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ABSTRACT

In recent years, additive manufacturing (AM), also known as 3D printing, has

emerged as a uniquely powerful tool for rapid prototyping and for creating complex,

high value structures. Vat polymerization (VP) is an AM technique which forms

parts through light-initiated polymerization, capable of achieving both high resolu-

tion and high throughput. While VP has been utilized to fabricate a wide variety of

polymeric materials, fabricating functional materials such as ceramics, metals, and

inorganic composites has remained a challenge. This thesis focuses on developing

fabrication methods for a range of functional materials, from battery active materi-

als to metals and ceramics, via vat polymerization additive manufacturing, taking

advantage of chemical reactions within an AM part after fabrication to form target

materials in situ.

We demonstrate the use of emulsions to introduce aqueous active material precur-

sors into organic photopolymer resins to create architected lithium sul�de/carbon

composites for use as lithium-sulfur battery cathodes. Such architected cathode ma-

terials are promising for mitigating mechanical degradation in high volume-change

battery materials such as the sulfur cathode. We additionally performed nanome-

chanical experiments on lithium sul�de powders to determine how lithium sul�de

yields, deforms, and fails in the context of volume-change-induced stress during

battery cycling. Because lithium sul�de is present as a discharge product in all

lithium sulfur batteries, these nanomechanical particle compressions have bearing

on the entire �eld, beyond the realm of 3D architected cathodes.

We additionally demonstrate the use of organogel templates to streamline the AM

process by enabling the fabrication of many materials starting with a single resin

composition, followed by in�ltration of appropriate metal precursors and post-

processing heat treatment to convert the polymer/precursor matrix to the target

metal via calcination and reduction reactions. We fabricate and characterize copper,

nickel, silver, cobalt, cupronickel alloys, tungsten, and more to highlight the wide-

ranging versatility of achievable materials and microstructures.
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C h a p t e r 1

INTRODUCTION

1.1 Materials and society

Creating physical objects is a fundamental human endeavor. From tools, to toys,

to sculptures, acts of creation allow us to shape our surroundings, to improve our

quality of life, and to �nd meaning. Throughout history, the common materials that

people have used to build have been used as a proxy for technological development;

we have named entire eras after commonly used materials, from the stone age to the

bronze age to the iron age, and beyond.

Today, we �nd ourselves on the dizzying crest of rapid technological development.

While the epochalism that led to the de�nition of the `ages' cannot fully understand

the complexity of human development and history, especially across diverse geo-

graphical regions1, it can give us a sense of the rapidity of progress in materials

development; generally, the stone age lasted for many thousands of years, while the

bronze age lasted only a few thousand, and the iron age a �eeting few hundreds

of years [1]. The distinction of clear ages has begun to break down, with several

world-changing discoveries occurring within the last century: nuclear materials and

the discovery and development of quantum physics [2], the discovery of polymers

[3], and the development of classical computingin silico [4].

What will be the next de�ning material discoveries to shape the world? The nascent

technologies of renewable energy, quantum computing, and atomically precise man-

ufacturing promise to fundamentally change the way we power our lives, solve prob-

lems, and build things. However, we face unprecedented and existential challenges;

globalization forces us to seek ways to co-exist peacefully with each other, to share

and distribute resources, yet inequality looms and grows larger than ever before. An-

thropogenic climate change co-evolved with human technological advances, many

of which have increased our quality of life. Now, we need to learn how to live

in harmony with the earth and take a more holistic and sustainable approach to

industrial processes. With more tools and materials than ever before at our disposal,

we need to not just focus on progress, butsustainableprogress.
1I refer the reader to the front matter of Rolf Hummel'sUnderstanding Materials Science [1]

for a more nuanced timeline of materials development throughout the world.
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1.2 Additive manufacturing

A recent advance in our ability to engineer materials is the process of additive

manufacturing (AM), also known as 3D printing, which allows us to fabricate

intricate computer-designed objects one layer at a time. 3D models, made via

computer aided design or advanced structure algorithms are sliced into layers, which

are then deposited sequentially. This process allows customized parts to be rapidly

fabricated on often inexpensive equipment.

Unlike subtractive methods, which de�ne part shape by removing material from an

initially monolithic form, or formative methods, which de�ne part shape through

injection into a reusable cavity, AM is well-suited to producing materials with

complex geometries or for rapid prototyping. Often, AM enables fabrication of

complex objects more quickly and with less waste, or with fewer parts, without the

need for fasteners [5].

Another advantage of additive manufacturing is the ability to make custom parts on

demand. For example, in 2020 I lost a black pawn from my chess set, and replaced it

with an additively manufactured replica. I created a computer-aided design (CAD)

structure in SolidWorks based on the design of the chess set, and then printed the

piece on our lab's Autodesk Ember printer (thanks, Julia!) using CPS PR57 resin.

The resulting piece (Figure 1.1) is currently in use, and made my chess set whole.

Figure 1.1:Additively manufactured pawn. I designed a pawn (left) to match the style of my chess
set (right), and printed it using PR57 black resin.
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1.2.1 AM techniques overview

An overview of common classes of AM techniques is given here, largely following

the nomenclature outlined by Ligon et al.2[6], with citations to review articles that

discuss each technique in more detail. An in-depth discussion of vat photopolymer-

ization, the focus of this thesis, follows in Section 1.3.

ˆ Material extrusion extrudes material from a nozzle to de�ne part shape (Fig-

ure 1.2a,b). Common techniques include fused deposition modeling (FDM)

[7], which uses heat to soften thermoplastic polymers during extrusion, and

direct ink writing (DIW) [8], which uses shear thinning inks.

ˆ Material jetting (MJ) expels droplets of material from a nozzle to de�ne part

shape (Figure 1.2c) [9].

ˆ Binder jetting (BJ) de�nes part shape by the applying a liquid binder to fuse

a powder precursor of the target material (Figure 1.2c) [10].

ˆ Vat photopolymerization (VP) selectively solidi�es a liquid photoresin via

light-initiated polymerization to de�ne part shape (Figure 1.2d) [11].

ˆ Powder bed fusion (PBF)de�nes part shape by thermally driven melting or

sintering of a powder precursor of the target material (Figure 1.2e). PBF is

an established method to form many types of materials, from polymers [12]

to metals [13].

