
 

i

v 

 

 

3D Printable Lithium Ion Batteries and the Effect of Aspect Ratio of CuAg Nanowires on 

Graphite Anode Performance. 

by 

Christopher Reyes 

Department of Chemistry 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Benjamin J. Wiley, Supervisor 

 

___________________________ 

Jeffrey T. Glass 

 

___________________________ 

Aaron D. Franklin 

 

___________________________ 

Patrick Charbonneau 

 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Chemistry in the Graduate School 

of Duke University 

 

2018 

 



 

 

 

 

ABSTRACT 

3D Printable Lithium Ion Batteries and the Effect of Aspect Ratio of CuAg Nanowires on 

Graphite Anode Performance. 

by 

Christopher Reyes 

Department of Chemistry 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Benjamin J. Wiley, Supervisor 

 

___________________________ 

Jeffrey T. Glass 

 

___________________________ 

Aaron D. Franklin 

 

___________________________ 

Patrick Charbonneau 

 

 

 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Chemistry in the Graduate School of 

Duke University 

2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Christopher Reyes 

2018 

 



 

4 

Abstract 

The majority of consumer electronic devices, electric vehicles, and aerospace 

electronics are powered by lithium ion batteries because of their high energy and power 

densities. Commercially available lithium ion batteries consist of electrodes, separators 

and current collectors fabricated in multilayer rolls that are packaged in cylindrical or 

rectangular cases. The size and shape of the package as well as the composition of the 

electrode has a significant impact on the battery life and design of the products they 

power. For example, the battery life and shape of portable electronics such as cell phones 

or laptops, is governed by the volume that is dedicated to the battery.  In the case of electric 

vehicles, decreasing the size and weight of the battery while increasing capacity is an 

engineering challenge that affects vehicle range and cost. Therefore, the of my dissertation 

consists of the development of a novel 3D printable lithium ion battery nanocomposites 

and the integration of conductive metal nanomaterials into conventional lithium ion 

anodes. Here, we report the development of PLA-anode, cathode, and separator materials 

that enable 3D printing of complete lithium ion batteries with a low-cost FFF printer for 

the first time. The most common 3D printing polymer polylactic acid (PLA) is an insulator. 

However, our work demonstrates that 3D printed PLA can be infused with a mixture of 

ethyl methyl carbonate, propylene carbonate, and LiClO4 provides an ionic conductivity 

of 2.3 x 10−4 S cm−1 which is comparable to that of polymer and hybrid electrolytes (10−3 to 

10−4 S cm−1). It was found that up to 12-30 volume % of solids, depending on the filler 
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morphology, could be mixed into PLA without causing it to clog during 3D printing. It 

was also found that not only is electrical conductivity crucial to the performance of a 3D 

printed lithium ion battery, but efficient electrical contact to the active materials is as well.  

To that effect, we investigated the effect of aspect ratio of silver-copper core-shell 

nanowires on the performance enhancement of a commercially fabricated graphite 

lithium ion anodes. Currently, carbon is the most common conductive filler used in 

commercial lithium ion battery anodes.  We hypothesize that a more conductive, high 

aspect ratio would improve the performance of a lithium ion battery. We examined the 

effect of exchanging carbon with CuAg nanowires as the conductive filler in graphite 

lithium ion batteries. We tested 4 different aspect ratios and found that not only does 

aspect ratio matter, diameter and length have profound effect on capacity and energy of 

the anode at the same volume percent as carbon conductive filler under similar 

experimental conditions.      
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1. Introduction  

In 1981, Dr. John B. Goodenough filed a patent for a new energy storage 

technology that we now know as the Lithium Ion Battery (LIB).1 A few years later, work 

by Yazami et al, particularly in graphite as an anode material brought the lithium ion 

battery closer to commercialization.2 It took a decade of development before the Sony 

Corporation commercialized and released its first generation of Lithium Ion Batteries 

(LIBs) for its portable electronic devices.1 Since then, LIBs have become a ubiquitous part 

of our lives as they power most portable electronics, i.e. cell phones and laptops, as well 

as electric vehicles [EVs] because of the high volumetric and gravimetric energy densities 

which allow for a small size, light weight battery.3-4 However, LIBs are reaching their 

performance limits and demands from EVs and renewable storage are causing industry 

to look for new ways to enhance their performance. 

In this thesis, we start in Chapter 1 by introducing the fundamentals of LIB’s 

including components, chemistry, ionic and electronic conductivity as well as 

performance benchmarks and calculations. We also discuss applications and fabrication 

methods used in industry followed by the motivation for 3D printing LIBs. We then 

discuss advanced fabrication techniques and previous research that has been performed 

in the field. The importance of conductivity, both electronic and ionic, is explained and 

we then focus on current and previous work on improving the energy density of LIBs. In 

Chapter 2, I focus on a complete LIB fabricated using Fused Filament Fabrication (FFF), 
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or more commonly known as 3D printing. We highlight the development of 3D printable, 

polymer-based filaments and the key metrics that enable this technology. In Chapter 3, 

we turn our focus to conventional LIBs and concentrate on the electronic conductivity of 

the anode. Here, we discuss the usage of Cu-Ag core-shell nanowires as a replacement for 

carbon as the conductive additive in a conventional graphite LIB anode. In particular, we 

examine the effect of aspect ratio on several performance metrics including rate 

performance as well as gravimetric and volumetric capacity and energy density. Finally, 

we conclude with a summary of the work we have done to ultimately enhance several 

performance aspects of using 3D printing and nanomaterials. 

1.1 Applications and Motivations for 3D Printing Lithium Ion 
Batteries 

The majority of consumer electronic devices, electric vehicles, and aerospace 

electronics are powered by LIBs because of their high energy and power densities.5 

Commercially available LIB consist of an anode, cathode, separator and current collectors 

fabricated in multilayer rolls that are packaged in cylindrical or rectangular cases.6 

Commercial LIBs are fabricated in atmosphere controlled environments as moisture with 

an LIB can be detrimental to its performance, life span and safety. Ref The size and shape 

of the package has a significant impact on the battery life and design of the products they 

power.7 For example, the battery life and shape of portable electronics such as cell phones 

or laptops, is governed by the volume that is dedicated to the battery.  In the case of electric 

vehicles, decreasing the size and weight of the battery while increasing capacity is an 
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engineering challenge that affects vehicle range and cost. 3 These size and weight 

restrictions are critical in space applications where cost of a launch can exceeded US 

$10,000/kg.8 The need to maximize energy storage capabilities while minimizing size and 

weight requires the development of approaches to design and fabricate batteries that can 

conform to any shape and serve as a structural components 3, 9 

1.2. Advanced Fabrication Methods for Improving the Energy 
Density of Lithium Ion Batteries 

There has been significant recent efforts to develop batteries with unconventional 

shapes and structural batteries to overcome form factor limitations. Research efforts in 

unconventional form factors include: spray paintable batteries, thin paper batteries, 

printable solid-state or PRISS batteries, and stretchable wire-shaped batteries.7, 10-12  Other 

approaches include 3D printing technologies such as ink printed electrodes, fused 

filament fabrication (FFF) 3D printed graphene electrodes, and 3D printed ceramic-

polymer electrolytes.13-22 These LIB technologies alleviate inherent form factor restrictions 

by creating small or thin batteries that can conform to the surface of an object.23-24 

