High-Aspect Ratio Structures in
Light-Absorbers and
Electrocatalysts for Solar Fuels

Devices

Thesis by
Paul Andrew Kempler

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

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2020
(Defended September 8, 2020)



© 2020

Paul Andrew Kempler
ORCID: 0000-0003-3909-1790

i



il

ACKNOWLEDGEMENTS

I am grateful to Prof. Mark Davis, Prof. John Seinfeld, and Prof. Konstantinos
Giapis, for serving on my Thesis Committee and contributing their time and feedback.
Their early contributions following my Candidacy Exam were valuable in providing focus
to this project. Additional thanks to Kat, John, and Lori for their feedback on the

introductory chapter.

I arrived at Caltech in large part because of my undergraduate mentors within the
Vanderbilt Chemical Engineering program. Prof. Paul Laibinis spent hours in the lab with
me during the start of my independent study project; his teaching and advising instilled my
interest in thermodynamics and surface chemistry. Without his encouragement, I would
not have applied to Caltech. Prof. Kane Jennings was an excellent mentor during the
summer I researched at Vanderbilt. He gave me room for creativity on a project that sent
me to my first conference and led to my first publication. I owe much to Faizan Zubair and
Ian Njoroge, who mentored and supervised my novice undergraduate self. They put up
with both my messiness and exuberance as I learned how to do science right and their

advice prepared well for graduate school.

I was welcomed into the Lewis group by a group of outstanding graduate students
and postdocs. Sonja Francis and Dan Torelli designed my first project when I knew nothing
about electrochemistry and immediately worked to integrate me within the large group.
Sonja, your continued encouragement and mentoring are a constant reminder that [ made

the right decision to join. Noah, thank you for teaching me how to clean and functionalize



v
Si surfaces and for being a model mentor when sharing your expertise. Thank you Mita
Dasog and Azhar Carim for starting me on my first Si microwires project and being patient
teachers while also giving me the freedom to explore my own interests. Azhar has been

and continues to be a wealth of scientific and institutional knowledge and helped me put

the (photo) in (photo)electrochemistry.

I am particularly grateful to Mita for introducing me to Rob Coridan. Rob has been
a second advisor to me on all things related to bubbles and I am grateful to have had the
chance to collaborate with him. His high-speed videos taught us all a lot about the dynamics
of gas evolution. My primary collaborator and coconspirator in all things silicon was Sisir
Yalamanchili. I am ever grateful for him sharing his expertise in navigating the KNI and
getting me involved on his interesting projects. Sisir, I aspire towards your work ethic and
optimism in research. Katie Chen worked on a number of bubbles models that have
provided insight into mass transport within microwire arrays. Her papers have taught me a
lot about the inner workings of solar fuels devices. Matthias Richter was instrumental in
enabling the Si/Cu photocathode project and I am grateful to have been able to rely on his
instrumental wizardry during my time in graduate school. Harold, Kathleen, and I also had
the pleasure of working with Jeff Cammerata at Lockheed Martin, who was an engaging

industry partner for an exploratory project involving Si microcone arrays.

The Lewis Group is proof of strength in numbers. To the graduate students who
saw me in: Noah Plymale, Adam Nielander, Josh Wiensch, Stefan Omelchenko, Jingjing

Jiang, Xinghao Zhou, Fadl Saadi, Paul Nufiez, Jonathan Thompson, Ethan Simonoff,



Azhar Carim, Michael Lichterman, Ivan Moreno-Hernandez, Annelise Thompson, Dan
Torelli, and Kyra Lee; as well as knowledgeable postdocs Mita Dasog, Sonja Francis,
Carlos Read, Jesus Velazquez, Ke Sun, Miguel Caban-Acevedo, Burt Simpson, and Renata

Bagley: thank you for sharing your wisdom and helping me find my footing.

To my cohort of graduate students, Katherine Rinaldi, Ellen Yan, and Pakpoom
Buabthong: I couldn’t have picked a better group of people to learn, work, and grow with
over the last five years. Kat, you in particular have had a profound impact on my time in
graduate school. It has been a pleasure to be your roommate, bandmate, desk-mate,
teammate, travel-buddy, pet-parent, and friend. It is hard to picture a Caltech experience
without your spark. I am so glad that Harold Fu and Zachary Ifkovits crossed department
lines to join me as fellow ChemEs in the group. I am grateful that Kathleen Kennedy is
carrying forward efforts on microwires and nanowires within the KNI. Thanks Michael
Mazza, Katie Hamann, Weilai Yu, Madeline Meier, Maureen Morla, and Jackie Dowling
for continuing to foster a motivated and positive scientific community. Our two newest
group members, Sean Byrne and Jake Evans, exemplify the enthusiasm and curiosity that

thrives in our group and I look forward to following the results of their projects.

An impressive cohort of chemical engineers, along with a number of caring, more
experienced graduate students and TA’s, got me through my first year at Caltech. Red,
Kari, Zach, Stephanie, Xinyan, Xinran, and Malaney, I am grateful for all that I learned

with you during our first year. I owe particular thanks to Red, who was an enthusiastic



vi

peer-mentor. Their good-natured approach to problem solving got me through many

challenging transport problem-sets.

I had the pleasure of working with a number of motivated undergraduates while
working at Caltech Miguel Gonzalez, Gianmarco Terrones, Amar Bhardwaj, and Jillian
Reed: your questions and fresh set of eyes in the lab kept me motivated and provided
valuable insights. I look forward to following your promising careers as scientists and

engineers.