ˆ Directed energy deposition (DED)produces 3D parts through simultaneous

material deposition through a blown-powder feedstock and localized heating

(Figure 1.2f) [14].

1.3 Vat photopolymerization

1.3.1 History of vat photopolymerization

In 1981, Hideo Kodama reported the development of systems for forming 3D poly-

meric parts using a liquid photocurable resin [15]. Kodama demonstrated that 2D

images of light could be projected to cure an entire layer of photoresin simultane-

ously (Figure 1.3a,b), or alternatively a laser or point light source could be raster

scanned over the photoresin vat to form a layer (Figure 1.3c). These techniques are
2I refer the interested reader to this excellent and thorough review of polymer AM techniques.
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Figure 1.2:Schematics of common additive manufacturing methods. a,Fused deposition mod-
eling,b, direct ink writing,c, material/binder jetting,d, vat photopolymerization (DLP pictured),e,
powder bed fusion, andf, directed energy deposition. In all AM methods, supports (not pictured)
may be needed to achieve certain geometries such as overhangs.
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now known as digital light processing (DLP), and stereolithography (SLA) respec-

tively, although the term stereolithography sometimes subsumes other de�nitions

and is used to refer to a broader range of VP techniques.

Figure 1.3:Schematic of Kodama's stereolithography apparatuses.Photopatterning is controlled
by a, a mask with light projected from the top,b, a mask with light projected from the bottom, orc,
a scanning �ber transmitter mounted on an XY plotter. Following the numbering from the �gure:1O
UV light, 2O mask, 3O solidi�ed polymer layers,4O liquid photoresin,5O build plate, 6O vat, 7O shutter,
8O optical �ber, 9O XY plotter, 10O optical lens. Adapted with permission from [15]. Copyright 1981
American Institute of Physics.

While Kodama's innovation represents the �rst iteration of what is presently called

stereolithography, this verbiage was not de�ned until Charles Hull coined the term

stereolithography in a 1984 patent application3for an �apparatus for production of

three-dimensional objects by stereolithography� (Figure 1.4) [16]. Hull's patent was

signi�cant, as it underpinned the founding of the �rst commercial AM company, 3D

Systems [17].

Since then, the �eld of vat photopolymerization has broadened into a vibrant aca-

demic �eld, with a rapidly increasing number of publications since the development

of the technology, and especially since about 2015 (Figure 1.5). This marked in-

crease in academic activity is likely due to the increased availability of commercial,

low-cost SLA systems.

1.3.2 Vat photopolymerization methods

Vat photopolymerization represents a varied class of technques that use light to

de�ne part shape through polymerization of a photoresin bath. The three main

modes of carrying out vat photopolymerization (Figure 1.6) are further categorized

by 1) the type of photoinitiator, which can respond to single photon (often UV)

absorption, or two/multi-photon (often IR) absorption and 2) the geometry/topology

of the light/resin interaction volume.
3Assigned to UVP, Inc. in San Gabriel, CA.
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Figure 1.4:Schematic of Hull's 1984 stereolithography patent.Photopatterning is controlled by
a, a raster scanned spot source orb, a masked collimated light source. Following the numbering
in the �gure: 21, resin container; 22, UV-curable liquid resin; 23, surface of the liquid resin; 26,
programmable source of UV light; 27, spot source of UV light; 29, elevator platform; 30, printed
three dimensional object composed of layers such as 30a/b/c; 36, mask for collimated UV source.
Adapted from reference [16].

Figure 1.5:Stereolithography publication report. Publications on the topic of �stereolithography�
since 1988. Retrieved from Clarivate Web of Science Citation Report on 3/17/2022.

Common techniques that rely on one-photon absorption to initiate cross-linking

include digital light processing (DLP), in which a ultraviolet (UV) light source

is used to project a 2-dimensional image into the photoresin vat, curing an entire

layer simultaneously (Figure 1.6a), and stereolithography (SLA), in which a UV

laser is raster scanned across the photoresin (Figure 1.6b). In contrast, two-photon

lithography (TPL) techniques rely on the simultaneous absorption of two or more

photons from a raster scanned infrared (IR) laser to initiate and localize cross-linking

in a spatially con�ned volumetric pixel, or `voxel,' (Figure 1.6c) which enables

higher resolution patterning than systems which rely on single-photon absorbtion to

initiate polymerization.



7

Figure 1.6:Schematic of VP techniques.Vat photopolymerization techniques includinga, digital
light processing,b, stereolithography, andc, two-photon lithography.

1.3.2.1 Digital light processing (DLP)

Digital light processing is a class of techniques, also known as mask projection,

in which 2D patterns of light are used to cure the desired areas of entire layers

of resin simultaneously [17]. In practice, this is achieved either by using a liquid

crystal display (LCD) screen to act as a photomask for a light emitting diode (LED)

light source, a technique colloquially termed LCD printing, or by using a digital

micromirror device, where the movement of individual mirrors (pixels) controls the

delivery of light from a UV lamp to the resin bath.

In 2005, Sun et al. reported the use of such a digital micromirror device (DMD,

Texas Instruments) to control the patterning of light in digital light processing in

a technique coined projection micro-stereolithography (PµSL)4[18]. This method,

in which a digital micromirror device was used to control the delivery of patterned
4Dr. Nick Fang, a co-author on this paper, went on to found the company Boston Micro

Fabrication, Inc. to commercialize PµSL technology.
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light to a photoresin (Figure 1.7), enabled a high modulation e�ciency of almost

90%, smaller pixel sizes of� 15 µm, and a faster switching rate of 20µs compared

to previously used LCD technology.

Figure 1.7: Projection microstereolithography (PµSL). a, Schematic of PµSL system, showing
light patterning via a digital micromirror device. PµSL enables the fabrication of complex, high
resolution structures such asb, suspended beams with 5µm diameter,c,high aspect ratio micro-rods,
d, coils with �lament diameter of 25µm, ande, suspended line with 600 nm diameter. Scale bars:
b, 200µm; c, 1mm;d, 200µm; e, 1 µm. Adapted with permission from reference [18]. Copyright
Elsevier Science & Technology Journals.

