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Abstract

Elucidating the Solution Chemistry in Graphene Liquid Cell Transmission Electron
Microscopy

by

Michelle F Crook

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor A. Paul Alivisatos, Chair

Graphene liquid cell transmission electron microscopy (TEM) is a technique that can visu-
alize nanoscale dynamics in liquid in real time. The liquid cell TEM technique has bypassed
the high vacuum limitations for TEM operation by using electron transparent membranes
to encapsulate small volumes of solution. These days, graphene is commonly used as the
membrane, which has made atomic resolution imaging of materials in liquids commonplace.
This emerging technique has already shown great promise in becoming a powerful character-
ization tool for the nanomaterials community and beyond, but as with any new technique,
careful analysis and understanding of the system are critical for further development.

A major hurdle in the liquid cell TEM technique is understanding and controlling the effects
of water radiolysis in the solution from the ionizing electron beam. A variety of reactive
species are formed once imaging begins, and understanding how these species interact with
the solution and sample is critical to developing this technique. This is a daunting task,
as the solution is hermetically sealed within the graphene sheets, the volume within the
liquid cell is typically less than an attoliter, and the radical chemistry only occurs when the
electron beam is turned on, which greatly limits the methods that can be used to study the
solution. Together, these factors make it an extremely challenging task to study the solution
chemistry of graphene liquid cells.

This thesis will give an overview of the solution chemistry thought to occur in graphene
liquid cells, describe some experimental techniques that can be used to probe this chemistry,
and provide experimental results expanding our understanding of the chemistry occurring in
these sealed pockets. In Chapter 1, the development of the liquid cell TEM technique, as well
as the fundamentals of radiation chemistry, how it is thought to occur within the context of
liquid cell TEM, and the current methods used to understand the radiation chemistry will be
provided. In Chapter 2, we studied how halides, common additives in nanocrystal synthesis
and well known radical scavengers, altered the dynamics of a model system, gold nanocrystal
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etching in graphene liquid cells. Correlative pulse radiolysis measurements determined the
active oxidant in the gold nanocrystal etching mechanism. These studies revealed the power
of using experimental measurements to describe the system. In Chapter 3, electron energy
loss spectroscopy was used to directly measure the solvated species inside a graphene liquid
cell. These studies revealed significant concentration of the encapsulated solution, which
was also shown to affect the kinetics of oxidation of the active oxidant. Overall, using
these experimental methods to measure the solution species in graphene liquid cells have
greatly enhanced our knowledge of the system, and how to better design the liquid cell
around the desired experiments. In Chapter 4, an outlook of the state of graphene liquid
cells and suggestions to adapt the design of the system and modeling of the solution to the
experimental results presented herein are given.
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etching trajectories begin at 800 e−Å−2s−1 but are reduced to 25 e−Å−2s−1

in the middle of etching. After the electron flux decrease, the nanocrystal
continues etching. b) Control experiment showing that when the AuNC is
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e) Gold nanocrystal radius vs. time curves at each of the four electron fluxes.
f) Box plots of the etch rates of gold nanocrystals at the four different electron
fluxes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

A.1.1 Comparison of initial projected area and etch rate for nanocrystals in solution
with 190mM Cl– and 40mM Fe3+ (purple), 190mM Cl–, 0.38mM Br– and 40mM
Fe3+ (green), and 190mM Cl–, 0.38mM I– and 40mM Fe3+ (blue). There is not
a strong dependence between initial size and etch rate in these experiments.
The average initial size and standard deviation for the chloride, bromide, and
iodide environments are 1104 nm2 ± 269 nm2, 1232 nm2 ± 221 nm2, and 1336
nm2 ± 216 nm2, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 75

A.1.2 Segmentation used to calculate circularity of each nanocrystal. The perimeters
are relatively smooth, decreasing error due to noise of the outline. However,
as the nanocrystals near the very end of their etching trajectories, the contrast
becomes very low, and the segmentation becomes less reliable. As the error
in segmentation increases near the very end of the etching trajectories, the
circularity increases, which is likely the cause of in the increase in circularity
at the end of all the nanocrystal etching trajectories, and a circularity greater
than 1 at the end of the etching trajectory for the nanocrystals in the chloride
environment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

A.1.3 Simulated steady state concentration of •OH radicals under various halide
conditions. a) •OH radical concentration in neat water (grey), and with 190
mM Cl– (purple), 190 mM Cl– and 0.38 mM Br– (green), and 190 mM Cl– and
0.38 mM I– (blue). b) •OH radical concentration under the four experimental
concentrations tested. 40 mM Fe3+ (grey), 40 mM Fe3+ and 190 mM Cl–

(purple), 40 mM Fe3+, 190 mM Cl– and 0.38 mM Br– (green), and 40 mM
Fe3+, 190 mM Cl– and 0.38 mM I– (blue). Chloride, bromide, and iodide
solutions are overlapped in both a) and b). . . . . . . . . . . . . . . . . . . . 77

A.1.4 Overpotential (η) when halides act as oxidant and complexation agent. The
overpotential for etching decreases moving down group 17. If this were the
predominating mechanism, a decrease in etch rate would be observed as the
overpotential is proportional to the exponential of etch rate in a high driving
force regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.1.5 Optical density of the 1 mM FeCl3 in 0.2M HCl solution used in the pulse
radiolysis studies. Note the strong absorbance in the 290-360 nm wavelength
range, where the ground state bleaching in the pulse radiolysis studies is ob-
served. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



x

A.1.6 a) Pulse radiolysis measurement (85 Gy/pulse, 15ns FWHM) of an N2 satu-
rated aqueous solution containing 50 mM potassium persulfate and 5 Vol%
t-BuOH b) Corresponding time absorption profile at 340 nm. c) Pulse radi-
olysis measurement (85 Gy/pulse, 15 ns FWHM) of an N2 saturated aqueous
solution containing 50 mM potassium persulfate, 1.9 mM Fe(NO3)3 and 5 Vol%
t-BuOH. d) Corresponding time absorption profile at 340 nm . . . . . . . . 80

