes of failure, but most begin by 

initial uniform elastic deformation followed by local fracture of the electrode coating at which 

point the stress is transferred from the carbon fiber to the electrode coating in shear.279 

Consequently, the electrode strain is produced mainly at the carbon fiber surface with a non-

uniform distribution leading to failure.280 The addition of a PAN interface helps minimize areas of 

concentrated stress by uniformly distributing mechanical forces throughout the system. To 

examine the electrochemical performance of the electrodes with and without PAN, cyclic 

 

Figure 7.3 Cyclic voltammograms of a) PAN GR|LFP and b) GR|LFP full cells. 
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voltammograms (CVs) were conducted at 5 mV/s for both PAN GR|LFP (Figure 7.3a) and GR|LFP 

electrodes (Figure 7.3b). There are distinct reversible peaks that resemble a faradaic reaction with 

minimal degradation over 5 cycles for the PAN GR|LFP whereas the redox peaks are less 

reversible and there is a significant peak shift indicating material delamination for GR|LFP 

electrodes. After, the 1st cycle, the reduction peak for the GR|LFP electrodes is less pronounced, 

which indicates that the Li-ions cannot as easily access the host LFP structure. Consequently, this 

CV appears more capacitive in nature and less reversible as there are fewer available sites for 

charge to be stored within the LFP cathode due to material delamination over the course of cycling. 

Material delamination is further evident by the magnitude in the peak shift for each electrode.281 

Between the 1st and 5th cycles, the peaks only shifted by 6% for the PAN GR|LFP but shifted >75% 

for the GR|LFP electrodes. This peak shift is also accompanied by a reduction in peak current  

associated with a decrease in electroactive surface area, further confirming loss of electrode 

material throughout cycling.  

Electrochemical data further supports the influence of PAN on the electrode design (Figure 

8.4). When PAN is added to the electrodes (Figure 7.4a), the initial capacity is greater than without 

PAN (Figure 7.4b). The material adhesion to the carbon fiber is enhanced with the addition of 

PAN, and consequently, less material is lost during cell assembly and during initial solid 

electrolyte interphase formation, leading to a larger initial capacity. The capacity retention of the 

PAN GR|LFP is >80% whereas that of the GR|LFP is <64% after 100 cycles at 0.1 C (Figure 7.4f). 

Similar trends in performance were observed during half-cell cycling and can be found in Figures 

7.5-7.11. GR|Li and LFP|Li half-cells with the addition of PAN had improved capacity retention 

and cycling compared to those without the addition of a polymer layer. 
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Figure 7.4 Charge discharge curves of every 10th cycle of galvanostatic cycling at 0.1 C for a) 
PAN GR|LFP and b) GR|LFP full cells, c) energy density vs cycle number with respect to total 
mass (left y-axis) and LFP active material (right y-axis), electrochemical impedance 
spectroscopy of d) PAN GR|LFP and e) GR|LFP full cells before and after 100 cycles at 0.1 C, 
and f) capacity retention over 100 cycles at 0.1 C. 

 

The average energy density with respect to all components over 100 cycles for PAN 

GR|LFP electrodes was 52 Wh/kg, more than two times greater than the GR|LFP electrodes with 

an energy density of 21 Wh/kg. The energy density was calculated with respect to the mass of all 

components, inactive and active material including the carbon fiber (Figure 7.4c). Electrochemical 

impedance spectroscopy was also performed to probe the kinetics of the electrode process and 

interface properties with and without PAN before and after cycling. PAN containing electrodes 

have been shown to have the lowest charge transfer resistance RCT compared with other polymer 

binders due to the polar nitrile groups which have increased material adhesion and lower charge 

transfer resistance.276 The initial RCT with PAN was 60 Ω while that without PAN was 45 Ω, a 
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slight increase in comparison to the change in charge transfer resistance after cycling. The change 

in interfacial resistance after cycling with no PAN (RCT ~ 1160 Ω) (Figure 7.4e) was 83% greater 

than with the addition of PAN (RCT ~ 250 Ω) (Figure 7.4d) further proving material delamination. 