Structural batteries on the other hand increase the energy and power density of the entire 

system by serving as a multifunctional structural component.25 Examples of structural 

batteries consist of reinforced electrode composites for use as body panels for electric 

vehicles and unmanned aerial vehicles.2, 3, 5, 7, 24, 25 Other structural battery work integrates 

commercially available LIBs into a cavity of a panel that is then used as a multifunctional, 

structural component of a space craft or satellite. 26-30 
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Although previous work increases the energy density of the entire system by 

altering the form factor of the battery, most have complicated or expensive fabrication 

methods and are still restricted in overall freedom of design. Previous printed and 

multifunctional structural approaches are generally limited to curved or flat surfaces. 13-22, 

26-30 3D printing has the ability to make complex 3D objects and change designs without 

having to modify the manufacturing process, which in turn can greatly accelerate 

prototyping and product development.31 Current additive manufacturing technologies 

use structural or conductive materials which has led to an increased interest in the field 

of 3D printed electronics.32-37 The Voxel8 , a multi-material 3D printer developed by a 

Lewis et al., is capable of producing functional electronic devices, such as quad copters 

and watches, by using a combination of FFF and conductive inks to wire circuit 

components imbedded in a 3D printed object.33  Still, these 3D printed electronics must be 

designed around batteries, prohibiting  the ability to design a product in any shape or 

form. To overcome this limitation, we need the ability to 3D print the battery, structural 

and electronic components concurrently. However, to enable rapid prototyping of custom 

battery form factors, all the components of the battery, including the anode, cathode, 

separator, current collector, and case, need to be 3D printable.  To make this approach 

widely accessible, it would be beneficial if each part of the battery could be printed with 

low-cost, FFF 3D printers.  
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A major hurdle to creating 3D printable LIBs is that polymers typically used for 

FFF 3D printing, such as polylactic acid (PLA), are not ionic conductors. Typical hybrid, 

polymer, gel and composite electrolytes exhibit ionic conductivities ranging from 10−5 S 

cm−1 to 10−3 S cm−1.38-44 Very little has been reported on PLA-based electrolytes. Chew et al. 

found that PLA can be used as a biodegradable solid polymer electrolyte by using lithium 

salts and oxide nanoparticles, achieving an ionic conductivity of  2 x 10−5 S cm−1.45-46 

2. Lithium Ion Battery Fundamentals 

 As ubiquitous as lithium ion batteries have become, it is important to describe its 

operation. A conventional LIB is comprised of a copper current collector, anode, 

separator, cathode, aluminum current collector and a case which is filled with electrolyte. 

6  Each electrode, anode or cathode, is comprised of an active material for lithium storage, 

a conductive carbon to enhance electron transport and a polymer binder. The active 

materials for commercial lithium ion batteries is typically graphite for the negative anode 

and Lithium Cobalt Oxide [LCO] for the positive cathode. The separator is typically a 

porous polymer 25 µm soaked in electrolyte whose purpose is to electrically isolate the 

anode from the cathode to prevent shorting. The electrolyte is a 1 M solution of a lithium 

salt in a carbonate solvent. During charging, electrons from an external power source 

travel from the current collector, thru the conductive carbon to the graphite where they 

reduce the lithium ions.47 During charging, the lithium ions are intercalating between the 

sheets of the graphite particle where they are stored in a 6:1 Carbon: Lithium ratio.48-50 



 

17 

During discharge, a resistive load - cell phone, laptop, car -  is connected to the battery 

where the lithium in the graphite is oxidized and the electrons flow thru the device to the 

cathode.51-52 In the cathode, lithium ions travel thru the separator and are once again 

reduced and inserted in the active material. A schematic of the charge discharge process 

of a lithium ion battery can be seen below in Figure 1. The method of lithium storage 

within the active material can categorized in to three groups; intercalation and insertion, 

alloying and conversion. 53  Intercalation and insertion have just been described in the 

explanation of the charge-discharge process of a graphite – LCO battery and this process 

is focused in this thesis. It is, however, worth briefly discussing the other two lithium 

storage methods as they pose to greatly increase the lithium storage capabilities of lithium 

ion batteries. Alloying materials store lithium by alloying lithium metal atoms with Group 

IV elements such as silicon, which can store 10x more lithium per gram of material.53-56  In 

conversion electrodes, a transition metal compound MX where M is a metal and X is 

typically P, S, O, F or Cl.53 During the electrochemical reaction, the metal ion is reduced 

and replaced with lithium ion.52, 57  
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Figure 1. Lithium Ion Battery Schematic. Charge-Discharge process for a graphite 

anode, LCO cathode lithium ion battery.47 This schematic is typical of a commercially 

available lithium ion battery used in today’s electronic devices. 
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3.1 Electronic and Ionic Conductivity in Lithium Ion Batteries 

As mentioned before, in order for a lithium ion battery to work, both electrons 

and ions need to travel thru the battery. Electrons need to travel from the external power 

source or load, thru the current collector, to the conductive carbon to the active material 

where the redox reaction occurs.47  Electronic conductivity is effected by the electrical 

conductivity of the active material and conductive material and the contact resistance 

between the active material, conductive material and the current collector.45 The lithium 

ion, on the other hand, need to travel from the active material in an electrode, thru the 

separator, to the counter electrode.58-60  The Figure 2 below depicts the pathways of an 

electron and ion in a typical LIB system. 

 

Figure 2. Conduction in a Lithium Ion Battery. Conduction pathways of electrons and 

lithium ions in a lithium ion battery cell.45 
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3.2 Electronic and Ionic Conductivity Measurements 

To characterize the redox reaction of a LIB, we need to be able to characterize the 

electronic and ionic conductivities accurately. In this chapter, we will discuss the 

methods used in the presented works. For electrical measurements, Ohms Law, V=I∙R is 

the basis for all measurements and calculations. We begin with a simple 2-Point probe 

resistance measurement that can be used to calculate the resistivity of a sample of 

known dimensions. Figure 3 below depicts the geometry and measurement points for 

determining resistivity. 

 

Figure 3.  2-Point Probe Measurement. Resistivity as determined by 2-Point Probe 

measurement. Here, the measuring probes are separated by distance L.61  
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For a more accurate determination of sheet resistance and resistivity, 4-Point Probe can 

be used in place of the 2-Point Probe. In this method, 4 equally spaced and sized probes 

are positioned in a straight line and a constant current is applied to the outer probes 

while the voltage difference is measured between the inner two probes as shown with 

calculations in Figure 4 below. 61 

 

Figure 4. 4-Point Probe Measurements. Resistivity as determined by 4-Point Probe 

measurement. Here, the measuring probes are separated by distance S.61  

 

For ionic conductivity, electroimpedance spectroscopy [EIS] is used to probe the 

motion of the ions within a sample. In this method, an alternating voltage is applied to a 

sample and the resulting current is measured.62 Ohms Law for Alternating Current [AC] 

circuits are employed since this method produces both real and imaginary impedances. 
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Here, the frequency of the applied voltage is swept from high to low frequencies, the 

frequency range and peak to peak [Vpp] is determined by the type of system to be 

measured. 63 The high frequency region is associated with charge transfer kinetics while 

the lower frequency region is associated with mass transfer kinetics.64-65 Each region is 

differentiated by specific shapes that appear in the real vs imaginary impedance plot, also 

commonly referred to as a Nyquist Plot as can be seen in the Figure 5 below.62 

 

Figure 5. ElectroImpedance Spectroscopy. A)Surface and bulk electrochemical 

reactions being probed using EIS. B) Equivalent circuit used to model system.  C) 