A.1.7 Comparison of initial projected area and initial etch rate at 800 e−Å−2s−1 for
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1-2 minutes. The onset of etching after the dose increase confirms that the
nanocrystals were in solution. a) Etching trajectory of a gold nanocrystal
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tron flux of 125 e−Å−2s−1 Available at 10.1021/jacs.2c07778,ja2c07778_

si_006.avi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112



xiv

List of Tables

1.1 Reduction Potentials of Select Water Radiolysis Products . . . . . . . . . . . . . 10
1.2 Reduction Potentials of Select Simple Metals . . . . . . . . . . . . . . . . . . . . 10

2.1 Proposed Reaction Cascade in Pulse Radiolysis Experiments . . . . . . . . . . . 29

A.1 Summary of Cl Chemical Reactions Included in Radiolysis Chemical Network
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

A.2 Summary of Br Chemical Reactions Included in Radiolysis Chemical Network
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A.3 Summary of I Chemical Reactions Included in Radiolysis Chemical Network Model 93
A.4 Summary of Fe Chemical Reactions Included in Radiolysis Chemical Network

Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
A.5 Summary of Cl and Ce Chemical Reactions Included in Radiolysis Chemical

Network Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
A.6 Summary of G-Values Included in Radiolysis Chemical Network Model . . . . . 108
A.7 Review of Encapsulated Salt Solutions in Graphene and Amorphous Carbon Liq-

uid Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
A.8 Review of Encapsulated Organic Solutions in Graphene and Amorphous Carbon

Liquid Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
A.9 Review of Encapsulated Pure Water in Graphene Liquid Cells . . . . . . . . . . 110



xv

Acknowledgments

Working towards obtaining a Ph.D. is no easy task, and is certainly not one that can
be completed alone. There are countless people who have led me to this point where I am
today, submitting my dissertation as the final requirement to complete my Ph.D..

First and foremost, my parents. They have been there since the beginning, gave me
an enriching and fulfilling childhood, and have supported me through all my endeavors,
academic or otherwise. They believed in me throughout the good times and the bad, and
most importantly, taught me to believe and trust in myself.

The decision to become a chemist most certainly traces back to my high school chemistry
teacher Dr. Loomis, colloquially known as Doc. My classmates complained that he made
the tests too hard, but ultimately he was giving us the opportunity to challenge ourselves,
to see what we could achieve if limits were not placed upon us. The first test I failed was in
his class, but it was in this same class where I learned how capable I am. For that, I must
thank him.

In my undergraduate studies, I had several excellent professors and mentors that taught
me the foundational knowledge needed to become a chemist. Dr. Alistair Lees convinced
me to start research in my sophomore year, Dr. Julien Panetier gave me a rigorous physical
chemistry education, Dr. Chuan-Jian Zhong taught me the foundations of instrumental
analysis with relevance to current research efforts, and the late Dr. Sean McGrady taught
me the fundamentals in solid state chemistry.

Of course I would be amiss without mentioning my research advisors throughout the
years. I did my first independent research in the lab of Prof. M. Stanley Whittingham under
the guidance of Dr. Hui Zhou. Here I learned what research is and how to progress on a
scientific project. I also spent two summers during my undergraduate studies performing
research at other universities under the guidance of Prof. Chis Ackerson and Prof. Yves
Chabal. Each of them helped me pick up and complete a research project in fields new to
me. The teachings and experiences I had in each of these research environments was truly
formative and I know that I would not have made it to where I am today without this.

I must also thank my thesis advisor, Prof. A. Paul Alivisatos. It was under his guidance
where I feel I have truly become a scientist. He has provided me with the tools and resources
needed to complete my projects. He supported me in undertaking whatever projects most
interested me, and allowed me the time and space to work towards finding these projects on
my own. Most importantly, his mentorship style has taught me to become an independent
thinker and for that I am grateful.

Of course completing this degree would not have been possible without the support I
received inside and outside of the lab. I must thank the many lab mates I’ve had throughout
my time as a graduate student, namely Rafaela Brinn, Priscilla Pieters, Ethan Curling,
Jakob Dahl, Justin Ondry, Hyun Dong Ha, Abdullah Abbas, Vida Jamali, Ivan Moreno-
Hernandez, Jason Calvin, Chang Yan, and Joeson Wong. I must also thank Kayli Martinez,
Nicole Navarro, Marisol Navarro, Kerry Jones, and Suzanna Yaeger-Weiss, my friends outside



xvi

of the lab (and inside of my pod during COVID) who provided much needed friendship and
camaraderie after a long work day.

Last, but certainly not least, I must thank those who did not think I would make it to
this point or even, at times, actively dissuaded me from continuing. It is no secret that
getting a Ph.D. is a challenging task, but perhaps the most challenging aspect may be just
choosing to continue. I am truly grateful for the challenges I faced because it caused me
reflect on my goals and my values and ultimately made me more determined to finish what
I had started.

For those I have missed, I thank you as well.



1

Chapter 1

Introduction

1.1 Overview

Liquid cell transmission electron microscopy (TEM) has emerged as a powerful tech-
nique to study nanomaterial dynamics in solution. Liquid cell TEM continues to generate
active interest as it is the only technique that provides sub nanometer spatial resolution
and sub millisecond temporal resolution in solution, making it well suited to study processes
such as nanocrystal nucleation and growth, self assembly, galvanic exchanges, nanocrystal
interactions, among others. While this technique has been instrumental in developing our
understanding of a variety of nanoscale dynamics, there is still progress to be made in elu-
cidating the effects of the solution chemistry in this technique. Notably, the electron beam
used to produce images of the sample is extremely perturbative to the host solution, gener-
ating highly reactive species that can alter the chemistry, and observed dynamics, in situ.
Foundational literature and seminal studies of electron beam effects in the liquid cell have
provided a starting point to understand the solution chemistry, but direct measurement of
solution processes in the liquid cell will be required to make this a more robust technique
moving forward.

To put these recent developments into context, we will first explore the workings of TEMs,
the first attempts to observe liquids in the TEM, and the development of the current liquid
cells. We will next define the several different types of liquid cells available today, as well as
the advantages and disadvantages of each type. Then, we will deeply explore radiolysis, how
to understand, mitigate, and control it, and several of the methods commonly used for this.
We will explain how, as of today, radiolysis is inextricably linked to the liquid cell technique
and many of the observed processes. Accordingly, we will explore the methods that have
been used to understand and probe radiolysis, including chemical reaction networks and
different types of spectroscopies. Together, these concepts will set the foundation for work
presented in Chapters 2 and 3.
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1.2 Development of Liquid Cell Transmission

Electron Microscopy

As scientists, our curiosity of the surrounding world has led us to develop tools that
allow us to see what was previously invisible to the human eye. Since the invention of the
first optical microscope ca. 1600,1 scientists have worked tirelessly to improve image quality,
resolution, and microscope performance. Nearly every field of science has benefited from
discoveries made with an optical microscope. Yet with these improvements to instrument
design, eventually came limitations. In 1874, Ernst Abbe became the first to postulate a
theoretical limit to the resolution of a microscope as described in Equation 1.1 below, known
as Abbe’s diffraction limit.