This increase in charge transfer resistance after cycling is commonly observed in Li-ion battery 

systems and is attributed to cell aging and material delamination.282 PAN improves the interphase  

 
Figure 7.5 Rate study a) energy density with respect to total mass at each rate (left y-axis) and 
with respect to LFP active material (right y-axis) and d) average energy density with respect to 
total mass at each rate (left y-axis) and with respect to LFP active material (right y-axis). 

 

between the fibers and the matrix which minimizes material delamination, resulting in a lower RCT 

after cycling and enhanced electrochemical performance. 

 Further, a rate study was performed to probe the extent of the rate capability of the electrode 

design. The capacity and energy density were calculated with respect to all electrode components; 

active materials, carbon fiber, separator, and are greater at each rate for PAN GR|LFP than GR|LFP 

Energy density versus cycle number is shown in Figure 7.5a for six cycles at each rate for both 

PAN GR|LFP and GR|LFP electrodes. The energy density for each electrode chemistry is 

summarized in Figure 7.5b.  For the PAN GR|LFP electrodes the energy density was 44 Wh/kg at 
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0.1 C, 39 Wh/kg at 0.2 C, 34 Wh/kg at 0.5 C, 32 Wh/kg at 0.7 C, and 30 Wh/kg at 1C. The energy 

density of the GR|LFP electrodes was 25 Wh/kg at 0.1 C, 22 Wh/kg at 0.2 C, 17 Wh/kg at 0.5 C, 

16 Wh/kg at 0.7 C, and 15 Wh/kg at 1C. The charge discharge curves for the 2nd cycle at each rate 

are shown in Figure 7.14. For the GR|LFP electrodes, there is a lower capacity retention between 

each rate compared to the PAN GR|LFP electrodes due to the increased material delamination 

without PAN. Adding a PAN layer to the active material/carbon fiber interface helps reduce 

material delamination and enhances the ability to store more charge and energy per unit mass with 

respect to all material, inactive and active components. Overall, this electrode design is a platform 

enhancing the interface properties of structural battery composites. To evaluate the mechanical 

properties of these electrodes for a structural battery, composites were fabricated using PAN 

coated electrodes and tensile tests were performed (Figure 7.17). 

 

7.4 Conclusion 

In summary, here we have demonstrated how the addition of a PAN surface coating on 

carbon fiber electrodes with active battery material can improve electrodes with capacity retention 

>80% over 100 cycles. These electrodes also boast meaningful energy densities with respect to all 

active and inactive materials of 52 Wh/kg. The addition of PAN to the electrodes helps improve 

the distribution of stress within the interphase between the fibers and battery material, enhancing 

mechanical and electrochemical performance. Interfacial engineering of the electrode is a platform 

for improving structural battery design for applications ranging from drones, load-bearing 

infrastructure, satellites, and electric vehicles.  
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7.5 Appendix 

 
Figure 7.6 Galvanostatic half-cell cycling at 0.1 C for 100 cycles. Every 10th cycle is shown for 
a) PAN GR|Li and b) GR|Li electrodes. Capacity is with respect to GR active material 
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Figure 7.7 Half-cell capacity vs cycle number for 100 cycles at 0.1 C for PAN GR|Li and GR|Li 
electrodes. Capacity is with respect to GR active material. 

 

 
Figure 7.8 Coulombic efficiency vs cycle number for 100 cycles at 0.1 C of a) PAN GR|Li and 
b) GR|Li half-cells. 
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Figure 7.9 Galvanostatic charge-discharge curves of every 10th cycle for half-cells cycled at 0.1 
C for 100 cycles for a) PAN LFP|LI and b) LFP|Li electrodes. Capacity is with respect to active 
material of LFP. 