DLP technology has since been advanced to reach both higher resolution and higher

throughput. In 2015, DeSimone and coworkers reported continuous liquid interface

production (CLIP) of 3D objects, in which the traditional layer-by-layer approach

of DLP technology was replaced with a continuous approach, allowing parts to be

fabricated at a rate of tens of centimeters per hour [19]. CLIP printers project UV

light into the resin bath through an oxygen-permeable window to create an oxygen-

rich interface region in which polymerization is inhibited by the low reactivity of

peroxy radicals. This approach enabled higher print speeds by obviating the need

to re-coat resin in between layers and for complex layer separation movements.

Later, in 2019, Mirkin and coworkers reported a technique for high-area rapid

printing (HARP) that mitigated problems associated with exothermic polymerization

reactions leading to heat build-up at the printing interface [20]. The HARP approach

used a �owing bed of �uorinated oil instead of an oxygen-permeable window to

minimize interfacial adhesion and to aid with heat transport away from the printing

interface, and enabled volumetric throughputs of 100 L/hr, or� 40 cm/hr.

In principle, DLP AM techniques are scalable, and the critical factor determining

print speed is the linear rate of printing of an object in the z-direction (perpendicular

to the plane of light exposure). With additional DMD projectors, the area of light

irradiation can be increased arbitrarily, while the volumetric throughput is directly
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proportional to both the area of irradiation and the linear z-direction print rate. Many

companies (such as Carbon 3D, Inc. and Azul 3D, Inc., based on the technologies

described above) have developed around the promise of commercialization of such

high-throughput DLP printing.

1.3.2.2 Volumetric additive manufacturing

As we have seen in previously discussed VP AM techniques, light can be introduced

as a 1D point source, and rastered to form a layer (SLA), or introduced as a 2D

plane source (LCD or DLP) to form a layer in one exposure. A natural next step

in light-based AM is to consider 3D exposure to form entire 3D parts simultane-

ously. The concept of interference lithography has been established as a way to

create 3-dimensionally periodic structures from a single exposure, based on a 3D

light intensity distribution resulting from interference of coherent laser beams [21].

However, interference lithography is only able to create periodic structures, and not

arbitrarily designed 3D structures.

In recent years, volumetric additive manufacturing has emerged as a powerful tool

to create 3D objects in a single exposure [22�24]. The principle behind volumetric

additive manufacturing, and some examples of objects fabricated via volumetric

AM, including polymers and transparent silica ceramics, are shown in Figure 1.8.

Increasing the dimensionality of the light-patterning has inherent advantages for

print speed. These seminal works demonstrated the fabrication of 3D designed cm-

scale objects in tens of seconds, and also enable the use of viscous resins, since it is

advantageous to have minimal resin movement during the printing process. Another

interesting feature of volumetric additive manufacturing is its ability to overprint

3D structures around existing features formed from a di�erent material.

1.3.3 Vat photopolymerization chemistry

Photoinitiation for vat photopolymerization is classi�ed according to a taxonomy at-

tributed to Norrish, who along with Bamford, reported the photo-decomposition of

aldehydes and ketones [25] in 1937. Norrish Type I initiators are molecules, which

decompose into radical fragments under illumination from appropriately energetic

photons. This reaction is shown for Darocur 1173 in Figure 1.9a. Other common

Type I initiators, such as Irgacure 184, Irgacure 651, Irgacure 369, diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO), phenylbis(2,4,6-trimethylbenzoyl)phosphine

oxide (BAPO), and Ivocerin are shown in Figure 1.9b. Phosphine oxide initiators
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Figure 1.8:Volumetric additive manufacturing. a, Patterned light from many angles is projected
to form a computer-designed dose intensity within a liquid photoresist usingb, an setup making use
of a DLP projector and a rotation stage.c, Time lapse of volumetric resin exposure showing curing
of a part shown ind,e,as well as larger versions shown inf,g. This technique can also be adapted to
form fully dense and transparent silica ceramics, shown inh-k. Panelsa-gadapted with permission
from reference [22]. Copyright 2019 American Association for the Advancement of Science. Panels
h-k adapted with permission from reference [24]. Copyright 2022 American Association for the
Advancement of Science.

such as TPO and BAPO are commonly used in commercial stereolithography and

digital light processing resins (such as PR48, see Table A.1) because they tend to

absorb well in the near-UV range.

In contrast to Type I initiators, Norrish Type II initiators rely on a system composed

of two molecules: a sensitizer, and a co-initiator. After excitation by appropriately

energetic light, the sensitizer abstracts a hydrogen atom from the co-initiator, which

becomes a radical initiator. This process is shown in Figure 1.10, in which benzophe-

none acts as the sensitizer and a tertiary amine acts as the co-initiator. An example

of a Type II initiation pair is the sensitizer bis[4-(dimethylamino)phenyl]methanone

(Michler's ketone) and the co-initiator 2-dimethylamino-2-(4-methyl-benzyl)-1-(4-

morpholin-4-yl-phenyl)-butan-1-one (Irgacure 379).
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Figure 1.9:Norrish Type I photoinitiation. a, A typical reaction showing the photocleavage of the
Norrish Type I photoinitiator Darocur 1173.b, Several other common Norrish Type I photoinitiators.
Adapted from reference [6] under open-access CC-BY license.

Figure 1.10: Norrish Type II photoinitiation. Benzophenone is the sensitizer, abstracting a
hydrogen after excitation from the tertiary amine which acts as the co-initiator. Adapted from
reference [6] under open-access CC-BY license.

1.3.4 Vat photopolymerization of functional materials

Although VP was developed predominantly for use with polymers [6], it has also

been demonstrated for organogels [26], hydrogels [27], glasses [28] and ceramics

[29, 30]. However, material selection is still limited due to challenges with resin

stability, processability, and synthetic accessibility associated with incorporating the

necessary precursors into photoresins either as a slurry [31, 32] or as an inorganic-

organic mixture [33]. In particular, creating metals via VP has remained a challenge

in the �eld. Oran et al. demonstrated AM of nanoscale silver by using hydrogels as

�nanomanufacturing reactors� [34, 35] in which two-photon activation guides the

in�ltration of precursors to volumetrically deposit 3D materials, and Vyatskikh et

al. demonstrated AM of nanoscale nickel by using two-photon lithography to pat-

tern inorganic-organic resins containing nickel acrylates, followed by pyrolysis and

reduction by H2 [33]. However, these pioneering works are limited in scope for fab-

ricating a wide variety of metals, requiring complex resin design and optimization,

or tuning of conjugation chemistry for each new material.
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1.4 Additive manufacturing of 3D batteries

Additive manufacturing (AM) enables the fabrication of battery materials with

complex geometries. When battery components can take arbitrary form factors,

opportunities emerge for creating electrode con�gurations with improved power

density, reduced weight, and excellent mechanical stability. This section provides a

summary of recent progress in AM of 3D batteries, discussing relevant techniques,

materials, designs, and applications. We highlight advantages and limitations as-

sociated with battery electrodes fabricated by direct ink writing, fused deposition

modeling, vat photopolymerization, and selective laser sintering. Additionally, we

discuss optimal geometries and compatible materials for anode, cathode, and elec-

trolyte of fully 3D batteries. To increase transparency and utility in the �eld, we

suggest a standardized set of reporting metrics for 3D batteries. Finally, we iden-

tify key opportunities for implementation of 3D batteries due to critical advantages

such as shape conformability and the ability to serve as multifunctional or structural

components.