Nyquist plot of system using EIS.62 
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3. 3D Printed Lithium Ion Batteries 

Here, we report the development of PLA-anode, cathode, and separator materials 

that enable 3D printing of complete lithium ion batteries with a low-cost FFF printer for 

the first time. We further report how the amounts of conductive (Super P, graphene, 

multiwall-carbon nanotubes) and active (lithium titanate, lithium manganese oxide) 

materials in PLA composites affected their printability, as well as the performance of 3D 

printed batteries made from these composites.  3D printed anode and cathode electrodes 

were stable for 50 cycles and exhibited a capacity of ~1.0 mA h g−1 calculated using active 

mass in the printed anode and cathode. 3D printed full-cells were stable for 100 cycles and 

exhibited a capacity of 0.5 mA h g−1 also calculated using active mass in the printed anode 

and cathode. While the specific capacities of the electrodes are very low relative to their 

theoretical capacities, this study demonstrates the ability of the electrodes to be printed 

using a FFF 3D printer.    We also demonstrate the possibility of creating a full 3D printed 

LIB in a single print with no assembly required.   We show the 3D printed batteries can 

be used to power electronic devices such as LCD sunglasses and a LED bangle. 

3.1 Ionic Conductivity of Poly Lactic Acid 

We hypothesized that PLA could be converted into an ionically conducting matrix 

by swelling the polymer with liquid electrolytes, thereby enabling the 3D printing of a 

lithium ion battery.   By testing 9 combinations of carbonate solvents and 3 electrolytes 

typically used in commercial lithium ion batteries, we determined that the ionic 
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conductivity of PLA can be increased up to 4.67 x 10-4 S cm-1, ~20 times higher than 

previous reports.41-42 

3.1.1 Infusion of Poly Lactic Acid 

We measured the ionic conductivity of pure PLA to be 8.2 x 10−14 S cm−1, in 

agreement with previously reported values. 45-46 Since the structure of the pure polymer 

has no ions, the measured ionic conductivity is likely due to either trace H2O within the 

polymer or some ionic impurities present. Since ionic conductivities on the order of 10−4   

to 10−3 to S cm−1 are required for practical devices, to improve the ionic conductivity of 

PLA we chose an approach of printing pure PLA and then infusing the printed polymer 

with an electrolyte solution to create a hybrid polymer electrolyte. Various carbonate 

combinations were tested to determine which would allow for the most electrolyte uptake 

while retaining structural integrity. Lithium ions diffuse faster though liquids than solids, 

so we hypothesized that greater electrolyte uptake would correlate with higher ionic 

conductivity. 32-37, 45-46 Electrolyte uptake was determined by comparing changes in volume 

before and after PLA-solvent infusion. Electrochemical impedance spectroscopy (EIS) was 

used to measure the ionic conductivity and the results are plotted against the change in 

volume after infusion (Fig. 6a). Although diethyl carbonate (DEC) had the greatest 

volume increase (34%), this composite is brittle and has one of the lowest ionic 

conductivities. A combination of propylene carbonate (PC) and ethyl methyl carbonate 

(EMC) had the second highest volume change (29%) in PLA and had the highest ionic 
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conductivity (6.75 x10-5 S cm−1) (Fig 6a). Negative values of percent volume change are the 

result of the polymer dissolving. PC and EMC were used as the carbonate solvents for all 

lithium salt solutions in this report. 

 

Figure 6.  Enhancing the Ionic Conductivity of PLA. (A) Log ionic conductivity versus 

percent volume change for PLA infused with various carbonate solvents. (B)  Ionic 

conductivity of PLA infused with lithium salts after storage in air. 

 

3.1.2 Ionic Conductivity of Infused Poly Lactic Acid 

PLA disks were printed and infused with solutions of 1 M lithium hexafluorophosphate 

(LiPF6), lithium perchlorate (LiClO4) or lithium trifluoromethanesulfonate (LiTFMS) in 

PC/EMC. Each sample was tested twice; once 1 hour after infusion, and again after storage 

on the lab bench open to air for 24 hours (Figure 6b above). The ionic conductivity for 

infused PLA was investigated with EIS and calculated using the following equation, 

σ=l/(ARb ),  where l is the thickness of the sample, A is the cross-sectional area and Rb is 

the bulk resistance which is extracted from a Nyquist plot.41-42 The Nyquist plot for PLA 

infused with 1M LiClO4 in 50/50 vol EMC/PLA is shown in Figure 7 below.  



 

26 

 

Figure 7.  Nyquist plot of Infused PLA. PLA infused with 1M LiClO4 in 

EMC/PC, 50/50 vol%, with equivalent circuit shown in inset. 

 

The plot displays a charge transfer semicircle at high frequencies and a linear mass 

transfer region at lower frequencies.42, 66-67  The equivalent circuit (Figure 6b inset) used to 

fit EIS data is an RC circuit. The left part of the circuit consists of a constant phase element 

(CPE1) in parallel with a resistive element (Rb), which represent the bulk capacitance and 

resistance, respectively.  The right part of the circuit consists of a another constant phase 

element (CPE2) in parallel with a resistive element (Rct) to represent the double layer 

capacitance and charge transfer resistance, respectively.67  

The highest conductivity (1.7 mS∙cm−1, 20° C) was obtained for PLA infused with LiPF6, 

but this electrolyte was not used in the final batteries because of its tendency to degrade 

upon exposure to moisture, causing it to lose ionic conductivity after 24 hours.44-45 Such 

sensitivity is not desirable for the production of 3D printing filament with reproducible 
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and stable ionic conductivity.  PLA infused with LiClO4 had the second highest ionic 

conductivity (0.085 mS∙cm−1, 20° C) and retained its mechanical integrity and ionic 

conductivity after 24 hours of exposure to ambient conditions. LiTMFS had the lowest 

ionic conductivity (0.039 mS∙cm−1, 20° C). The ionic conductivity of the LiClO4-infused-

PLA is comparable to previously reported hybrid and polymer electrolytes utilizing 

LiClO4 (0.01 mS∙cm−1 to 1.0 mS∙cm−1), enabling it to be used as a printed hybrid electrolyte 

in a LIB. 36-39 

3.2 Printable Electrode Optimization 

The anode and cathode need to have a high electrical conductivity in addition to a 

high ionic conductivity, so we next determined the maximum amount of conductive filler 

that could be added to the filament.45 The total volume percent of active, conductive, and 

binder materials in a typical LIB electrode range from 70-90%, 5-10%, and 5-15%, 

respectively.  However, if high volumes of solid fillers are loaded into PLA filament, the 

nozzle tends to clog during printing, or the filament becomes too brittle to print. In the 

following section we investigate the optimization of loading while maintaining 3D 

printability.  

3.2.1 Solids Loading and Conductivity 

To determine the optimal loading of filler, we prepared samples containing up to 

40% of Super P, graphene and multi-walled carbon nanotubes (MWNT) (Figure 8a, b, and 

c below). We tested these conductive fillers because they are among the most conductive 
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and commonly used fillers in LIB electrodes.68-71 These conductive fillers were mixed with 

solutions of PLA dissolved in dichloromethane.  The solutions were then dried, pelletized, 

and extruded to create conductive filament with a diameter of 1.75 mm and 

approximately 40-50 cm in length.  