 
 
  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 7.10 Capacity with respect to LFP active material vs. cycle number for 100 cycles at 
0.1C for PAN LFP|Li and LFP|Li half-cells. 
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Figure 7.11 Coulombic efficiency for half-cells tested at 0.1 C for 100 cycles for a) PAN LFP|Li 
and b) LFP|Li electrodes. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 7.12 Coulombic efficiency for half-cells tested at 0.1 C for 100 cycles for a) PAN 
GR|LFP and b) GR|LFP electrodes. 
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Figure 7.13 Coulombic efficiency vs cycle number for galvanostatic cycling of a) PAN GR|LFP 
and b) GR|LFP electrodes at 0.1 C for 100 cycles. 

 

 
 
 Figure 7.14 Rate study at rates of 0.1, 0.2, 0.5, 0.7, 0.1 C. 2nd cycle charge-discharge curves at 
each rate for a) PAN GR|LFP and b) GR|LFP. 
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Figure 7.15 Rate study for PAN GR|LFP and GR|LFP full-cell electrodes at 0.1 C, 0.2 C, 0.5 C, 
0.7 C, and 1.0 C. Capacity with respect to all mass, inactive and active material, (left y-axis) and 
with respect to LFP active material (right y-axis). 

 

 
Figure 7.16 Coulombic efficiency vs cycle number for rate study of a) PAN GR|LFP and b) 
GR|LFP full-cell electrodes. 



122 
 

 

 
Figure 7.17 Composite layup process: a) GR anode on CF current collector with nickel tab and 
LFP cathode on CF current collector with aluminum tab, b) addition of separator, c) carbon fiber 
battery, d) epoxy impregnation, e) vacuum infusion process, f) carbon fiber composite structural 
battery, and g) tensile testing of composite structural battery. 
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Chapter 8 

 

Conclusions and Future Outlook 

 

8.1 Conclusions 

 In summary, this research demonstrates a sustainable platform to design next-generation 

energy storage systems. Electrochemical capture and conversion of carbon dioxide presents a 

novel alternative to traditional carbon nanomaterial synthesis that opens the door to large-scale, 

environmentally friendly production of CNTs. These CNTs can then be integrated into energy 

storage devices using various techniques, such as electrophoretic deposition, to augment battery 

performance and help drive towards higher energy and power density while mitigating the carbon 

footprint of the LIB. Herein I have shown how CNTs can help create a percolative pathway for 

ion transport through high areal loading electrodes, enable charge transport for high rate 

performance, and overcome the resistive nature of alternative current collectors to facilitate 

structural battery development. 

In order to better understand the nucleation and growth mechanism of CNTs during liquid-

phase electrochemical growth, chapter 2 explored the kinetics and rate-limiting step of the 

electrolytic reduction of CO2 to CNTs. In most techniques to grow carbon nanotubes (CNTs), the 

rate-limiting kinetics of growth are coordinated to the catalyst particle and its reaction to break 

down hydrocarbon species to form CNTs.  Here I demonstrated that in the electrochemical 

conversion of atmospheric carbon dioxide into valuable CNTs, the rate-limiting step responsible 

for the onset of catalytic growth and the resulting properties of the CNTs, including diameter and 

crystallinity, is based upon the activity of the oxygen evolution electrode instead of the activity of 
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the carbon evolution electrode.  These findings were consistent across two separate sets of 

experiments where the oxygen evolution activity was changed both by the chemical composition 

of the anode as well as the size ratio of the anode to cathode with a fixed anode composition.  In 

all cases, poor oxygen evolving anodes inhibited catalytic growth altogether, but as the oxygen 

evolution activity of the anode was increased the catalytic growth of CNTs at the cathode yielded 

higher crystallinity and smaller diameter.  This is explained in the context of sluggish diffusion of 

oxide species between cathode to anode, and the impact of the buildup of oxide species at the 

cathode surface with limited oxygen evolution activity at the anode.  This work revealed a unique 

cooperative effect between transport and the onset and effectiveness of catalytic growth that is 

necessary to understand to produce size-controlled and high quality crystalline high-valued carbon 

nanomaterials from CO2 mitigated from the air.   