R =
λ

2NA
(1.1)

In this equation, λ is the wavelength of the illumination source, and NA is the numerical
aperture, which for modern instruments is close to 1. Abbe’s diffraction limit tells us that
as we lower the wavelength of the illumination source, we can increase the resolution of the
collected images. For optical microscopes, which use visible light as the illumination source,
the smallest wavelength of the illumination source is approximately 400 nm, indicating that
the smallest resolvable features are around 200 nm. However, in the pursuit of seeing finer
and finer details, scientists theorized that this limit could be circumvented by developing
new microscopes using illumination sources with exceedingly small wavelengths.

In 1928, Davisson and Germer published an experiment that confirmed the wave nature
of electrons.2 This confirmed an earlier hypothesis from Louis de Broglie that suggested the
wave-particle duality of electrons. According to de Broglie, the momentum of any particle,
including electrons, was related to its wavelength through Equation 1.2

λ =
h

mv
(1.2)

where h is Planck’s constant, m is the mass of the electron, and v is the velocity of the
electron. Accordingly, by increasing the kinetic energy of an electron, the wavelength is
decreased. If, then, an electron beam is used as an illumination source for a microscope,
the resolution could be tunable and improved by using higher and higher energies. Indeed,
in 1933, the first transmission electron microscope (TEM) with resolution higher than an
optical microscope was developed,3 and continual developments led to increasingly improved
performance. Today, modern TEMs operate between 80 and 300 keV, with a few high
energy microscopes operating at 1 MeV.4 With advances in modern instrumentation, the
main limitation to the resolution with these high accelerating voltage TEMs is not the
wavelength of the illumination source, but coherency of the electron beam and aberrations
of the electron lenses.5–8 To date, the highest resolution that has been achieved with an
electron microscope is about 0.5 Å,9 while resolving single atoms or atomic columns has
become commonplace.5,10–14
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Figure 1.1: Development of liquid cell transmission electron microscopy from a) the first report
of creating a closed cell to study high vapor pressure liquids (reproduced with permission from15 ,
Copyright 1944 AIP Publishing Group), b) the first modern liquid cell which achieved much higher
resolution, as well as electrochemical control (reproduced with permission from17 , Copyright 2003
Nature Publishing Group), and c) the first graphene liquid cell, which could distinguish individual
lattice planes (reproduced with permission from18 , Copyright 2012 The American Association for
the Advancement of Science)

In order to achieve this extremely high resolution, it is necessary to keep the path of the
electron beam in the microscope under high vacuum (∼ 10−5 mtorr) so that the electrons do
not scatter off of any molecules, which may destroy the coherency of the electron beam. This
means that the samples that can be studied in TEMs are limited to dry, solid samples, such
as metals, oxides, nanomaterials, etc.. Yet, there are many processes in which the interaction
of a material with a solution are of prime interest, such as the changes in the interface of a
battery electrode when in contact with the electrolyte, attachment of atoms during growth
of colloidal nanocrystals, and the structure of hydrated biological materials, just to name a
few.

Since 1944, only five years following the first commercial TEM, scientists have been
developing methods to introduce low vapor pressure liquids, like water, into the TEM.15

The first report of introducing liquid water into a TEM was successful at preventing leaks
and protecting the liquid from evaporation, but suffered from low resolution. The cell was
composed of thick collodion windows, and the thinnest liquid layers that could be achieved
with the available technology at that time was approximately 1 µm (Figure 1.1a). The total
thickness of these liquid cells were approximately 1.5 µm,16 which can absorb and scatter
sufficient electrons to severely limit resolution.

Several decades later, the idea of a closed cell to contain liquid samples was revisited.
With improvements in silicon manufacturing, new cells could be developed with thinner win-
dows and liquid layers. In these new closed cells, a thin silicon nitride window supported
by a larger silicon chip was used to enclose the liquid sample (Figure 1.1b).17 With these



CHAPTER 1. INTRODUCTION 4

new thinner cells, small copper nanocrystals could be observed, and electrode patterning
on the windows could induce electrodeposition, which could be observed in real time in the
microscope.17 This time, the closed cell design could observe and study electrochemical phe-
nomena of the solvated samples in the TEM. Advances in design and preparation techniques
decreased the liquid and window thickness even further, making high resolution imaging in
liquids possible (Figure 1.1c). This technique, now known as liquid cell transmission electron
microscopy, or the liquid cell, grew in popularity and is becoming a well-known technique to
study materials in liquid.

1.3 Types of Liquid Cells

Today, there are several types of liquid cells that are commonly used, which each have
their own strengths and limitations. These liquid cell configurations could most easily be
broken down into three main classes: 1) SiNx microfabricated liquid cells, and 2) TEM
grid-based sandwich liquid cells, and 3) Next-generation liquid cells.

SiNx Microfabricated Liquid Cells

Apart from the seminal 1944 work, the SiNx microfabricated liquid cells were the first
type commonly used and developed. These liquid cells consist of three main components;
two chips, each with a thin, electron transparent SiNx window and a thicker Si support,
and O-rings to create a hermetic seal. The windows of these liquid cells are prepared using
microfabrication techniques, which allows the thickness to be very thin. The windows of
these liquid cells are prepared by taking a Si wafer with SiNx on top, and etching away the
silicon in a small region to leave a thin, electron transparent SiNx membrane which is used
as the window. The rest of the Si around the SiNx provides stability and encloses the bulk
liquid. These liquid cells were originally prepared individually, but today are readily available
commercially. As they are commercially available, they are straightforward to prepare after
proper training, results can be quite reproducible, and physical parameters of the cells, such
as window thickness, liquid thickness, and liquid volume are well known and well controlled.