1.4.1 Overview of AM methods for 3D batteries

Many AM methods are used to create 3D battery electrodes. Of the available

strategies, extrusion of battery active materials through motion-controlled nozzles

is the most common. A variety of review articles focus on other methodologies such

as material jetting, binder jetting, powder bed fusion, directed energy deposition,

template-assisted deposition, and laminated object manufacturing [36�38]. Here,

discussion is limited to the several most common 3D printing techniques for the

fabrication of battery electrodes: direct ink writing, fused deposition modeling, vat

photopolymerization, and selective laser sintering.

The basics of these methods were discussed in Section 1.2. Table 1.1 provides an

overview and compares several examples of batteries fabricated using each method.

Advantages, limitations, and opportunities for each technique are discussed in the

following sections.
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1.4.1.1 Direct ink writing for batteries

Direct ink writing (DIW) extrusion through motion-controlled nozzles is the most

common strategy for 3D printing electrochemical devices. DIW allows the facile

fabrication of many di�erent materials by mixing active material particles with sol-

vent and binders to form shear-thinning inks that can then be extruded at high shear,

but then remain stable after extrusion. The organic solvents and binders are often

removed in a post-processing thermal treatment. Extrusion methodologies have

been used to 3D print electrodes consisting of LiFePO4 and Li4Ti5O12 as Li-ion

electrodes [39, 40], sulfur composites as Li-S cathodes [45, 46, 60], holey graphene

oxide as a Li-O2 cathode, and Na3V3(PO4)3 composites for Na-ion electrodes [41].

The minimum feature size of extruded electrodes is related to the size of the nozzle

through which the active material ink is extruded, but can be altered by postpro-

cessing such as thermal treatment which can remove solvents, organics, or sinter

inorganic materials. In optimized systems where polyelectrolyte inks are deposited

into an alcohol and water reservoir, DIW with nozzles 0.5-1µm in diameter has

been shown to be able to fabricate beams as small as 600 nm in diameter with beam

spacing approximately equal to the beam diameter [61]. Notably, these optimized

polyelectrolyte inks did not contain any solid material loading and were optimized

to minimize the viscosity of the ink when �owed through the smallest diameter

nozzles. Despite not being directly relevant to battery materials, this work shows

the potential for DIW to access small length scales.

DIW has many attractive characteristics for 3D printing electrodes such as low cost,

experimental simplicity, and a wide range of available materials. However, chal-

lenges arise when active material particles are added to DIW inks. Adding battery

active materials to a slurry tends to increase the viscosity of the ink, necessitating

larger nozzles and commensurately larger feature sizes. For example, Sun et al.

extruded LFP and LTO inks through a 30µm nozzle, resulting in feature sizes of

approximately 30µm, with mass loadings of 57-60 wt.% [39]. However, many

other DIW approaches for 3D printed electrodes with high solid mass loadings do

not reach feature sizes below 150µm. These innate limitations of DIW restrict the

available feature sizes and emphasize the need to balance rheological properties of

the DIW ink with electrochemical properties of the printed electrode [62]. Addi-

tionally, the types of 3D architectures achievable via DIW are limited, with most

works reporting either woodpile geometries or `2.5D' architecture where each layer

of the printed structure is the same, and therefore sits directly on top of the previous
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Table 1.1: Summary of reported batteries fabricated using common 3D printing methods.

AM
Method Feature size1 Anode Cathode Electrolyte2 Capacity3 Ref.

DIW

22µm LTO LFP
1M LiClO4 in
EC/DMC 1.5 mAh/cm2 at 1C [39]

180µm LTO/GO LFP/GO PVDF-co-HFP/Al2O3 91 mAh/g at 50 mA/g [40]

200µm Na NVP/GO
1M NaClO4 in EC/PC
+ 5% FEC 1.26 mAh/cm2 at C/5 [41]

200µm Li LMO 1M LiPF6 in EC/DMC 3.5 mAh/cm2 at C/10 [42]
37µm Li LFP Not reported 82 mAh/g at 10C [43]

200µm Li
Sulfur copoly-
mer/ graphene

1M LiTFSI in
DMC/DOL + 1
wt% LiNO3

812.8 mAh/g at 50
mA/g

[44]

150µm Li Sulfur/carbon
1M LiTFSI in
DOL/DME + 1
wt% LiNO3

1188 mAh/g at C/10 [45]

150µm Li
Sulfur/graphene/
phenol formalde-
hyde

1M LiTFSI in
DOL/DME + 1
wt% LiNO3

953 mAh/g at C/10 [46]

50µm LTO LFP 1M LiTFSI in PC
133 mAh/g at 0.2
mA/cm2 [47]

350µm LiF-Li-Mg LFP
1M LiPF6 in
EC/DMC/EMC +
1% VC

145.2 mAh/g at C/2 [48]

150µm Li Si
1M LiPF6, solvent not
reported

2990 mAh/g at 0.5 mA [49]

FDM

200µm Li LTO/PLA
1 M LiPF6 in EC/DEC
+ 2% VC 80 mAh/g at 6µA/cm2 [50]

200µm Li LFP/PLA
1 M LiPF6 in EC/DEC
+ 2% VC 60 mAh/g at 9µA/cm2 [50]

200µm Graphite/PLA LFP/PLA 1 M LiPF6 in EC/DEC 30 mAh/g at C/40 [51]

200µm
LTO/PLA/
graphite/
MWNT

LFP/PLA/
graphite/MWNT

PLA:PEO:LiTFSI Not reported [52]