Then, I explored how CNTs can be uniformly integrated into energy-storage devices in a 

range of different architectures by electrophoretic deposition. Chapter 3 examined how three-

dimensional (3-D) current collectors in lithium-ion batteries with high areal loading of cathode 

materials enabled reduced packaging weight and cost compared to planar current collector 

materials. Here, I demonstrated the use of EPD as a route to prepare thick cathode assembles in 3-

D scaffolds using LiFePO4 with areal loadings measured from 2 mg/cm2 and up to 20 mg/cm2 in 

conductive carbon cloth materials. Findings demonstrated the LiFePO4 cathodes with areal 

capacity up to ∼2.4 mAh/cm2 and minimal decay (<0.11%) per cycle. This emphasized EPD as 

both a technique to overcome the limitations of conventional manufacturing approaches in scaling 

to 3-D collector architectures for improved cell-level energy density, but also a route to transition 

away from costly NMP processing toward cheaper, less toxic solvents, such as ethanol as was 

demonstrated in this study. 
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Chapter 4 built upon the work in chapter 3 and further investigates EPD as a technique 

widely used for high throughput industrial processes. Here EPD was shown as a route to 

manufacture high areal capacity battery electrodes with multiwall carbon nanotubes that enabled 

operation at high rates. Non-toxic, quick-drying acetone was used as an EPD solvent to fabricate 

LiFePO4 cathodes with high areal loadings of 50 mg/cm2. Higher electrode mass loadings 

substantially contribute to increasing the energy density while minimizing the ratio of inactive to 

active components. This work highlighted the electrochemical performance of high areal loading 

EPD manufactured electrodes with capacities up to ~8 mAh/cm2 and ability to perform at rates as 

high as 2 C. EPD is a promising technique to manufacture the next generation of nanoarchitecture 

electrodes with high energy density without compromising rate capability. 

System-level performance of CNTs was further explored in chapter 5 to enable fast charge 

transport in alternative ion batteries to synthesize a battery/supercapacitor hybrid. Here I 

demonstrated a full-cell battery design that bridged the energy density and rate capability between that 

of supercapacitors or pseudocapacitors with that of traditional lithium-ion batteries. This was 

accomplished by pairing an anode that enabled ultrafast ion co-intercalation, an open framework 

cathode that allowed rapid ion diffusion, and linear ether-based electrolyte that sustained cell-level 

stability and high rate performance. This platform was shown to be suitable for both sodium and 

potassium batteries using graphite as the co-intercalation anode, and Prussian blue as the open 

framework cathode. Devices from this study exhibited active material energy densities >100 W h 

kg−1 with power density >1000 W kg−1 with cycling durability approaching ∼80% energy density 

retention over 2000 cycles. This work brought together state-of-the-art concepts for fast-charging 

batteries into a full-cell configuration. 
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Chapter 6 explored a multifunctional battery platform where lithium-ion battery active 

materials were combined with carbon fiber weave materials to form energy storage composites 

using traditional layup methods. This design utilized epoxy resin as a packaging medium for the 

battery and the carbon fibers as both a conductive current collector and structurally reinforcing 

layer. These composites exhibited energy density surpassing 35 Wh/kg relative to combined active 

and inactive composite materials, stable full-cell cycling, and mechanical properties including 

tensile strength of 213 MPa and Young’s modulus of ~1.8 MPa/(Δl/l). Structural battery panels 

developed from this approach were demonstrated as an integrated power delivery platform for a 

1U CubeSat frame to augment or replace interior external battery packs. Overall, this approach 

showed a new path for battery integration into systems where the inactive materials for energy 

storage are the active composite structural materials. 