While these liquid cells are highly controllable, they suffer from thick water layers, mostly
due to bulging at the middle of the window due to the pressure differential of the liquid
layer. The increased thickness of the liquid layer decreases the achievable resolution, and
sometimes even visibility. While there are ways around this, such as creating smaller windows
to minimize bulging, or imaging at the corners where the liquid layer is the thinnest, these
methods limit the available area to study the desired system, which may mean that more
samples and more time are needed to generate adequate data.
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Figure 1.2: a) SiNx liquid cell schematic (reproduced with permission from19 , Copyright 2019
Touve et al.) and b) a high resolution image from a SiNx liquid cell (reproduced with permission
from20 , Copyright 2014 The American Association for the Advancement of Science). c) Graphene
liquid cell schematic (reproduced with permission from21 , Copyright 2017 John Wiley and Sons)
and d) a high resolution image from graphene liquid cell (reproduced with permission from22 ,
Copyright 2014 WILEY-VCH Verlag GmbH Co. KGaA, Weinheim). e) Next generation micro-
fabricated liquid cell schematic (reproduced with permission from23 , Copyright 2018 American
Chemical Society) and f) a high resolution image from a next generation microfabricated liquid
cell (reproduced with permission from24 , Copyright 2022 Clark et al. under exclusive license to
Springer Nature Limited).
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TEM Grid-Based Liquid Cells

The other common liquid cell type is one based on two TEM grids sandwiched together.
The most prevalent of these types is what is called the graphene liquid cell, where two TEM
grids are first coated with single to few layer graphene, then a small droplet of solution is
encapsulated between these two grids.18,25 With this type of liquid cell, the strong van der
Waals forces between the two graphene sheets, rather than an o-ring, make a hermetic seal
that will protect the droplet from the high vacuum of the TEM. While the graphene liquid
cell is the most common type of this sandwich based liquid cell, more recently new types of
liquid cells using different grids that do not require a graphene coating have emerged. These
have been called the amorphous carbon, or carbon film liquid cells, and use plasma treated
carbon TEM grids to encapsulate the desired solution.26

These graphene liquid cells have many advantages over the SiNx liquid cells, namely that
the resolution is significantly better. In all the TEM grid-based liquid cells, the thickness
of the windows (either graphene or carbon film) are between 1-20 nm, whereas for the SiNx

liquid cells, the windows are typically 50-200 nm thick. Additionally, the thickness of the
liquid layer is typically on the order of 10s of nm,25,27–29 while the thickness of the liquid
layer in SiNx liquid cells is several hundred nm, and can be over a micron thick in the center
of the window.30–33 However, one major limitation of these TEM grid-based liquid cells is
that they lack reproducibility. The liquid pockets of these liquid cells form stochastically,
meaning that the size, shape, thickness, and volume of these pockets varies with each sample
that is made.27,28,34–36 In practice, this means that one needs to study a system where these
parameters wouldn’t be expected to affect the system, or ample time must be spent searching
for liquid pockets of similar geometry. Further, these liquid cells are formed through an
evaporative drying process where a droplet of the solution is placed on one of the grids,
then the other grid is placed on top. As the excess solution evaporates, the two grids are
brought into close contact to form the seal. This formation process indicates that the nature
of the encapsulated solution may be different from the original solution as evaporation may
be significant. This is discussed a great detail in Chapter 3.

Next Generation Liquid Cells

In the past few years, scientists have begun developing next generation liquid cells that
combine the advantages of SiNx and graphene liquid cells. These liquid cells are microfab-
ricated to contain wells with well defined volumes, but the window layer is single to few
layer graphene, or another thin material such as monolayer MoS2.

23,24,37 These liquid cells
have the reproducibility of the size, shape, and volume of the liquid cells as the wells can
be constructed at will, but by using the thin window layers, can still reliably obtain high
resolution images and videos, down to single adatom resolution.24 . The main limitation of
these liquid cells is that they are not commercially available, and they require significant ef-
fort and cost to prepare individually. It will be interesting to see if these types of liquid cells
become commercialized in the future, as that would open up the field to more reproducible,
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high resolution work, and would likely draw even more attention and researchers to use this
technique.

1.4 Water Radiolysis

When a liquid cell is placed inside a TEM and the electron beam is turned on, the liquid
solution is no longer chemically identical to the same stock solution left on the benchtop. The
electron beam is a form of ionizing radiation and when it is introduced to the solution, it will
ionize the water present. This presents major considerations for the liquid cell technique, and
understanding the radiation chemistry present is a must to understand how this will affect
the system of interest. The precise nature of the radiation chemistry depends greatly on
the solvent used. There are reviews that describe the radiation chemistry of some common
organic solvents,38 but the majority of research, including the work that will be described
in Chapters 2 and 3 use water as the solvent, which will be the focus here.

Formation of the Primary Products

When a high energy electron beam interacts with water, energy is transferred to the water,
creating excited state water molecules. Several ps later, the water molecules decompose in the
path of the individual electrons, to create inhomogenously distributed reactive intermediates.
When sufficient energy is deposited into the water, as is common in liquid cell TEM, several
of these reactive intermediates are formed within 10s of ångstroms of each other in what is
known as a spur.39–43 These intermediates react to form products within these spurs such as
the hydrogen radical •H, the hydroxyl radical •OH, and H2 which are known as the initial
yield. After about 10−11 to 10−10 seconds, these species of the initial yield then diffuse and
react further to form the primary products,44–47 as described in Equation 1.3

H2O⇝ e –
aq,

•OH,H2O2,
•H,H3O

+, –OH,HO2
•,H2 (1.3)

After about 1 µs, the primary products are homogeneously distributed within the water.
The system can then be described as containing a certain concentration of these primary
products,39 which are described by their g-values. The G-value is a term that denotes how
many molecules have been consumed or destroyed per 100 eV of energy absorbed.

Chemical Reaction Network

When neat water is irradiated, eight primary products are formed. These species can
then diffuse throughout the system and take part in a cascade of slower chemical reactions,
forming an additional seven species. Already, several dozen chemical reactions are needed to
describe the interactions between these 15 species and water. Further, any solutes present
increase the number of chemical reactions needed to describe the environment, and it quickly
becomes apparent that this is an unreasonable task to perform by hand. Particularly for
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Figure 1.3: a) Concentration of primary products with time and b) steady state concentration of
primary products with dose rate. Reproduced with permission from48 , Copyright 2014 American
Chemical Society

liquid cell TEM, the relevant processes under observation occur on the time scale of seconds to
minutes to 10s of minutes, whereas most radical reactions occur several orders of magnitude
faster. To understand how these dozens of interrelated reactions interact with one another
to develop the reaction environment, a kinetic model is commonly used. This type of kinetic
model was first developed by Elliot, and McCracken44 in 1990, but has more recently been
adapted to and expanded in MatLAB48 .