200µm
LTO/graphene/
PLA

LMO/MWNT/PLA
1M LiClO4 in
PC/EMC

22.96 mAh/cm3at 20
mA/g

[53]

200µm Li LCO
1 M LiPF6 in
EC/DMC

130 mAh/g at C/10 [54]

200µm Li LTO
1 M LiPF6 in
EC/DMC

170 mAh/g at C/2 [54]

VP

100µm Li LCO 1 M LiPF6 in EC/DEC 115 mAh/g at C/20 [30]

50µm Li Li 2S-C
1M LiTFSI in
DOL/DME + 1
wt% LiNO3

310.1 mAh/gLi2Sat
C/20

[55]

28µm Li Pyrolytic carbon 1 M LiPF6 in EC/DEC 379 mAh/g at 2 mA/g [56]

200µm LTO/PEGDA LFP/PEGDA
1M LiClO4 in EC/PC
+ 20% PEGDA resin

0.001 mAh/cm2at 2
µA

[57]

SLS
100µm Not reported NCA Not reported 17 mAh/g [58]
250µm Li PP/LFP 1 M LiPF6 in EC/DEC 35 mAh/g at C/80 [59]

Electrode materials: LTO = Li4Ti5O12, LFP = LiFePO4, LMO = LiMn2O4, NVP = Na3V2(PO4)3,
GO = graphene oxide, CNT = carbon nanotube, MWNT = multi- walled carbon nanotube, NCA =
LiNi 0.80Co0.15Al0.05O2, PP = polypropylene.
Electrolyte components:EC = ethylene carbonate, DMC = dimethyl carbonate, PVDF =
poly(vinylidene�uoride), HFP = hexa�uoropropylene, DOL = 1,3- dioxolane, DME = 1,2-
dimethoxyethane, PLA = poly(lactic acid), DEC = diethyl carbonate, VC = vinylene carbonate, PC
= propylene carbonate, FEC = �uoroethylene carbonate, PEO = poly(ethylene oxide), EMC = ethyl
methyl carbonate, PEGDA = poly(ethylene glycol) diacrylate.
1Feature size for FDM and SLS techniques is the reported layer thickness. Note that the lateral
feature size may be much larger.
2Electrolyte mixtures are 1:1 (v:v) and additions are wt % unless otherwise noted.
3Gravimetric discharge capacities for the �rst cycle normalized by active material mass are
reported, where available. Full cell capacity is reported, where available.
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layer. Such structures fabricated via DIW are also usually limited in height, due to

the structural limitations of stacking multiple layers, especially when inks do not

solidify quickly or fully. This drawback can be partially mitigated by changing the

printing environment to promote faster solidi�cation of ink, e.g., by using a hot plate

to evaporate solvent after printing [42], to aid with printing �delity and structural

integrity.

1.4.1.2 Fused deposition modeling for batteries

One very common approach for personal 3D printers is fused deposition modeling

(FDM), a �lament-extrusion 3D printing method. FDM processes use heat to soften

a �lament, often thermoplastic, before extruding it through a nozzle. The mate-

rial then solidi�es upon cooling after printing. For battery applications, composite

�laments containing active materials such as graphite, LTO, and LFP have been

developed with active material fractions up to 70% [50]. Practical use of FDM will

require higher active material fractions while maintaining printability and mechan-

ical integrity. Another drawback of FDM for electrochemical applications is the

achievable resolution. Typically FDM can achieve layer thicknesses of 150µm, but

often su�ers from comparatively poorer lateral resolution. In-depth overview and

discussions of FDM for battery applications are found elsewhere [59].

1.4.1.3 Selective laser sintering for batteries

Selective laser sintering (SLS) is another emerging AM method for battery applica-

tions. SLS selectively scans a high-energy laser on powder beds to sinter powdered

materials to create 3D structures in a layer-by-layer manner. This process does

not typically require binders or solvents, enabling high fractions of active materials

in the printed parts and less post-processing time to remove binders or solvents,

compared with slurry-based 3D printing, including DIW. SLS has been used for

metals and alloys for structural materials and recently is applied for energy stor-

age materials. Acord et al. have consolidated lithium nickel cobalt aluminum oxide

(NCA) cathodes by SLS with the electrochemically active layered structure retained,

and explored processing parameters to mitigate crack formation and discontinuity

caused by heterogeneous thermal volume change during printing [58]. Sha et al.

have demonstrated 3D graphene foams by selectively pyrolyzing a mixture of nickel

and sucrose by a CO2 laser [63]. Signi�cant challenges remain in the fabrication

of 3D architected battery materials by SLS, including controlling defects such as
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cracks and voids, as well as detrimental phases, which can form due to the high

temperatures and the rapid heating rates inherent in SLS.

1.4.1.4 Vat photopolymerization for batteries

An attractive and underutilized alternative to DIW for fabrication of 3D battery

electrodes is vat photopolymerization (VP) [64]. The main challenge with VP

3D printing of battery materials is the lack of available materials compatible with

this technique [36�38]. VP o�ers a low cost, easily processable, and high resolu-

tion way to print battery materials, but requires photoresins with low viscosity to

minimize suction pressure and adhesion [30]. When fabricating electrochemically

active materials using VP, standard methodologies for introducing active materials

or precursors into the resin include using slurries or suspensions of active materials

dispersed in a photoresin, which increase the photoresin viscosity. Novel strategies

to reduce the need for creating resin slurries include directly converting photoresin

to an active material such as pyrolytic carbon [56] and using homogenous aqueous

photoresins in which active material precursors are dissolved, which has been used

to fabricate 3D LCO cathodes [65]. Alternatively, heterogeneous emulsion resins

where active materials/precursors exist as an aqueous phase dispersed in a pho-

toresin can be used to create 3D composite Li2S-C structures (see Chapter 2) [55].

Thermal post-processing such as pyrolysis in an inert atmosphere or calcination in a

low-pressure air atmosphere converts solidi�ed photoresins to active materials and

enables fully densi�ed active material structure with small feature size (� 30 µm).

Other VP approaches include depositing battery active materials onto 3D printed

polymer substrates [66].