 

Figure 8. SEM Images of Conductive Carbons and Electrode Optimizations. (A) 

graphene, (B) multiwalled carbon nanotubes, (C) Super P. (D) The resistivity versus 

volume percent of Super P, graphene and MWNTs loaded into PLA.  The maximum 

volume % that was also printable is labeled for each material. (E & F) Average 

capacity versus ratio of conductive carbon to active material in PLA for the anode and 

cathode, respectively. 

Figure 8d shows the resistivity of these filaments as a function of volume % of the 

conductive filler. The filament was determined to be not printable if the filament clogged 

during printing of 15-25 cm of filament through a 0.4 mm nozzle, or if the filament was 

too brittle to load into the FFF 3D printer. The maximum volume % of conductive filler 

that could be loaded into the filament without degrading printability is also noted in 
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Figure 8d.   The graphene composite had the highest printable volume loading (30%), 

followed by MWNTs (20%) and Super P (12%). The graphene composite began to clog 

during printing at volume loadings above 30% while the MWNT composite became brittle 

as well as clogged during printing at volume loadings above 20%. The Super P composite 

did not clog but became too brittle to handle at volume loadings above 12%. It is at present 

not clear what was the reason for the different volume percent limits for the different 

conductive fillers. 

3.2.2 Conductive Filler to Active Material Ratios 

After determining the maximum amount of filler that could be loaded into the 

filaments without degrading printability, we studied what ratio of active material to 

conductive filler resulted in the maximum energy capacity (Figure 8e and f above).   The 

total volume percent of filler was held constant for samples containing Super P (12%), 

Graphene (30%) and MWNT (20%). Lithium titanate (LTO) particles 100 nm in diameter 

and lithium manganese oxide (LMO) particles 500 nm were added into the anode and 

cathode material, respectively (see Figure 9a and b for SEM images).  
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Figure 9. SEM Images of Active Materials.  (A) lithium titanate (LTO) and (B) lithium 

manganese oxide (LMO) particles used as the active materials in the 3D printable 

battery. 

 

Active anode and cathode nanomaterials were mixed into PLA at different ratios to 

determine the effect of carbon material type and ratio on their capacity for energy storage. 

LTO was chosen for the anode because of its excellent thermal stability, long cycling life 

span, low volume expansion and high volumetric capacity. LMO was chosen for the 

cathode because it has good thermal stability, low volume expansion and has a high-

power density when paired with LTO.8,72-74 Anode and cathodes disk electrodes were 3D 

printed to be 150-µm-thick and 14 mm in diameter. After printing, the disks were infused 

with 1M LiClO4 in 50/50 vol EMC/PC and aged prior to cycling. Specific capacity 

measurements were performed in a coin cell using lithium metal as the counter electrode, 

a 25 µm polypropylene disk as the separator, and 1M LiClO4 in 50/50 vol PC/EMC as the 

electrolyte. 
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3.3 3D Printed Electrode Half-Cell Characterization 

After maximizing the amount of filler in the polymer and optimizing the ratio of 

active to conductive material, large scale batches of 3D printable electrode filaments were 

fabricated. This allowed us to further optimize print conditions as well as print multiple 

batches of anode and cathode samples for further characterization.  

3.3.1 Preparation of 3D Printable Electrode Filaments 

Polylactic acid (PLA) pellets were dried in an oven at 85 ºC for at least 4 hours 

prior to use in order to remove moisture. PLA was dissolved in dichloromethane (DCM) 

(Sigma Aldrich) at 0.1 g/mL under vigorous stirring until completely dissolved. Active 

and conductive materials were then added, and the mixture was stirred vigorously for at 

least 12 hours. The solution was then cast into a Teflon lined sheet and set in a fume hood 

at room temperature overnight to evaporate remaining solvent. The cured composite 

sheets were then pelletized and dried in an oven at 85° C. A polymer extruder 

(Filabot.com) was used for the extrusion of 1.75 mm composite filaments. The extruder 

was loaded with at least 25 g of dried anode or cathode pellets and preheated to 180̊ C for 

15 minutes. After preheating, the extruder motor was turned on to begin extrusion. Once 

the composite began to extrude, the temperature was lowered to 160C for the remaining 

extrusion time. After extrusion, the filament was stored in sealed plastic bags with 

desiccant to keep the PLA dry. Figure 10 below depicts the fabrication process described 

in this section. 
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Figure 10. Filament Fabrication. (A) Image of battery composite suspension in which 

PLA was dissolved and blended with fillers. (B) The suspension was cast, dried and 

cut into pellets in preparation for extrusion. (C) The pellets are to produce a 3D 

printable filament 1.75 mm in diameter. (D) Electrode samples were printed using a 

Prusa 3D printer. 

 

3.3.2 3D Printed Anode and Cathode Characterization 

After maximizing the amount of filler in the polymer and optimizing the ratio of active to 

conductive material, approximately 3.0 meters of anode and cathode filament was 

extruded. The final composition for each electrode was 6/24/70 vol% LTO/Graphene/PLA 

and 4/16/80 vol% LMO/MWNT/PLA. Specific capacity calculations utilized the volume 
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percent of active materials (4% for LMO cathode and 6% for LTO anode). PLA was stable 

in both anodic and cathodic conditions as each printed half-cell was capable of at least 100 

charge-discharge cycles.  The printed LTO anode had a charge and discharge capacity of 

4.84 mAhcm−3 and 3.34 mAhcm−3, respectively, when averaged over 100 cycles (Figure 

11a). The printed LMO cathode had a charge and discharge capacity of 8.1 mAhcm−3 and 

6.99 mAhcm−3, respectively, when averaged over 100 cycles (Figure 11b). The average 

discharge capacity for the entire printed anode and cathode (including polymer and 

conductive filler) is 0.34 mAhcm−3 and 0.71 mAhcm−3 respectively. The electrodes were 

discharged at different current densities to investigate the effect of discharge rate on 

capacity and capacity recovery (Figure 11 c, d). The printed LTO anode had a significant 

drop in capacity (from 3.81 mAhcm−3 to 1.10 mAhcm−3) when the current density was 

increased from 20 to 30 mAg−1. The capacity recovered to 4.46 mAhcm−3 when the current 

density was decreased to 10 mAg−1. The printed LMO cathode experienced similar 

capacity effects as the printed LTO anode except for a decrease in capacity (17.08 mAhcm−3 

to 11.92 mAhcm−3) during the first 10 cycles at 10 mAg−1. The cathode stabilized and 

recovered to 13.97 mAhcm−3 during the last 10 cycles at 10 mAg−1. This stabilization may 

be due to the formation of the SEI layer and stabilization by the last set of cycling.75 

Discharge voltage curves for current densities of 10, 20, 30, and 40 mAg−1 reveal significant 

potential drops for the printed LTO anode (3.0-2.0V) and the printed LMO cathode (4.0-
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3.3V). This large potential drop is possibly due to low conductivity and polarization 

caused by the polymer.45  
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Figure 11. 3D Printed Half Cell Characterization. Anode and cathode composites 

testing; charge/discharge capacity and columbic efficiency of (A) anode and (B) 

cathode composites at a current density of 20 mAg-1 for 100 cycles. (C&D) Rate 

performance and (E&F) discharge voltage curves of anode and cathode composites. 
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Both samples experienced significant capacity loss during the first 10 cycles; 50 % and 25% 

loss for anode and cathode, respectively. This loss is most likely due to the formation of 

the solid electrolyte interphase (SEI).45, 76-78 Evidence of SEI formation can be seen in the 

XPS data taken before and after cycling Figure 11 below. Pristine anode and cathodes 

exhibit three distinct peaks for C=O, C-O and CH in the 294-278 eV region which are 

associated with PLA (Figure 12 A and B).79-81 This is due to the composite consisting of 70-

80% polymer by volume. After cycling, both electrodes give spectra consistent with an SEI 

layer with peaks for LiCO3, Li2C2 , ROCO2Li, and ROLi (Figure12 C and D).49, 75, 82-84  
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Figure 12.  XPS of 3D Printed Electrodes.  (A and B) XPS data for pristine 3D printed 

anode and cathode respectively. (C and D) XPS data for 3D printed anode and cathode 

after cycling. 