After adaptation of this model to MatLAB in 2014,48 this chemical reaction network has
become a predominant method for for understanding the radiation chemistry in the liquid
cell. This model can predict the radiation chemistry present in the liquid cell by solving the
following partial differential equation.

δCi

δt
= Di▽

2Ci −
∑
j

kijCiCj +
∑
j,k ̸=i

kjkCjCk +Ri (1.4)

In Equation 1.4, the first term represents the diffusion of species i in water, the second
and third term, respectively, relate to the production and destruction of species i through
chemical reactions with rate constants kxx, and the last term is the electron beam induced
generation of chemical species. The electron beam induced generation is determined accord-
ing to Equation 1.5.

Ri = fiρψGi (1.5)

Where fi is the molar fraction of water, ρ is the liquid density, ψ is the electron dose rate,
and Gi is the G-value for chemical species.

By solving this partial differential equation for every species i in the system, factors such
as the concentration over time can be calculated (see Figure 1.3a). Further, the concentration
of various species as a factor of dose rate can be calculated as well (see Figure 1.3b), a
parameter that is readily controlled with the TEM.
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Here, it is important to point out precise definitions of certain terminology used to
describe the number of electrons interacting with the sample. In the field of radiolysis, the
term dose rate is commonly used and is defined as the amount of energy absorbed by the
sample in a given period of time. The units for this are commonly Grays/second, where 1
Gray (Gy) is 1 Joule of energy absorbed per kilogram. Importantly, in electron microscopy,
it is very difficult to calculate how much energy is being directly absorbed by the sample,
but it is much easier to determine how much energy is being imparted on the sample. This
is a metric which can be defined as electron flux which is the number of electrons hitting
the sample per unit area per unit time, and typically has units e−Å−2s−1. The seminal
radiation chemistry literature has been used to inform the liquid cell TEM community,
and this is done by equating the Gy/s dose rates to the e−Å−2s−1 electron fluxes. These
two metrics are precisely equal if every electron imparted on the sample in the TEM is
absorbed by the sample, but in the vast majority of cases, this is not true. However, without
a straightforward method to calibrate how many of the electrons are being absorbed by
the sample for each sample, drawing these analogies where possible is a good first order
approximation. Ultimately, many liquid cell TEM studies that are dependent on the electron
flux look at trends in the transformation to determine differences between higher energy and
lower energy processes.

1.5 Radiolysis and Redox Chemistry

Understanding the relative concentrations of these water radiolysis products in the liquid
cell is important, but ultimately the goal is to understand how these radiolysis products
may or may not affect the samples we are trying to observe. A straightforward method to
understand how these radical species may interact with any samples added to the system is
to look at their reduction potentials. The reduction potential is a measure of the tendency
of a species to gain an electron and become reduced, and is measured in Volts (V). If a
material has a high tendency to become reduced, it’s reduction potential will be a large
negative number. If a material has a high tendency to become oxidized, it will have a high
positive number. All of these numbers are relative to some reference electrode, commonly
the standard hydrogen electrode (SHE).

The reduction potentials are half reactions, so to understand whether a chemical reaction
will take place between a radical species and a sample, we can combine a half reaction for
a radical species and a half reaction for a sample. To keep the calculations straightforward,
we will just be looking at simple metals interacting with the radicals. A list of the water
radiolysis products and their reduction potentials are listed in Table 1.1 and a list of simple
metals and their reduction potentials are listed in Table 1.2.

To determine whether a chemical reaction will be spontaneous (i.e. will occur), a re-
duction and oxidation half reaction are added together, ensuring the electrons are canceled
out. When a reaction is reversed, so is the sign of the reduction potential. Then, the two
reduction potentials are added together. If this number is positive, then the reaction is
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Half Reaction Reduction Potential (V) Reference

e– ⇌ e –
aq -2.88 49

H+ + e– ⇌ H•
aq -2.31 49

HO•
2 + e– + H+ ⇌ H2O2 +1.46 49

HO• + e– + H+ ⇌ H2O +2.73 49

HO• + e– ⇌ HO– +1.90 49

Table 1.1: Reduction Potentials of Select Water Radiolysis Products

Half Reaction Reduction Poten-
tial (V)

Reference

Li+ + e– ⇌ Li -3.04 Atkins, and Shriver50

Ti3+ + 3e– ⇌ Ti -1.37 Aylward, and Findlay51

Zn2+ + 2e– ⇌ Zn -0.76 Bard52

Fe2+ + 2e– ⇌ Fe -0.44 Atkins53

Cu2+ + 2e– ⇌ Cu +0.16 Bard52

[PtCl4]
2– + 2e– ⇌ Pt + 4Cl– +0.77 Bard, and Falkner54

Pt2+ + 2e– ⇌ Pt +1.19 Bard, and Falkner54

[AuCl4]
– + 3e– ⇌ Au + 4Cl– +0.93 Bard52

Au3+ + 3e– ⇌ Au +1.52 Bard52

Table 1.2: Reduction Potentials of Select Simple Metals
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spontaneous and thermodynamically will occur, if it is negative it will not.
As a simple example, let’s look at the reaction between the hydroxyl radical and metallic

copper. Using the tables, we see that the two half reactions we are considering are as follows:

HO• + e− ⇌ OH−; +1.90V (1.6)

Cu2+ + 2e− ⇌ Cu; +0.16V (1.7)

The full chemical reaction we are considering is then

2HO• + Cu⇌ Cu2+ + 2OH− (1.8)

and the electrochemical potential for this reaction is

E = +1.90V + (−0.16V ) = +1.74V (1.9)

As the electrochemical potential for this full reaction is highly positive, this reaction will
occur spontaneously.

After a quick inspection of Tables 1.1 and 1.2, it is obvious that many of the water
radiolysis products have very large potentials, either positive or negative, while the majority
of the simple metals have more moderate potentials. Even the noble metals which are known
for their inertness and stability can be oxidized by the hydroxyl radicals, particularly if there
is a complexation agent such as chloride present.