To build upon the work in chapter 6, chapter 7 examined a key challenge in designing a 

structurally robust lithium-ion battery composite material; mitigating delamination across 

interfaces in the absence of continuously applied compressive stress from external packaging 

media. Here, I shown that for battery active materials coated onto carbon fiber current collectors, 

a thin electroconductive poly acrylonitrile, or PAN, coating applied to the surface of the 

fiber/active material current collector drastically improved the performance of a carbon fiber 

reinforced structural battery material.  This lead to structural battery composites composed of 

lithium iron phosphate and graphite active cathode and anode materials, respectively, which 

exhibited energy density of 52 Wh/kg relative to combined active and inactive composite materials 

with capacity retention > 80% for over 100 cycles.  Mechanical and electrochemical testing 

correlated this excellent performance to the role of PAN coating that evenly distributed stress 

throughout the electrode to prevent early mechanical failure across interfaces.  These findings 
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presented a general approach suitable to adapt energy storage into systems by repurposing the 

structural elements of the system as the packaging of the active materials.    

 

8.2 Future Outlook 

 Electrochemical reduction of CO2 to value-added materials is a novel carbon-negative 

manufacturing technique to synthesize carbon nanomaterials while decreasing atmospheric CO2. 

Aside from mitigating greenhouse gas emissions, this synthesis method opens new doors for 

liquid-phase synthesis of nanocarbons. There are so many fundamental and applied directions that 

can be studied. Some essential directions include exploring non catalytic electrolytic CNT growth 

with the promise to explore CNT cloning and extending CNT growth once initial growth has 

ceased. In this liquid-phase electrochemical system, carbon is being assembled at an interface, so 

if this atomistic assembly process could be continued without the use of a catalyst, CNT length 

could be extended beyond new length scales, even to meters long. CNTs sustainably grown from 

this electrolytic system can be used in countless other technological applications to offset the 

carbon footprint of industrial processes such as manufacturing of automotive parts, sporting 

equipment, coatings, thin-film electronics, and portable electronics to name a few.  

 Thinking about integration of CNTs into devices and applications, electrophoretic 

deposition is a favorable synthesis technique to achieve uniform dispersion of CNTs throughout 

the deposited materials to harness the beneficial CNT properties to their fullest extent. In addition 

to incorporating CNTs into energy storage devices to augment energy and power density, there are 

other initiatives that would greatly benefit from controlled EPD of CNTs, such as flexible 

electronics. This is a relatively new front that has great promise for developing next-generation 

circuitry and can be extended to depositing other materials such as other carbon allotropes and 
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metal nanoparticles. The ability to controllably assemble CNTs in a variety of patterns, including 

circuits, is a huge stepping stone towards flexible and transparent microchips. EPD enables CNTs 

to be deposited in a seamless pattern on substrates which can then be integrated as circuits in 

applications beyond just microchips, including everyday objects such as fabrics, wallpaper, and 

even home décor.  

 Controllable EPD of nanomaterials could also be used to fabricate battery electrodes to 

engineer different architectures. This strategy could be used to maximize surface area at interfaces 

and enhance contact between conductive additives, binders, and active battery material. Improving 

interfacial behavior can minimize any undesirable side reactions and can also help minimize 

material delamination to increase cycle life and battery performance. Engineering better interfaces 

is critical for many systems, not just structural batteries. When thinking about stabilizing structural 

battery interfaces with polymers, this technique could be extended to other battery chemistries, 

such as that used to enable a high-rate structural battery. An open framework cathode and co-

intercalation anode with a liner ether-based electrolyte could be integrated into a structural battery 

architecture to increase the power density for applications such as drones, satellites, and even 

towards electric vehicles. Overall, fundamental CNT synthesis and integration of nanomaterials 

into energy storage devices enables development of next-generation technologies to provide more 

capacity on the grid to power society. 
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