 

3.4 3D Printed Full Cell Lithium Ion Batteries 

Following the electrochemical characterization of the anode and cathode 

composite, a 3D printed full cell was tested. Printed current collectors, anode, cathode, 

and separator were encased in a printed coin cell (Figure 13a and b below). All printed 

anodes, cathodes and separators were 16 mm in diameter, 150-µm-thick, and were infused 

with 1M LiClO4 in 50/50 vol EMC/PLA prior to assembly. Electrifi filament was used for 

3D printing the current collectors, as it has the highest conductivity of all commercially 

available conductive filaments. Pure PLA was used for printing the separators. 

 

3.4.1 3D Printed Full Cell Fabrication and Characterization  

The electrochemical performance for full cells was performed within a cutoff 

voltage range of 3.0-2.0 V at a mass-normalized current of 20 mAg-1 (Figure 8c below). For 

comparison with the half-cell results, the full cell capacity was normalized to the active 

mass of the anode material. The full cell experienced large irreversible capacity loss during 

the first 10 cycles (22.96 mAhcm−3 to 9.4 mAhcm−3) due to SEI formation which stabilizes 

near the 50th cycle (9.4 mAhcm−3 to 5.32 mAhcm−3). This fully printed cell reached an 

average discharge capacity of 3.91 mAhcm−3 and maintained an average columbic 

efficiency over 88.5% after the first 50 cycles. Electrochemical stabilization of the full cell 
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is reflected in the improvement of the discharge plateau as it broadens from the 1st to the 

100th cycle (Figure 13d below).  

 

Figure 13. 3D Printed Coin Cell Characterization.  (A) Individual components of the 

3D printed coin cell. (B) Assembled 3D printed coin cell. (C) Capacity and columbic 

efficiency at a current density of 20 mAg-1 for 100 cycles.  (D) Charge-discharge 

voltage curves for the full cell with 1st, 10th, 50th and 100th cycle shown. 

 

 It is possible that the ionic conductivity of the electrode layers may gradually 

increase during cycling due to increased infusion time.  The capacity of the full cell (3.91 

mAhcm−3) is less than the half cells (LTO anode 6.76 mAhcm−3, LMO cathode 6.99 
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mAhcm−3) possibly due to increased cell resistance created by contact resistances between 

printed components. Resistivity values extracted from EIS measurements (Figure 14 

below) showed the use of two printed current collectors increased the resistivity from 102 

Ω∙cm for the half cells to 104 Ω∙cm for the printed full cell. The volumetric capacity of the 

entire 3D printed coin cell – case, electrodes, current collectors and separator – was 0.25 

mAhcm−3 . 

 

Figure 14.  Nyquist Plot for 3D Printed Half-Cells.  Anode and cathode half-cells and 

3D printed full cell. Inset shows zoomed in region for the 3D printed anode and 

cathode. All EIS scans were performed at 100 mVpp from 1 MHz to 100 Hz. 

 

3.5 Single Print, 3D Printed Lithium Ion Battery 

To create a completely printed electronic device with an integrated battery and no 

assembly required, we need a printer with the ability to print the current collectors, anode 

and cathode, separator and case. Flowers and coworkers recently demonstrated the ability 

to create 3D printed electronics and circuits in one print using dual material FFF.85 If this 
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approach could be applied to four materials, fully-printed LIB’s could be integrated into 

electronic devices with FFF, but we lacked such a printer. To circumvent this limitation, 

we utilized a printing method in which the filament is exchanged during printing, 

enabling the 3D printing of a LIB in a single print (Figure 15 below).  

A 3D model of the battery was designed with 123D (Autodesk 2016), exported as 

an STL file, and sliced using Cura (Ultimaker). The parameters for printing were 100 µm 

layer height, 50 ̊ C bed temperature, 210 ̊ C extruder temperature and 40 mm/s print speed 

for the cathode current collector, cathode, separator channel, and anode. A 160 ̊ C extruder 

temperature and 20 mm/s print speed was used for the for the anode current collector. 

The GCODE file was also set to pause after printing each component layer so that the 

filament could be exchanged.  
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Figure 15. 3D Printing a Single Print Battery.  (A) 3D model of the single-print battery. 

(B) Current collector layer made from Black Magic filament. (C) LTO/graphene/PLA 

anode layer. (D) The electrolyte layer was printed using pure PLA. (E) 

LMO/MWNT/PLA cathode layer. (F) Current collector made from Electrifi. 
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3.5.1 Layer by Layer 3D Printed Lithium Ion Battery Characterization 

After printing, the battery was allowed to cool to room temperature and filled with 

1M LiClO4 in 50/50 vol EMC/PC. The battery was allowed to rest for 24 hrs prior to cycling.  

Following infusion and cycling, the battery was able to power an LED (Figure 16 below).  

Cycling performance is shown in Figure 11d. The single print battery had a lower capacity 

(1.16 mAhcm−3) than the fully printed and assembled battery (3.91 mAhcm−3). The 

volumetric capacity of the entire single print battery is ~0.1 mAhcm−3. This lower capacity 

relative to the assembled battery may be caused by the inability to completely infuse the 

anode and cathode with electrolyte.  
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Figure 16. Single Print Battery.  (A) A 3D printed battery was printed in a single print 

by exchanging the filament at predetermined layer heights. The battery was then 

vacuum filled with electrolyte. (B) Cross sectional 10x microscope image showing the 

individual layers of the single print battery. (C) Image of 3D printed battery powering 

an LED. (D) Capacity and coulombic efficiency of the single print battery at a current 

density of 20 mAg-1 for 10 cycles. 
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3.6 3D Printed Wearable Lithium Ion Batteries 

One of the key benefits of 3D printing is the ability to print arbitrary shapes and 

sizes. This ability may eventually enable the production of customizable wearable 

electronics.86-88 To demonstrate this capability, we 3D printed two wearable devices with 

integrated printed batteries. 