Evidently, the radical environment present in liquid cell TEM is extremely harsh. Radi-
olysis from the electron beam produces a wide variety of radicals and reactive species which
have large potentials capable of transforming even noble metals. From the kinetic chemical
reaction network, we know that as we increase the dose rate, that the steady state concen-
tration of these species will increase. If we assume that the electron flux is equal to the dose
rate, and an electron flux of 100 e−Å−2s−1 is used for a particular experiment (this is much
lower than what would commonly be used for high resolution imaging), this corresponds to
a dose rate of 1.4 × 108 Gy/s. For reference, acute radiation poisoning with a LD100 occurs
when >10 Gy are absorbed over the course of a few minutes,55 and the worst hit areas of
the Chernobyl Nuclear meltdown were estimated to endure radiation levels of approximately
650 Gy/s.56 So then, with extremely high levels of radiation, and the continuous generation
of reactive radical species, how does one obtain any relevant information about the system?

1.6 Controlling Radiolysis

Due to the extreme radiation chemistry that the liquid cell faces, there has been significant
work in developing methods to mitigate the effects of radiolysis. Largely, the community
has worked to develop methods to decrease the electron flux imparted on the sample, or to
scavenge the radiolytically produced species. However, it is also possible to use the effects
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of radiolysis to induce specific changes in the system of interest, and leverage that to learn
more about the fundamental chemistry presiding over that system.

Mitigating Radiolysis

Reducing the effects of radiolysis on the sample has been of prime interest in the com-
munity from the beginning. One method of doing so is to add species to the solution which
alter the chemistry of the solution. An example of this is to use radical scavengers to re-
duce the concentration of radicals in the solution. While this technique has been used for a
long time with other types of radiolysis to control the solution chemistry,43,57–59 examples
of using radical scavengers in the liquid cell is somewhat limited. One reason for this could
be that the radical scavengers used typically create a byproduct that is also disruptive to
the system. For instance, alcohols are oftentimes used to scavenge hydroxyl radicals as they
are known to react through a hydrogen abstraction mechanism to form water and a new
organic radical species.43 These species depend on the identity of the original alcohol, but
typically have reducing potentials, which can generate a net reducing environment by scav-
enging the highly oxidizing hydroxyl radicals to create excess reducing species. While this
can be a useful method to specifically study a reduction process, the effects of radiolysis are
still present.

This effect is exemplified in a study of a galvanic exchange reaction in the liquid cell.33

It was noted that Ag nanocrystals in a PdCl2 solution participated in a galvanic exchange
reaction in the liquid cell, very similarly to what occurs bench top, but the rate of reaction
was significantly faster (Figure 1.4a). To understand the effect of the electron beam on the
galvanic exchange, isopropanol was added to scavenge the radiolytically produced hydroxyl
radicals, and it was noted that the galvanic exchange no longer occurred. Instead, as a net-
reducing environment was generated, the Pd deposited on the Ag nanocrystals to create a
Ag/Pd core/shell nanocrystal (Figure 1.4b). In this study, the use of the radical scavengers
appeared to successfully scavenge the oxidizing hydroxyl radicals, but ultimately prevented
the observation of the desired transformation. However, as work employing these radical
scavengers in the liquid cell is somewhat limited, it would be an interesting future direction
to see if a mix of scavengers could be used to limit the effects of radiolysis in the liquid cell.

Additionally, the windows of the liquid cells themselves are known to have an effect on
the radiolytic activity of the solution. There are a few critical differences between SiNx

membranes and graphene or carbon membranes used in liquid cells. To begin, the SiNx

membranes are relatively thick and composed of a higher atomic number material than
graphene or carbon membranes. This indicates that the SiNx windows will act as a source of
secondary electrons (electrons ejected from the membrane due to inelastic scattering) which
can increase the effects of radiolysis in SiNx liquid cells.61–63 Further, graphene has shown to
have radical scavenging abilities which decreases the radiolytic load of the solution.60,64–66

DNA superlattices, which are sensitive to radiation damage, were shown to maintain their
structure in graphene liquid cells, or SiNx liquid cells with graphene coated windows, com-
pared to bare SiNx windows.60 Ex situ Raman showed that the graphene degraded after the
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Figure 1.4: a) Evolution of a Ag nanocrystal in a PdCl2 solution. The nanocrystal undergoes a
galvanic exchange reaction which causes a hollow structure to form. b) Evolution of a Ag nanocrys-
tal in a PdCl2 solution and isopropanol. The isopropanol scavenges the radiolytically produced
hydroxyl radicals which minimizes the oxidation of the Ag, and encourages Pd reduction on the
surface to grow the nanocrystal larger (a) and b) reproduced with permission from33 , Copyright
2014 Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.).
c) Au-DNA superlattice aggregating in a SiNx liquid cell under electron beam irradiation. d) Au-
DNA superlattice maintaining it’s structure under electron beam irradiation in a SiNx liquid cell
with various graphene-based scavengers (c) and d) reproduced with permission from60 , Copyright
2017 American Chemical Society).
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liquid cell experiment, indicating that the graphene chemically reacts with the radiolysis
products, which can help protect the samples from radiation damage.60

The above discussion indicates that there are steps that users can take to mitigate the
effects of radiolysis, by using certain additives or graphene liquid cells to scavenge radiolysis
products. However, these techniques are limited in their scavenging capacity. Alcohols and
and other radical scavengers react through an irreversible process, so an excess of alcohol
is needed to prolong the scavenging effects. Additionally, the reaction of graphene with
hydroxyl radicals is known to form holes in the graphene layer,65 , which can cause the liquid
to evaporate out of the system. Using multi-layer graphene could help prevent leakage, but
ultimately there is not currently a scavenging methods that will completely negate the effects
of radiolysis in the liquid cell.

Utilizing Radiolysis

While completely mitigating the effects of radiolysis would allow users to study their
systems in their native liquid environments, experimentally that is not yet possible. How-
ever, radiolysis could also be used as a tool to purposefully induce changes, to understand
fundamentals about a system. Perhaps the simplest and most prominent example of this
in the nanomaterials community is using the reducing effects of electron beam induced ra-
diolysis to grow nanocrystals in solution. There have been several examples of electron
beam induced growth of nanocrystals since the recent resurgence of liquid cell electron mi-
croscopy.17,18,20,67–73 For these beam-induced growth processes, a highly reducing species,
such as the solvated electron, reacts with a preloaded metal salt to reduce the metal atom,
as described in Equation 1.10 below.

