Vat photopolymerization additive manufacturing of
functional materials: from batteries to metals and alloys

Thesis by
Max A. Saccone

In Partial Fulfillment of the Requirements for the
Degree of
Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2022
Defended June 1, 2022



© 2022

Max A. Saccone
ORCID: 0000-0003-3846-2908

All rights reserved



Dedicated to the memories of my grandparents,
who started it all, with unconditional love:
Elaine Dickstein, Bob Dickstein, Doris Saccone, and Cy Saccone.



ACKNOWLEDGEMENTS

In the sunset of dissolution,
everything is illuminated...

Milan Kundera,The Unbearable
Lightness of Being

First, | would like to thank my energetic and insightful advisor, Professor Julia R.
Greer, for her guidance and support throughout my PhD studies. Thank you for
trusting me to be independent, for encouraging me to dream big, and for caring
about me as a scientist and as a person. In ways | couldn't have imagined when |
arrived at Caltech, I've grown as a problem solver, a storyteller, and a communicator
thanks to the example you set.

Thank you also to my committee members for your insight and support: Prof.
Karthish Manthiram, Prof. Kim See, and Prof. Julie Korn eld. Kim, thank you
for welcoming me into your lab and journal clubs as a young grad student, where |
learned to consume and critique science. Karthish, thank you for helping me think
through the next steps in my scienti ¢ journey, and for being a role model for how
kindness and positivity can ourish in academia. Julie, thank you for your attention
to detail, scienti c rigor, and constructive feedback.

The Greer group has been an amazing and inspiring group of scientists to share this
journey with. | have been constantly amazed by this group's extraordinary curiosity,
resilience, and kindness. Thanks to those that inspired me early on: Prof. Daryl Yee,
Dr. Andrey Vyatskikh, Dr. Xiaoxing Xia, Prof. Carlos Portela, and Prof. Ottman
Tertuliano. Daryl,  am in awe of your enthusiasm for science, your curiosity, and the
care you show for those around you. I'm honored to call you a mentor, a collaborator,
and a friend. Andrey, Xiaoxing, Carlos, and Ottman, thanks for being role models
during my early days in the group. Thanks also to the members of battery subgroup:
Dylan Tozier, Mike Citrin, Kai Narita, Fernando Villafuerte, and Yuchun Sun, and
members of the metal microlattice sub-subgroup: Rebecca Gallivan, Thomas Tran,
and Wenxin Zhang. To my cohort in the Greer group: Amy, Fernando, Rebecca,
and Widi, it's been a pleasure to share this journey from uncertainty and fear to
uncertainty and excitement with you. Finally, thank you to the undergrads I've had
the privelege to mentor through senior theses: Becca Mikovsky and Chan Gi Kim.



Vv

| am grateful to the Resnick Sustainability Institute for their fellowship support
and for focusing on bringing people together to tackle one of the world's most
existential threats. To the people who comprise this Institute: Neil Fromer, Stephanie
Yanchinski, and Prof. Jonas Peters, thank you for your commitment to the task at
hand. I'm also grateful to other Caltech sta who made my life better in big and
small ways: Allison Kinard, Angie Riley, Christy Jenstad, Jennifer Blankenship,
Carolina Oseguera, Tess Legapsi, the Caltech facilities sta, Dr. Chi Ma, Dr.
Michael Takase, and countless others.

Thank you to the people I've had the pleasure of sharing living spaces with: Andy
Ylitalo, Widi Moestopo, Chelsea Edwards, Harsha Narravula, Sylvain Collet, Elliott
Mueller, and Matt Levine. You've all made the places I've lived in feel like homes
these last ve years.

Thank you to friends from the Caltech Alpine Club, trail running Breakfast Club, and
the Los Feliz Flyers for your enthusiasm and stoke for the outdoors. Mike O'Connell,
Shae Silverman, Aadrian Schiphorst, Michael Marshall, Andy Boyle, Noel Csomay-
Shanklin, Dave Bonan, Andreas Butler, Rob Webber, Aubrey Schonho, Ryoto
Sekine, Ellen Kenney, Mikey Kerkman, Blake Owens, and many others.

Thank you to the long-time friends who have supported me through the years and
across the miles: Alex Gra, Peter Satterthwaite, and Isaac Green. And thank you
to my partner, Mary Fischer, for your unyielding positivity and kindness.

Most of all, thank you to my incredible family. Grandma E, thank you for encourag-
ing my intellectual development, for taking pride in everything | do, and for always
believing in me. Grandma Dor, thank you for your humble practicality and for
instilling a sense of nding wonder and beauty in the plants and animals of everyday
life. Moreover, thank you to both of you for your vision for and dedication to our
family. Truly, | owe everything to the strength and love with which you imbued our
family.

Thank you to my parents, Susan Dickstein and Tony Saccone. Mom, | never really
knew what you were doing when you were “writing grants and papers' when | was a
child. Now I really know and am incredibly impressed by your ability to do research,
to care for others, and to care for our family, all at the highest level. Dad, thank
you for valuing hard work, ethics, and entrepreneurship while always putting people
rst.



Vi
Finally, thank you to my brothers, Alex Saccone and Ben Saccone. Ben, you
continually impress me with your idealism, artistry, and enthusiasm. Alex, you are

a role model for kindness, hard work, and integrity. Who | am today is inseparable
from who you both are, and | love you very much.



Vii
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 Itration 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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Chapter 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 regiong 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 computingilico [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, bustainablgrogress.

LI refer the reader to the front matter of Rolf Hummdlsderstanding Materials Science [1]
for a more nuanced timeline of materials development throughout the world.



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 | lost a black pawn from my chess set, and replaced it
with an additively manufactured replica. | 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. | designed a pawn (left) to match the style of my chess
set (right), and printed it using PR57 black resin.



1.2.1 AM technigues overview

An overview of common classes of AM techniques is given here, largely following
the nomenclature outlined by Ligon etZ&], with citations to review articles that
discuss each technique in more detail. Anin-depth discussion of vat photopolymer-
ization, the focus of this thesis, follows in Section 1.3.

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.

Material jetting (MJ) expels droplets of material from a nozzle to de ne part
shape (Figure 1.2c) [9].

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].

Vat photopolymerization (VP) selectively solidi es a liquid photoresin via
light-initiated polymerization to de ne part shape (Figure 1.2d) [11].

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].

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

2] refer the interested reader to this excellent and thorough review of polymer AM techniques.
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