3.6.1 3D Printed LED Sunglasses and LED Bangle Bracelet 

Figure 6a shows an example of 3D printed LCD sunglasses with 3D printed 

batteries integrated into the side temples (Figure 17a inset, below). The batteries are 

connected in series to power an LCD panel that darkens when a voltage is applied by 

pressing the integrated switch (Figure 17b). The frames and temple arms of the sunglasses 

were designed as a snap-together case in which the components of the battery and 

electronics could be inserted. Each component of this battery (anode, cathode and 

separator) was printed individually and infused with electrolyte prior to assembly into 

the printed casing. We also demonstrate an LED bangle with an integrated battery in 

Figure 17 c & d below. For this battery, the anode and cathode were printed as free 

standing curved electrodes that matched the contour of the bangle (Figure 17c). A Celgard 

polymer separator (not shown) was used in this device to both improve the performance 

of the battery as well as demonstrate the ability to integrate 3d printed battery technology 

with existing materials. After infusion and assembly, the bangle battery could power a 

green LED for ~60 s. (Figure 17d). 
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Figure 17.  3D Printed Wearables. (A) 3D printed glasses with an electronic darkening 

LCD lens and 3D printed batteries integrated into the side temples. (B) 

Demonstration of the LCD transmitting and blocking an image of the Duke Chapel in 

the off and on state. (C) Separated view of the internal 3D printed components of a 3D 

printed bangle battery with an integrated LED. (D) Assembled 3D printed bangle 

battery powering an LED. 
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3.7 Summary 

The work in this chapter demonstrates that it is possible to 3D print full lithium 

ion batteries with low-cost fused filament fabrication 3D printers by (1) modifying the 

most commonly used 3D printing polymer, PLA, to have a similar ionic conductivity to 

previously reported polymer electrolytes, and (2) creating new polymer composites to 

enable 3D printing of LIB anodes and cathodes.  We found the need to maintain 

printability limited the amount of conductive filler that could be loaded into the polymer 

to <30% by volume, and that a maximum battery capacity was achieved at a ratio of 80:20 

conductive to active material. This is in contrast to a commercial lithium ion battery, in 

which the binder is <15% by volume, and the ratio of conductive to active material is ~1:10.  

Future work may improve upon this initial demonstration by replacing the polymer-

based anode and cathode materials with pastes that can accommodate high loadings of 

active material and be printed in tandem with a polymer separator and case. In addition, 

the high ionic conductivity of infused PLA suggests the use of this polymer as an 

electrolyte may be worth additional study.  These results should benefit those searching 

for 3D printable energy storage materials that can be used to create batteries in arbitrary 

shapes and be integrated with 3D printed electronics. 
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4. Cu-Ag Core-Shell Nanowire Conductive Filler for 
Lithium Ion Battery Anodes 

In this Chapter, we turn our focus to the electrical conductivity of LIB graphite 

anodes and examined CuAg NWs with varying aspect ratios as the conductive filler and 

Super P as the control conductive filler. We also examined the effect of increasing the 

amount of conductive filler from 1-10% by volume for each sample. It was found that the 

electronic conductivity and porosity both increased with increasing aspect ratio and 

volume percent. These increases led to an increase in the gravimetric capacity of the anode 

Each sample was cycled at 0.5, 1.0, 4.0 and 10.0 C to investigate the effect on rate 

performance and anode stability was also examined. It was also found that conventional 

graphite anodes have performance gains at higher C Rates for all nanowire aspect ratios. 

One of the key benefits to using CuAg NWs is that they can be processed using aqueous 

solvents and anodes can be processed with no modification to a traditional anode 

fabrication process.63, 89 

4.1 Fabrication of Nanowire Conductive Filler Anode 

Electrodes were fabricated using a conventional slurry doctor blade method for 

coating copper foil current collectors with our composite anodes.90 91-92 The anode slurries 

were comprised of 325 mesh graphite as the active material, carboxy methyl cellulose 

(CMC) as the polymer binder and either CuAg NWs or Super P carbon black as the 

conductive filler. CMC was used in place of conventional polyvinylidene difluoride 

(PVDF) because of its solubility in water. 63, 89, 93 Aqueous processability is crucial to our 
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electrode fabrication as the nanowires are synthesized and stored in an aqueous solution 

where they remain highly dispersed. Additionally, using an aqueous based slurry reduces 

the environmental impact caused by the volatile solvents needed to dissolve PVDF. For 

each anode sample, the volume % of conductive filler tested was 1, 2.5, 5.0 and 10.0 %. 

4.1.1 Cu Nanowire Synthesis 

We synthesized 2 L batches of Cu nanowires with each reaction formulated to 

grow nanowires with different lengths and diameters. The synthesis is similar to one 

developed by Cruz et al 2018 (Figure 18 Below) to synthesize gram scale batches of varying 

aspect ratio nanowires for highly conductive, 3D printable filaments.94 After the synthesis, 

each batch was purified and characterized using dark field microscopy for initial length 

determination followed by atomic absorption spectroscopy (AAS) to determine nanowire 

concentration and percent yield. Scanning electron microscopy was then used to precisely 

determine nanowire diameters and lengths.  
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Figure 18.  Cu NW Synthesis. A) Circulating water bath setup for the 10 L synthesis of 

Cu NWs. Inset shows ≈22 g of Cu NWs purified from the reaction. B) Dark-field 

optical microscopy (DFOM) image shows the Cu NWs have an average length of 45 ± 

15 μm. C) An SEM image shows the Cu NWs have a diameter of 240 ± 95 nm. 94 

 

4.1.2 Ag Coating 

After characterization, each stock Cu nanowire solution was then diluted or 

concentrated to 4.4 mg/ml for Ag coating with the final ratio of Cu diameter to Ag 

thickness calculated to be 85:15. Stewart et al 2015  found this ratio was the most resistant 

to oxidation over time while being subjected to elevated temperature and humidity Figure 

19 b and c below.95  For each batch of nanowires, the molarity of Ag in the coating solution 

was modified so that each has a core diameter to shell thickness ratio of 85:15.  
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Figure 19. Oxidation Resistance of Cu-Ag Core-Shell. Plots sheet resistance for Cu 

NWs, Ag NWs, and Cu−Ag NWs with different aspect ratios (L/D) taken from Stewart 

et al 2016. Plots of sheet resistance versus time for Cu NWs, Ag NWs, and Cu− Ag 

NWs in (B) a dry oven at 160 °C and (C) at 85 °C/85% RH. 95 

 

To test the benefits of an oxidation resistant Ag shell on the nanowire, two anode 

samples were prepared with 5% volume nanowires, one sample with bare Cu NWs and 

one sample with Ag coated Cu NWs. These samples were cycled a rate of 0.5 C for 50 

cycles, Figure 20 below. The bare Cu NWs saw a 74.3% decrease in performance after the 

12th cycle and near complete failure by the 43rd cycle. At this point in cycling, the 
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galvanostat went into over potential protection mode and stopped cycling. The cause of 

this performance degradation is likely due to oxidation of the bare CuNWs leading to a 

decrease in conductivity leading to an increase in the potential needed to cycle the anode 

at a constant current. The Ag coated CuNWs, however, successfully completed 50 cycles 

with no signs of failure.  

 

Figure 20. CuAg NW vs Cu NW Anode Stability Comparison. Graphite anodes with 

5% Vol Cu NW vs 5% Vol CuAg NW cycled at 0.5 C. 

 

4.1.3 Cu-Ag Core-Shell Nanowire Characterization 

After Ag coating, the CuAg nanowires purified once again and examined under 

SEM to determine length in microns and diameter in nanometers to calculate the aspect 

ratios of each batch. Table 1 below has the dimensions and labeling system that is used 

for the remainder of the manuscript. 
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Table 1 – Nanowire Labels and Dimensions 

 

Table 1 – Sample labeling scheme with aspect ratios, lengths and diameters of AgCu 

NWs used as conductive filler in each graphite anode. 

 

4.2 Results for Anode Characterization 

In this section we will discuss characterization results from graphite anodes 

fabricated with CuAg NWs of varying aspect ratio and compare these results to graphite 

anodes utilizing conductive carbon. We begin with resistivity comparisons for all samples 

with increasing amounts of conductive filler and then move on to rate performance, 

cycling stability.  Then, we compare gravimetric and volumetric capacity and energy 

density and finally examine the porosity of a subset of samples. 