M+ + e –
aq → M0 (1.10)

This process continues until the metal atoms aggregate and begin to grow and form
nanocyrstals. When synthesizing metal nanocrystals on the benchtop, the reductant used is
not solvated electrons, but the liquid cell studies have still informed bench top syntheses. For
instance, an early study looked at beam initiated growth of Pt nanocrystals in the liquid cell.
This study found evidence of non-classical growth mechanisms where two small nanocrystals
merged together, stopped growth for a certain waiting time, then continued to grow to form
a monodisperse yield of nanocrystals.74 This study provided direct experimental evidence of
non-classical growth behavior of nanocrystals.

Additionally, techniques have been developed to study the reverse process, nanocrystal
etching in liquid cell TEM. The advantage of studying the etching processes in the liq-
uid cell is that the experiment begins with a well defined, pre-characterized nanocrystal.
This makes it much more straightforward to characterize changes in the nanocrystal, as
the shape, orientation, zone axis, and other parameters are already known. Additionally,
studying nanocrystal etching in the liquid cell is one way to look at some fundamental char-
acteristics of the nanocrystals, such as the relative reactivity of different surface facets, and
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Figure 1.5: a) Example of growth of nanocrystals in the liquid cell (reproduced with permission
from75 , Copyright 2012 American Chemical Society) and b) etching of nanocrystals in the liquid
cell (reproduced with permission from76 , Copyright 2018 American Chemical Society)

potential degradation pathways. To study etching processes in the liquid cell, the oxidizing
radiolysis products, mainly hydroxyl radicals, are used to induce changes in the system. This
is performed sometimes through tuning the electron flux,48 , but more commonly through the
use of an Fe3+ additive.76–81 It was thought that Fe3+ could induce this oxidizing environ-
ment by scavenging the radiolytically produced solvated electrons, and converting them to
additional hydroxyl radicals through Fenton’s mechanism,77 although experimental evidence
of this was lacking. Work to understand the role of iron in the oxidative etching of metal
nanocrystals in the liquid cell is presented in Chapter 2.

1.7 Directly Measuring Chemical Species

Reproduced in part with permission from: Crook, M. F; Moreno-Hernandez, Jamali, V.;
Alivisatos, A. P. ”Recent Advances in the Study of Colloidal Nanocrystals Enabled by In
Situ Liquid Phase Transmission Electron Microscopy” MRS Bulletin 2022, 47, 3, 305-313

The majority of the understanding of the chemical environment in liquid cell electron
microscopy comes from findings of the water radiolysis community. Users rely heavily on
the model described in 1.4 to understand their system. This model has been instrumental
to the field and has been widely adopted, added to, and specialized to understand specific



CHAPTER 1. INTRODUCTION 16

Figure 1.6: a) Schematic of pulse radiolysis set up and b) Schematic of example pulse radiolysis
spectrum (reproduced with permission from87 , Copyright 2022 Moreno-Hernandez et al., under
exclusive License to the Materials Research Society).

systems.72,82–86 While this is very informative, the outputs of this model have not been
experimentally validated inside the liquid cell. Measuring the concentration, or even probing
the presence of the molecular and ionic radiolysis products in the liquid cell is extremely
challenging. Instead, much of the work in understanding the chemical environment has used
some sort of beam-sensitive probe, such as nanocrystal growth or etching, to induce whether
the environment is predominately reducing or oxidizing, then hypotheses about the relevant
reactions are built from there. Moving forward, gaining deeper understanding of the liquid
cell environment will necessitate correlative techniques that can provide insights into the
relevant chemistry. Herein, two techniques which show promise are described.

Pulse Radiolysis

The chemical reaction network discussed heavily in this Chapter is based off of results
from pulse radiolysis experiments, many performed several decades ago. Pulse radiolysis is a
technique where a source of ionizing radiation, often times an electron beam, is coupled to a
time resolved spectroscopic measurement88 (Figure 1.6a). In pulse radiolysis, the difference
in absorption before and after the radiation pulse is measured, to determine the changes to
the system after the pulse (Figure 1.6b). This is how all of the reactions and rate constants
that are used in the kinetic radiolysis models today were determined. The advantage of
pulse radiolysis, when compared to the information that liquid cell TEM can offer, is that
it can measure any species that has visible absorption, including certain molecules and ions,
which are invisible in the TEM. In this way, pulse radiolysis can provide insight on the
species interacting with the sample and driving the observed chemistry. It seems that pulse
radiolysis would be a useful technique to begin to understand the complex chemistry of the
liquid cell, but as of the start of this thesis project, these two techniques have never been
used in conjunction.
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Figure 1.7: a) Schematic of elastic scattering process. b) Schematic of inelastic scattering process
(a) and b) adapted with permission from89 , Copyright 2011 Springer Science Business Media, LLC).
c) Example of EEL spectrum (adapted with permission from90 , Copyright 2005 John Wiley and
Sons).

Electron Energy Loss Spectroscopy

Another option is to use the built-in spectroscopies offered by the electron microscope, in-
cluding X-ray Energy Dispersive Spectroscopy (EDS) and Electron Energy Loss Spectroscopy
(EELS) to further understand the system. While EDS and EELS are both methods with
elemental selectivity, EELS is also sensitive to chemical changes, providing it with added
benefits when studying the solution chemistry.