A signi�cant advantage of these VP methods is that fabricated electrodes can have

smaller feature sizes and more complex geometries than those fabricated via other

methods. This has potential to reduce di�usion lengths both in the electrode and

electrolyte. However, challenges relating to battery assembly and incorporation

with electrolyte and counter electrodes arise as electrodes become smaller and more

geometrically complex. Additionally, VP has some of the most stringent material

requirements on resin design of all the AM techniques discussed. The photoresin

also contains photoactive molecules such as photoinitiators which generate radicals

under exposure to UV light, and UV blockers to prevent UV light from being

transmitted beyond the build layer during printing. The addition of these extra

components can lead to the presence of unwanted contamination after thermal
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treatment. As relatively few examples of batteries fabricated using VP have been

reported, there is signi�cant opportunity to explore new VP material systems, with

the goals of increasing structure relative density, material purity, and resolution.

1.4.2 3D batteries: Challenges and opportunities

3D printing technologies for battery applications face challenges of balancing print-

ability, resolution, and active material mass loading. Reported techniques do not

yet satisfy these factors at the levels that would be needed to provide superior en-

ergy and power density compared to existing commercial batteries. In addition,

evaluations of 3D printed batteries are necessary for the cost, manufacturing rate,

and safety of practical battery applications. Unmet needs for 3D printed batteries

are electrochemically inactive materials such as current collectors, separators, and

packaging. These materials must be incorporated or printed at a small scale similar

to that of commercial batteries (i.e., 1-10µm scale).

1.4.3 3D batteries: Applications and outlook

The potential applications of 3D printed batteries, which o�er precise control of

form factors with low throughput, compared with current battery manufacturing

technology, are the ones that require unusual form factors and a good combination

of energy and power density with high value. The target markets include the Inter-

net of Things (IoT), micro-robotics, unmanned aerial vehicles (UAVs), and electric

vertical takeo� and landing (eVTOL). These applications have restrictions in form

factors of battery cells, which are not easily achievable by conventional roll-to-roll

manufacturing. In particular, mechanically resilient 3D batteries such as 3D carbon

electrodes manufactured via VP could be useful as multifunctional batteries, with

promise in aerospace applications that require lighter battery and structural compo-

nents. Toward fully 3D batteries at a package level, the most di�cult challenges exist

in the compatibility of manufacturing processes for all the components, including

the battery pack. The direct 3D printing of all the components is preferable in terms

of both cost and rate compared to current commercial manufacturing methods, since

all components on the 3D complex structure need to be precisely matched. Manu-

facturing processes that enable coating on complex structures such as a UV-curable

polymer electrolytes are key for fully 3D batteries. Additionally, technologies that

enable merging inactive materials with minimized volumes into the 3D complex

structure are critical to obtain comparable energy density to commercial batteries at

a package level.
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Other potential applications of 3D printed batteries include battery diagnostics and

electrochemically recon�gurable materials. 3D printed batteries o�er determinis-

tic, controllable, and prescribed form factors, enabling easy battery diagnostics for

their rate performance and battery cycling. This approach has been used to cre-

ate 3D recon�gurable and programmable architecture induced by electrochemical

lithium alloying [67]. Overall, the �exible form factors o�ered by 3D printing

enable optimization of ion and electron transport trajectories with or without in-

terdigitated electrode structures for overcoming the classical tradeo� relationship

between energy density and power density. 3D printing also provides promising

paths to mechanically robust architectural design for materials with signi�cant vol-

ume change, and other applications including battery diagnostics and recon�gurable

devices. Several challenges remain: manufacturing full cells without compromis-

ing active material loading fraction, improving resolution to match the submicron

scale at which volume-change materials are tolerant to mechanical forces, enhanc-

ing cycle life, and achieving high throughput. Addressing these challenges will lay

the foundation for the design and fabrication of practical additively manufactured,

high-performance, fully 3D batteries.
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1.5 Thesis summary

This thesis focuses on the development of two new techniques for additively manu-

facturing functional materials via vat photopolymerization.

Chapter 2 focuses on using emulsions to introduce aqueous precursors into a pho-

topolymer resin. We show how this technique can be used to create lithium sul�de

composites for use as cathodes in lithium-sulfur batteries, and investigate the electro-

chemical performance of these composites. We also investigate via nanomechanical

compression experiments the mechanical properties and deformation mechanisms

of lithium sul�de, a constituent material in lithium-sulfur batteries.

Chapter 3 focuses on the development and optimization of hydrogel infusion additive

manufacturing (HIAM) for fabricating copper metal. HIAM enables the fabrication

of metals through a process of infusing metal precursors into a hydrogel sca�old,

followed by calcination and reduction to convert the precursor to metal. Copper is a

notoriously challenging material to fabricate using conventional additive manufac-

turing technique due to its high thermal conductivity; we demonstrate the fabrication

of copper microlattices with beam diameters of� 40µm, as well as the chemical and

structural characterization of these materials.

Chapter 4 extends the HIAM technique to fabricate and characterize a wide variety

of new materials, including pure metals (Cu, Ni, Ag), homogenous alloys (CuNi),

heterogenous alloys (CuAg), high entropy alloys (CuNiCoFe), and refractory alloys

(W-Ni). We show that the high annealing twin densities typical of HIAM metals have

interesting implications for the mechanical behavior of these materials as measured

by nanoindentation.

Finally, Chapter 5 o�ers a concise summary of the investigations of this thesis, as

well as an outlook on additive manufacturing of functional materials, and remaining

research directions.
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C h a p t e r 2

UNDERSTANDING AND MITIGATING MECHANICAL
DEGRADATION IN LITHIUM-SULFUR BATTERIES

Chapter abstract

Lithium�sulfur batteries are poised to outcompete lithium-ion batteries in key sec-

tors such as transportation and grid storage due to the low cost and high theoretical

energy density of sulfur as a cathode material. Widespread implementation of this

technology is hindered by signi�cant degradation during cycling, including me-

chanical failure via cracking or detachment of insulating lithium sul�de (Li2S) from

the conductive matrix in the cathode, causing irreversible capacity fade. We devel-

oped a technique to additively manufacture Li2S composites to fabricate rationally

designed cathodes and demonstrate the utility of a three dimensionally architected

Li2S composite cathode in a battery. We additionally measured material properties

and deformation mechanisms of Li2S powders via in situ scanning electron micro-

scope (SEM) nanomechanical particle compression experiments. Measuring these

mechanical properties is a �rst step towards understanding the process of mechanical

degradation and is necessary to enable the rational design of high energy density,

long-cycling, and mechanically robust sulfur cathodes.