4.2.1 Anode Fabrication and Resistivity 

The target thickness for all anode samples was 100 µm as to maximize energy 

density.5-6, 89, 96-98 Figure 21 below shows a topside view of anodes with 1.0, 2.5, 5.0 and 

10.0% volume 99-34 nanowires.  
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Figure 21.  Anode Aerial SEM Images. Graphite anodes with increasing volume 

percent of sample 99-34 CuAg nanowires from 1-10%, A-D.  Nanowires shown in are 

from sample 99-34. 

 

 Figure 22 below shows a cross section SEM image of a 5 % vol nanowire sample 

11-3 (Fig 22A) and a 5% vol nanowire sample 99-34 (Fig 22B). It can be seen in Figure 22A 

and B that the nanowires are well distributed throughout the anodes. The smallest aspect 

ratio nanowires (11-3) are distributed between and around graphite particles similarly to 

the distribution of conventional carbon black. The largest aspect ratio nanowires (99-34) 

can be seen spanning several graphite particles as well as bridging long gaps. Figure 22 C 

plots of the length and diameters are shown with the nanowire labels. Longer, thinner 
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nanowires with much higher aspect ratios can be synthesized but cannot be Ag coated 

due to formulation of the reaction solution and the capping agent preventing Ag 

deposition. It is also assumed that higher aspect ratio nanowires would suffer from 

aggregation and breakage during the slurry fabrication process. The resistivity of each 

anode sample was tested using a 4-point probe method (Fig 22D). With each sample, the 

resistivity of the anode decreased with increasing volume % of conductive filler. All 

nanowire samples had resistivities lower than the Super p samples at any volume percent. 

The resistivity of anodes with nanowires decreased with increasing length. For all 

samples, there was a significant decrease in resistivity when increasing the volume % of 

conductive filler from 1- 5%. There was less of a decrease in resistivity when increasing 

the volume % of conductive filler from 5-10%. At 5% volume percent, anode samples with 

99-34 nanowires had a resistivity over 500x lower than the anode samples with Super P. 

The decrease in resistivity can be attributed to the increased conductivity of the CuAg NW 

compared to carbon black and the distribution of nanowires in the anodes. 
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Figure 22.  Anode Cross Sections, Aspect Ratios and Resistivities. A) Cross section of 

anode with 5% Vol CuAg NW sample 11-3. B) Cross section of anode with 5% Vol 

CuAg NW sample 99-34. C) Length in µm versus diameter in nm for nanowires used 

each sample of electrodes with sample labels.  D) Electrode resistivity versus volume 

% of conductive filler for each aspect ratio. 

 

4.2.2 Anode Rate Performance 

After examining resistivity, each anode sample was galvanostatically tested to 

investigate capacity and rate performance. Each half cell consisted of the graphite-based 

anode, Celgard 25 µm polypropylene (PP) separator, 1M lithium hexafluorophosphate 
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(LiPF6) in 50/50 vol Diethyl Carbonate (DEC) and Ethylene Carbonate (EC) and lithium 

metal as the counter electrode. Each sample was cycled at increasing C Rates (0.5, 1.0, 4.0, 

10.0 C) to investigate the effect of aspect ratio and volume percent on rate performance 

(Figure 23 below). For each sample, there was increase in capacity with an increase in 

conductive filler for all C Rates due the increase in electron transport.45, 99-100 Higher aspect 

ratio samples, 99-10 and 99-34, outperformed Super P and 11-3 samples at all volume % 

and C Rates. This is an effect of higher aspect ratio nanowires allowing for lower 

resistivities, leading to more efficient electron transport. At the same aspect ratio, 99, the 

samples with the shorter lengths, 10 µm vs 34 µm, performed better at all C Rates and all 

volume percent. One possible reasoning for the increase in performance with decreasing 

length, but same aspect ratio, is the distribution of nanowires throughout the electrode. 

The 99-34 nanowires are ~3 times larger in diameter (377 vs 106 nm) and ~3 times longer 

(34.3 vs 10.4 µm). This equates to samples 99-10 having ~40 times more nanowires per 

volume compared to samples 99-34 at equivalent volume percent. 
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Figure 23.  Gravimetric Capacities. A-D) Gravimetric capacity, active mass 

normalized, versus volume percent of conductive filler (1-10%) with increasing  C 

Rate (0.5, 1.0, 4.0, 10.0C) for anodes samples A) Super P, B) 11-3, C) 99-10, D) 99-34. 

 

4.2.3 Performance Increase and Cycling Stability  

To elucidate the actual increase in performance, we plotted the capacity 

performance gain of each nanowire sample with respect to the Super P sample under exact 

conditions (Figure 24 below). It was found that sample 99-34 had the biggest increases in 

capacity performance at any C-Rate and volume percent. The biggest gains, 90-95%, were 

achieved at 2.5 Vol% 99-34 at 4C and 10C respectively. This is due to the increased 
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conductivity allowing for efficient electron transport and the increased porosity allowing 

for enhanced ion transport. Sample 11-3 had the worst performance increases followed by 

99-10 having the second-best increases.  

 

 

Figure 24. Capacity Increases. A) and B) Charge and discharge voltage curves for 

anodes with 5% volume Super P, 99-34 NWs and 11-3 NWs at a rate of 1.0C. C) 

Gravimetric capacity, active material normalized, versus cycle number for anodes 

with 5% volume Super P, 99-34 NWs and 11-3 NWs at a rate of 1.0C. D) Volumetric 

energy density, full cell, versus cycle number for anodes with 5% volume Super P, 99-

34 NWs and 11-3 NWs at a rate of 1.0C. 
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Following rate testing, the samples were cycled 50 times at 1.0 C to examine the stability 

of CuAg NWs as a conductive filler (Figure 25 below).    There is a significant increase in 

the voltage vs capacity for 11-3 and a slight increase for Super P. The capacity of samples 

99-34, Super P, and 11-3 were stable over 50, 1.0 C cycles and maintained columbic 

efficiencies above 95% (not shown) with no signs of degradation. Samples 99-34, Super P, 

and 11-3 had capacities of 195.4, 155.5 and 143.9 mahg-1 respectively, averaged over 50 

cycles. The capacity of sample 99-10 decreased 45.8% from 275.8 mahg-1 at cycle 1 to 149.3 

mahg-1 at cycle 50 Figure 19 below. This degradation in performance is attributed to the 

small diameter of the nanowires in sample 99-10 (106 nm) as samples 99-34 and 11-3 were 

stable and had diameters of 377 nm and 298 nm respectively. To confirm this hypothesis, 

CuAg NWs were synthesized with a length of 3.6 µm and a diameter of 70.3 nm (sample 

50-3) then tested in a graphite anode at 5% vol at 0.5 C for 50 cycles. The capacity of sample 

50-3 degraded after 7 cycles and did not begin to stabilize until the 30th cycle. The capacity 

then decreased at a similar rate as sample 99-10 for the last 20 cycles.  Rate performance 

test were performed on separate 50-3 samples and all displayed capacity degradation at 

all C Rates (0.5, 1.0, 4.0, 10.0C). The mechanism for this failure is not yet clear as sample 

50-3 also had a Cu to Ag ratio of 85:15 but may be a function of shell thickness as the 

thinner diameter wires have a smaller shell.  
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Figure 25.  Anode Cycling Stability.  A) Gravimetric capacity, active material 

normalized, versus cycle number for anodes with 5% volume Super P, 11-3, 50-3, 99-

10, 99-34. 