The frisbee community within Los Angeles provided me with an athletic outlet to
keep me healthy throughout graduate school. Thank you, Daryl, Radka, and Zach for
welcoming me into Caltech Aftermath with open arms. Thank you, Bryce, for the hours of
conversation travelling to and from tournaments—I’ve had a number of great teammates
but I can’t think of a better teammate than you. Thanks to all the members of Family Style
over the years, of whom there are too many to personally name. You were all a dear part
of my time spent in Los Angeles. I owe an extra thank you to Bustle, Jenny, Joe, and Annie
for captaining me and/or captaining with me over the years. You have taught me to be more

accountable, responsible, and caring as a leader.

I have been enriched by my time working with the Solar Energy Activity
Laboratory (SEAL) under the direction of Michelle DeBoever and Five-Star Solar-Army
General Prof. Harry Gray. Fadl got me started with SEAL and made each week an

adventure. I took over the responsibilities of Lead Mentor from Sonja after she left Caltech



vii
and have had the opportunity to work with a number of schools, San Marino, Alverno, and
Franklin; teachers, Wyeth, Russell, Monica, and Jomel; and mentors, Fadl, Charlie,
Madeline, and Axl. I learned so much about teaching and mentoring during my time with
SEAL. I am ever grateful that Kitty Cahalan and the C.T.L.O. have worked hard to see that

the program continues and can continue to provide research experiences to high school

students.

I feel privileged to have been able to rely on the expertise of the staff within the
Kavli Nanoscience Institute, with particular thanks to Guy DeRose for his dedication in
maintaining a productive lab space—especially during the 2020 pandemic. Thank you,
Nathan Lee, for maintaining the plasma systems and ALD. All but one of these chapters
were only possible due to these instruments operating reliably throughout my time at
Caltech. I am grateful to Rick Gerhart for preparing custom glassware and Mike Roy for
preparing custom Teflon cells and aluminum heat-sinks. I also acknowledge instrumental

support from the Molecular Materials Research Center in the Beckman Institute at Caltech.

Kimberly Papadantonakis and Bruce Brunschwig have served as additional
advisors to me during my time at Caltech. Their presence improves the environment of the
Lewis group in so many ways. Thank you, Kim, for your tough questions and willingness
to challenge conventions. Kim helped me through my first, first-author manuscript and has
taught me to be a better writer and researcher. Thank you, Bruce, for your untiring
willingness to discuss models of bubble nucleation and mass transport and for providing

feedback on my papers, proposals, and presentations. Bruce has motivated me to learn how



viii
to express complex ideas simply in my writing. Thank you, Barbara Miralles, for
everything you do to keep the gears turning and papers in press. You are patient and kind
and we are so lucky to have you. For having overlapped with all of those people above in
the Lewis group—and so much more—I am grateful to my advisor, Prof. Nathan Lewis.
Thank you, Nate, for creating and continuing a special type of research environment that
has allowed me to flourish. You are an inspiration to many and I feel privileged to be one
of your advisees. You have consistently focused my ideas into meaningful concepts while
giving me the time and space to explore new areas of research. The balance of global scope,

creativity, and scientific rigor within the Lewis group is something I hope to carry forward.

Lastly, I must thank my family. To my mother, Dina, the original Dr. Kempler, I
owe my life, my curiosity, and my joy. My mother raised me to measure the time it took to
drive different routes from our house to elementary school (with error bars!) so we could
be sure we were taking the fastest route. She taught me to experiment in the kitchen, in the
ocean, and in the classroom. The spark I find when I go into lab comes from her. To my
father, John, I owe my patience, my will, and my love of learning. He is my role model for
always being involved in one-too-many things and having the time for one more
conversation with one more friend. Such involvements kept me balanced, stable, and happy
through grad school. That I inherited a small fraction of his ability to write for hours on
end must be the only reason I finished this thesis. My step mother Cristi welcomed me as
her son and has been a constant source of encouragement and wisdom. I am lucky to have
grown up with a number of siblings, Summer, Cassie, Emma, and Kayden, who kept made

my childhood fun and are continued sources of laughter and a reason to fly home.



X

ABSTRACT

Solar fuels devices produce hydrogen fuel from water and sunlight and address a critical
societal need for inexpensive, long-duration energy storage. Such devices are prepared
from combinations of light-absorbing semiconductors and catalysts to sunlight to drive
thermodynamically uphill reactions. This dissertation puts forth strategies for controlling
the three-dimensional structure of semiconductors, electrocatalysts, and the film of gas
bubbles evolved on the top and bottom of a solar fuels device. High-aspect ratio features
led to unexpected effects in semiconductor/electrocatalyst assemblies. Optical losses were
decoupled from the mass-loading of cobalt phosphide and copper electrocatalysts
integrated onto silicon microwire photocathodes for the photoelectrochemical generation
of hydrogen and hydrocarbons, respectively. Anti-reflective silicon microcone arrays were
patterned with continuous films of Pt or CoP particles with minimal reflection losses due
to the catalyst films. Transparent metal films were prepared from nanostructured metal
phosphides, a class of earth-abundant hydrogen evolution catalysts. Silicon microwire
array (photo)electrode surfaces were used to force bubbles away from electrocatalyst
surfaces, even when oriented against gravity, leading to sustained operation in the absence

of external convection.
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