This chapter has been adapted from:

1. Saccone, M. A.; Greer, J. R. Understanding and mitigating mechanical degra-

dation in lithium�sulfur batteries: Additive manufacturing of Li2S composites

and nanomechanical particle compressions.Journal of Materials Research

2021, 36, 3656�3666, DOI: 10.1557/s43578-021-00182-w.

Contributions: M.A.S. conceived, designed, and performed the experiments, and

wrote the manuscript.
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2.1 Introduction: Lithium-sulfur batteries

2.1.1 Battery background

An electrochemical cell converts between chemical energy and useful electrical en-

ergy. The fundamental driving force in an electrochemical cell is a chemical reaction

between neutral species that yields an electrically neutral and thermodynamically

favored product. An electrically insulating and ion conducting separator and an ion

conducting electrolyte allow ions to cross from one side of the cell to the other; to

maintain charge neutrality, electrons must �ow in an external circuit, where they

are used to do work. Cells can be arranged in series or in parallel as batteries to

meet the voltage and current requirements for a wide range of applications which

require convenient access to electricity or energy storage. Batteries have become

ubiquitous in modern life due to their use in a wide variety of technologies such as

micro-robotics, smartphones, electric vehicles, and grid-scale energy storage. De-

spite the fact that each of these applications can have very di�erent requirements (for

example, micro-robotics requires high gravimetric power density, while the most

important factor in grid-scale energy storage is system cost), these technologies are

predominantly served by lithium-ion (Li-ion) batteries.

2.1.2 Li-S overview

The overall driving chemical reaction of the Li-S battery is

16 Li ¹sº ¸ S8¹sº ���! 8 Li2S¹sº (2.1)

where lithium is the anode material, sulfur is the cathode material, and Li+ is the

working ion. This mechanism is an example of a reconstitution/formation reaction

because chemical bonds are broken and formed (as opposed to an intercalation

reaction, where a guest species is inserted into unoccupied interstitial sites of a

stable host material) and a new phase, lithium sul�de (Li2S), is formed at the

cathode [68].

The mechanism of sulfur reduction in Li-S batteries has been the subject of many

studies, and has been found to depend strongly on the type and amount of electrolyte

present in the system. In conventional liquid electrolytes which exhibit high solu-

bility for polysul�de species (Li2Sx, 2<x<8), sulfur reduction proceeds through a

solution-mediated pathway where complex equilibrium exists between the various

polysul�de species [69]. The discharge curves of these systems typically exhibit

plateaus at approximately 2.4 V and 2.1 V (vs. Li/Li+), which are often ascribed to

the formation of long chain and shorter chain polysul�des, respectively [70]. Con-
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versely, in all-solid-state Li-S batteries, which employ a solid electrolyte, a direct

solid state conversion between S8 and Li2S is observed, yielding a discharge curve

with a single plateau [71]. It has recently been demonstrated that by using sparingly

solvating liquid electrolytes with high salt loading, the sulfur reduction mechanism

in liquid electrolyte batteries can be a quasi-solid state mechanism [72, 73] which

approximates the single plateau behavior of solid state Li-S batteries.

The theoretical capacity of the Li-S battery based on sulfur is calculated to be 1672

mAh/gs using the equation

�0?028CH=
G

, C
� (2.2)

whereGis the number moles of electrons transfered per mole of reaction, 2 for this

reaction,, Cis the molar mass of sulfur, 32.066 g/mol, and� is Faraday's constant,

96485.33 C/mol. Equation 2.2 calculates the capacity in C/g, and must be converted

to the more common units of mAh/g by an additional factor of mAh/3.6C.

If Li-S batteries were able to e�ectively harness their massive theoretical energy

density of � 2600 Wh kg-1, 10x that of Li-ion batteries [74], they would revo-

lutionize the electri�cation of transportation and grid-scale energy storage. The

unprecedented lightness of Li-S batteries and the 86% projected cost savings ($36

vs. 250 $ kWh-1system) over Li-ion batteries could spur the proliferation of econom-

ical electric vehicles [75, 76]. The low-cost sulfur cathode renders Li-S batteries an

ideal candidate for grid-scale energy storage, which is necessary to smooth inter-

mittent energy generation from renewables, such as wind and solar, and facilitate a

100% renewable energy economy.

2.1.3 Li-S challenges and state of the art

Several signi�cant challenges prevent realization and insertion of Li-S batteries

into energy systems, which include the numerous chemical and physical degrada-

tion mechanisms of electrolyte decomposition [77], polysul�de shuttling [78, 79],

lithium dendrite growth [80], and formation of �dead� sulfur or lithium sul�de (Li2S)

caused by their loss of contact with the conductive matrix [81]. Mitigating such

degradation is necessary for widespread implementation of Li-S batteries. A signif-

icant amount of work has been dedicated to furthering mechanistic understanding of

the Li-S system [82], and many mitigation strategies have been developed; for exam-

ple Pang et al. demonstrated the ability of solvate electrolytes to mitigate electrolyte

reactivity, polysul�de shuttling, and lithium dendrite growth [73]. This is accom-

plished by modifying the Li-S reaction pathway from a dissolution-precipitation
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mechanism to a quasi-solid-state or solid-state conversion. Such advances in elec-

trolyte design provide a convincing path towards solving many of the overall Li-S

battery problems, but mechanical degradation of solid constituents remains poorly

understood.

Mechanical degradation in Li-S batteries is thought to be caused by fracture or de-

tachment of Li2S from the conductive matrix in the cathode, driven by the lithiation-

induced 80% volumetric expansion of sulfur as it is converted to Li2S [83]. While

mechanical properties, degradation, and stress evolution have been explored in other

systems with large volume changes during cycling [84], a dearth of studies exists on

the Li-S system. The only experiments measuring stress evolution in Li-S batteries

come from in situ multibeam optical stress sensing experiments in liquid electrolyte

cells, which provide some insight but cannot measure spatially resolved stress [85,

86]. Measuring stress at site-speci�c locations where detachment or fracture is

likely to occur, such as within grains of Li2S or at the Li2S-matrix interface, would

enable the rational design of cathode structures and matrix materials that can ac-

commodate these stresses. The experimental challenges associated with measuring

Young's modulus and other mechanical properties of Li2S, which rapidly hydrolyzes

in air via the reaction Li2S + 2 H2O ���! 2 LiOH + H2S, have yet to be overcome,

and its mechanical deformation mechanisms are yet unknown.