 

 

4.2.4 Anode Porosity and Composition 

In this section, we examine the effect of aspect ratio on the porosity and 

composition of the anode. Work by Catenacci et al 2018, have demonstrated that aerogels 

made from Cu nanowires show decreasing density with increasing aspect ratio. Figure 26 

below show Cu nanowires of increasing aspect ratio settled in solution next to aerogels 

made from these solutions, all with the same mass of Cu nanowires. The change in density 

or increase in porosity can be seen as the thickness of each aerogel increases as the aspect 

ratio increases, at the same mass of nanowires. 
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Figure 26. CuAg NW Aerogels. Photograph of settled Cu-Ag NWs in solution 

and subsequent aerogels formed after freeze-drying. Image - M. Catenacci 2018 

 

To that effect, we measured the porosity of anodes with 5% volume conductive 

fillers - Super P, 11-3, 99-10, 99-34. The porosity was determined by comparing the 

measured volume of the electrodes with the expected volume as calculated using the mass 

of the electrode and the calculated volume of solids based on the weight percent of solids. 

Figure 27 A below, show the average porosities of anode samples Super P, 11-3, 99-10 and 

99-34. There is an increase in porosity with increasing aspect ratio, supporting our 

hypothesis that the density of our high aspect ratio samples is lower, leading to lower 

energy densities.  
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Figure 27.  Porosity and Electrode Composition. A) Porosity comparison of samples 

containing 5% Vol conductive filler. B)  Electrode composition comparison of samples 

containing 5% Vol conductive filler. 

 

As the porosity of the anode increases, the volume of solids – active material, 

conductive filler and polymer binder, decrease. Figure 27 B above, shows the anode 

composition in volume percent. There is a significant decrease in the volume percent of 

the active material, graphite, as the aspect ratio increases. The volume percent of graphite 

decreases slightly from Super P (67.2%) to 11-3 (64.8%). For samples 99-10 and 99-34, the 

volume percent decrease of graphite is more significant, 54.5% and 34.3% respectively. 

The decrease in the volume percent of solids explains the decrease in energy density for 

the larger aspect ratio as their electrode densities are lower than Super P and 11-3 anode 

samples. 
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4.2.5 Effect of Aspect Ratio and Porosity on Internal Resistance 

 To understand the effects of aspect ratio and porosity, we examined each 5% Vol 

nanowire samples using EIS to measure the SEI and charge transfer resistance. We tested 

samples 99-34. 99-10, 11-3 and Super P using a two electrode EIS set up with lithium as 

the counter electrode and 1M LiPF6 in EC/PC as the electrolyte with a 25 µm 

polypropylene separator. The EIS experiments were perfomed from 100 kHz to 0.1 Hz at 

10 mVpp. Each sample was subjected to an SEI formation cycle prior to measurement. 

Figure 23 below has a Nyquist example of sample 99-34 and Super P (Figure 28 below). It 

a can be seen that the 99-34 nanowires have a significant improvement over the Super P 

sample in the charge transfer resistance, 24.14 Ω and 163.3 Ω respectively.  

 

Figure 28.  Nyquist plot of Anodes.  EIS scan and fit for 5 vol % Super P and 99-34. 

Inset is the equivalent circuit used to model the fit. 
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We compared the charge transfer resistances (Figure 29A) of each sample and found that 

there is a decrease in charge transfer resistance with increasing aspect ratio and length. 

This is similar in trend to the resistivity decrease results of each sample at 5% vol.  The 

decrease in charge transfer resistance of the nanowire samples compared to Super P is the 

increased electron transfer efficiency caused by the increased conductivity of the 

nanowires and the length. We also extracted the SEI resistances for each sampled and 

plotted them against the porosity of each sample (Figure 29B). 

 

Figure 29.  Charge Transfer and SEI Resistance. A) Comparison of the charge transfer 

resistance and conductive filler sample. B) Comparison of SEI Resistance and porosity 

of each samples. 

 

There appears to be a decrease in SEI resistance with increasing porosity of each electrode. 

We hypothesis that the decrease of SEI resistance is due to a decrease in SEI thickness. 

Increased porosity equates to an increased surface area within the electrode. The SEI is 

formed in each sample at the same formation conditions, 24 aging followed by 12 hr 
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formation charge and a subsequent 12 hr discharge. Assuming that the same amount of 

lithium is consumed during the formation process, electrodes with a smaller porosity and 

thus smaller surface area will have a thicker SEI layer than that of a high porosity, high 

surface area with the same amount of SEI deposition. Further analysis of the SEI layer and 

resistivity is needed to fully confirm this hypothesis.  

4.3 Summary 

In conclusion, the research in this chapter demonstrated the ability to use Cu-Ag 

core-shell nanowires as a high-performance substitute for conventional carbon black in 

graphite-based lithium ion batteries. Furthermore, we show that the aspect ratio of the 

CuAg NWs effects the performance as increasing the aspect ratio increases both electrical 

conductivity and porosity. We found that increasing the amount of conductive filler from 

1-10% volume increases the electrical conductivity and capacity of the anode. Both aspect 

ratio and volume percent of nanowires both enhance the rate performance of the anode, 

but at the cost of energy density. Future work in nanowires as conductive fillers could 

explore a wider rage of aspect ratios and test the effects of different Ag shell thicknesses.  

5. Conclusion 

In conclusion, the field of lithium ion batteries will continue to transform as 

industries such as electric vehicles, renewable energy storage and portable electronics 

continuously demand higher capacities and energy densities. We discussed advanced 

fabrication techniques and previous works whose goal were to increase the energy density 
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of lithium ion batteries for various applications. In Chapter 2, I demonstrated a complete 

LIB fabricated using Fused Filament Fabrication (FFF), or more commonly known as 3D 

printing. In the development of 3D printable LIBs, we discovered key metrics that enable 

this technology, mainly electrical conductivity and printability. I also demonstrated the 

ability to print a complete LIB in one print as well as the ability to 3D print wearable 

devices with integrated 3D printed LIBs. The capacity of the 3D printed LIBs was 1-2% of 

a conventional LIB, due to the low active filler content. Although the ionic and electrical 

conductivity of my 3D printed LIBs was comparable to conventional LIBs, the amount of 

polymer binder prohibited the active material to contact both the conductive filler and the 

electrolyte infused polymer simultaneously. I believe this issue can be resolved by using 

an active material that is higher in electrical conductivity and has a morphology that 

allows for better electrical contact with the conductive filler, such as a nanowire or 

nanotube. If this can be achieved, we should be able to completely 3D print LIBs that can 

perform as well as conventionally manufactures ones. After understanding the 

importance of efficient electron transport, I turned my focus In Chapter 3 to improving 

the electronic conductivity of a conventional anode. Here, I showed Cu-Ag core-shell 

nanowires can be used as a replacement for carbon as the conductive additive in a 

conventional graphite LIB anode. In particular, I investigated the effect of aspect ratio on 

several performance metrics including rate performance as well as gravimetric and 

volumetric capacity and energy density. It was discovered that increasing the aspect ratio 
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enhances rate performance as electrical conductivity is increased.  Future work in Cu-Ag 

NW conductive fillers should examine the cathodic stability for use in conventional LIB 

cathodes, further enhancing the performance of an LIB and possibly lead to 

commercialization of this technology. Overall, this thesis has shown the ability to 3D print 

a lithium ion battery and has reinforced the importance of electronic conductivity to the 

performance of any LIB, regardless of manufacturing method. 
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