The problem of mechanical failure in Li-S batteries has been partially addressed

by fabricating cathode materials with built-in void space [87] or by assembling

batteries in the discharged, pre-expanded state with Li2S composite cathodes [88].

An increased focus has been given to expansion-tolerant architectures with optimized

binder compositions, which enable stable cycling of high-loading sulfur cathodes,

but do not o�er a route towards full tunability and optimization of the structures

[89]. A nascent set of strategies to increase the robustness, mass loading, and

power density of battery electrodes utilizes additive manufacturing (AM), whereby

structures are formed in a layer-by-layer process, allowing for full control over

the form factor and the dimensions of the fabricated material. AM processes for

battery materials have enabled the fabrication of interdigitated electrodes, [36] which

have higher power density than planar electrodes due to increased interfacial area,

as well as electrodes with low tortuosity [56], high active material loadings, and

geometries that facilitate ionic and electronic transport [37]. Extrusion methods have

proven to be capable of 3D printing interdigitated Li4Ti5O12 anodes and LiFePO4
cathodes for Li-ion batteries [39, 90], as well as sulfur copolymer-graphene cathodes,
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sulfur/carbon slurries for Li-S batteries [45, 60], and conductive templates for sulfur

in�ltration [46]. These extrusion-based AM methods su�er from low resolution;

no AM techniques capable of fabricating sulfur composites with features below 150

µm or Li2S composites with any dimensions have been reported, partially because

of the di�culty of working with this air sensitive material. This informs our

choice to explore vat polymerization AM methods, which enable higher resolution

than extrusion methods and allow fabrication of more complex features such as

overhangs [30]. Additionally, we chose to explore emulsi�cation as a way to

combine photocurable resin with the water-soluble Li2S precursor lithium sulfate

hydrate (Li2SO4 � H2O). Emulsi�cation of resins containing an oil phase (monomers

or oligomers) and an aqueous phase has previously been reported as a way to

additively manufacture porous structures [91, 92]. To our knowledge, emulsi�cation

has never been reported as a way to deliver an active material or precursor into an

additively manufactured structure.

2.2 Emulsion stereolithography for fabrication of 3D Li2S-C cathodes

We developed an additive manufacturing process, coined as emulsion stereolithog-

raphy, that is capable of fabricating 3D architected Li2S-C cathodes with 50µm

features, a threefold improvement in resolution over existing architected Li-S cath-

ode materials.

2.2.1 Emulsion stereolithography process

Figure 2.1 shows the fabrication steps of the AM process for architected Li2S-

C cathodes. It consists of 1) synthesis and preparation of the emulsion resin,

2) digital light processing (DLP) stereolithography to produce the designed 3D

architecture, and 3) pyrolysis in an inert atmosphere. The emulsion resin was

prepared by dispersing an aqueous solution of lithium sulfate hydrate (Li2SO4 � H2O)

in a commercial UV-curable photopolymer resin (Autodesk PR-48; see Table A.1

for resin composition) with the aid of surfactants (Fig. 2.1(a)). This emulsion

resin is a metastable water-in-oil (w/o) emulsion of lithium sulfate hydrate solution

dispersed within a continuous phase of photopolymer resin (Fig. 2.1(b)). Our choice

of Li2SO4 � H2O stems from its stability in air, commercial practicality, and ease

of conversion of Li2SO4 to Li2S via the carbothermal reduction reaction Li2SO4 +

2 C ���! Li2S + 2 CO2 [93, 94]. The main challenge with Li2SO4 � H2O is the lack

of resin system stability caused by its low solubility in the polar PR-48 resin.
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The addition of polyvinylpyrrolidone and Polysorbate 20 amphiphilic surfactants

serves to suppress Ostwald ripening of the dispersed aqueous droplets by reducing

the total interfacial energy between water and oil and to prevent phase separation

[95]. The presence of these surfactants signi�cantly increased the stability of the

w/o resin emulsions, as evidenced by the time-lapse photographs of the emulsion

(Fig. 2.1(c)), which demonstrate that the aqueous phase remains emulsi�ed even

after several days. Without the addition of surfactants, the oil and water components

of the resin phase separated almost immediately (see Fig. A.3). We then used a

DLP 3D printer (Autodesk Ember) to sculpt the photopolymer resin into a target

architecture (Fig. 2.1(d)) designed to be disc-like, with a diameter of 25 mm and

a height of 2 mm, comprised of a periodic array of 1 mm-wide octet unit cells,

with 120µm diameter beams (Fig. 2.1(e)). These samples were then pyrolyzed at

800°C for 4 hours in an inert atmosphere, producing self-similar Li2S-C composite

replicas with diameters of 10 mm and heights of 800µm, caused by 60% linear

dimensional shrinkage (Fig. 2.1(f)).

2.2.1.1 Emulsion resin preparation and printing

First, a 3.13 M solution of Li2SO4 � H2O (99.0%, Alfa Aesar), and a 600 mg/mL

solution of polyvinylpyrrolidone Mw = 40000 (PVP; Sigma-Aldrich) were prepared

by vortex mixing the solids in deionized water until fully dissolved. In each of 3

50mL centrifuge tubes, 4.55 mL Li2SO4 � H2O solution was added to 0.7 mL PVP

solution and 1.75 mL Polysorbate 20 (Alfa Aesar). These solutions were vortex

mixed for 15 minutes, yielding a soapy, white mixture. To this mixture, 35 g of

PR-48 (Colorado Photopolymer Solutions) was added, followed by 75 minutes of

vortex mixing to yield a milky white emulsion resin. Immediately after mixing, this

resin was used with a commercial 405 nm wavelength DLP 3D printer (Autodesk

Ember) to fabricate Li2SO4 � H2O�polymer composite structures. Octet microtruss

lattice unit cells were designed with 120µm beam diameter and 1mm unit cell size.

Unit cells were tessellated to form freestanding circular cathodes with outer diameter

of 25mm and thickness of 2mm. The �rst layer was exposed to UV light for 9 sec to

ensure adherence between the structure and the build head, and subsequent layers

were exposed for 5 sec.
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