EELS operates through measuring the energy of the electrons after passing through
the sample. When a high energy electron interacts with matter, it can undergo two main
processes. Firstly, it can be elastically scattered where it is weakly scattered or diffracted
by the sample and does not lose any energy (Figure 1.7a). Alternatively, the electrons
can be inelastically scattered where, for one example, the incoming beam can excite a core
electron to a higher energy state (Figure 1.7b). The electron from the electron beam will
lose a characteristic amount of energy that corresponds to the energy of this transition.
These energy losses are characteristic to the elements, and can shift in energy and/or change
in fine structure depending on the oxidation state, or immediate chemical environment.90

In practice, these energy losses are collected and are commonly characterized by a high
intensity zero-loss peak (ZLP) which corresponds to the elastically scattered electrons, and
higher energy features which correspond to inelastically scattered electrons (Figure 1.7c).
This sensitivity would make EELS a prime method to study the solution chemistry inside
the liquid cell, in situ.
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While EELS is a powerful technique to study chemistry inside the liquid cell, the most
common uses of EELS are to verify the presence of water through the O K-edge23,34,91 and
to measure the liquid thickness.23,30,92 However, EELS has been proven to be a powerful
technique to track radiolysis effects on nanomaterials. Jungjohann et al. tracked the O K-
edge from water during continuous irradiation from an electron-beam probe.93 Modulation
of the pre-edge peak at 528 eV indicated variability in the oxygen bonding environment and
distortion of the hydrogen bonding network in water due to radiolysis damage. Additionally,
another study by Wang et al. tracked the Fe L-edge of a ferritin particle in a graphene liquid
cell to determine the oxidation state of iron in the hydrated state.22 By trapping the protein
in a biocompatible liquid cell, the reduction of Fe3+ to Fe2+ in the iron oxide core could
be distinguished, indicating that the biological function of the protein is not affected under
irradiation.

These correlative methods have been powerful tools to deepen our understanding of the
system, but there is still a big opportunity to use these techniques to deepen our under-
standing of the solution environment in liquid cell TEM.

1.8 Putting it all Together:

Here, we now understand the motivations for using liquid cell transmission electron mi-
croscopy, it’s advantages, and how radiolysis affects these measurements. From here, there
are opportunities to grow the field by better understanding and quantifying the chemical
environment within graphene liquid cells in particular. In Chapter 2, we begin by exploring
a model system in graphene liquid cells, gold nanocrystal etching using an Fe3+ additive. In
this chapter, we expand upon previous work to understand how common halide additives
may affect the results of gold nanocrystal etching experiments. Additionally, we use pulse
radiolysis to probe the role of the Fe3+ additive, and propose a mechanism for how it induces
etching in the liquid cell. In Chapter 3, we focus on a slightly different system, a Ce3+

additive used to induce etching of gold nanocrystals in the liquid cell. Here, we use EELS
to directly probe the role of the Ce3+ additive with time resolved measurements. Addition-
ally, as EELS is an in situ technique, it is used to directly probe the concentration of the
Ce3+ additive within the graphene liquid cell, providing experimental measurements of the
solution chemistry in the liquid cell.
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Chapter 2

Elucidating the Role of Chemical
Additives Using Liquid Cell TEM and
Pulse Radiolysis

Reproduced in part with permission from: Crook, M. F; Laube, C.; Moreno-Hernandez,
I. A.; Kahnt, A.; Zahn, S.; Ondry, J.; Liu, A.; Alivisatos, A. P. ”Elucidating the Role of
Halides and Iron During Radiolysis-Driven Oxidative Etching of Gold Nanocrystals Using
Liquid Cell Transmission Electron Microscopy and Pulse Radiolysis” Journal of the American
Chemical Society 2021, 143, 30, 11703-11713

Graphene liquid cell transmission electron microscopy (TEM) has enabled the observation
of a variety of nanoscale transformations. Yet understanding the chemistry of the liquid cell
solution and its impact on the observed transformations remains an important step toward
translating insights from liquid cell TEM to benchtop chemistry. Gold nanocrystal etching
can be used as a model system to probe the reactivity of the solution. FeCl3 has been widely
used to promote gold oxidation in bulk and liquid cell TEM studies, but the roles of the
halide and iron species have not been fully elucidated. In this work, we observed the etching
trajectories of gold nanocrystals in different iron halide solutions. We observed an increase
in gold nanocrystal etch rate going from Cl–- to Br–- to I–- containing solutions. This is
consistent with a mechanism in which the dominant role of halides is as complexation agents
for oxidized gold species. Additionally, the mechanism through which FeCl3 induces etching
in liquid cell TEM remains unclear. Ground-state bleaching of the Fe3+ absorption band
observed through pulse radiolysis indicates that iron may react with Cl2

•– radicals to form
an oxidized transient species under irradiation. Complete active space self-consistent field
(CASSCF) calculations indicate that the FeCl3 complex is oxidized to an Fe species with
an •OH radical ligand. Together our data indicate that an oxidized Fe species may be the
active oxidant, while halides modulate the etch rate by tuning the reduction potential of
gold nanocrystals.
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2.1 Introduction

The morphology of gold nanocrystals (AuNCs) can be controlled with high precision with
careful control of the synthetic environment. Minute changes in precursor concentration,94–97

or ppm-level impurities,98,99 can drastically change or completely inhibit nanocrystal forma-
tion. This sensitivity to the environment has been exploited to create a variety of different
nanocrystal morphologies.96,100–102 This literature forms a foundation that enables a reverse
approach. In systems where the chemical environment is not well understood or is chal-
lenging to probe, the evolution of presynthesized gold nanocrystals can be used as a tool to
deduce the reactive species in the chemical environment.

One environmental system that has remained challenging to probe is the solution in liq-
uid cell transmission electron microscopy (LCTEM). LCTEM is a technique where a solution
is hermetically sealed between two electron transparent SiNx membranes,74 two graphene-
coated TEM grids,18 or amorphous carbon windows,26 enabling in situ imaging of nanocrys-
tal transformations in solution. LCTEM has led to discoveries of new methods of crystal
growth,18,74 kinetic intermediates of gold nanocrystals,76,77,79 and the precise atomic struc-
ture of individual solvated nanocrystals,82,103 yet probing the solution chemistry in these
systems has remained a challenge. Radiolysis induced by an electron beam is thought to
dominate the chemistry in LCTEM and is challenging to replicate ex situ, and chemical
intuition from traditional chemistry often does not hold during radiolysis. However, with
careful experimental design, gold nanocrystals can be used as a chemical probe to elucidate
the major reactive species present in LCTEM.

When a high-energy electron beam irradiates an aqueous solution, it produces a variety
of radiolytic products, including •OH, H2O2, and •H, among others.39–41 Schneider et al.
developed a kinetic model to understand how the electron electron flux affects the concen-
trations of different radiolytic species.48 They showed that, by switching from a low electron
flux to a high electron flux regime, the liquid cell can be modulated from an oxidizing to a
reducing environment, respectively, by altering the balance of highly oxidizing species (•OH)
and highly reducing species (e –

aq). Experimentally, it was shown that, in the high electron
flux regime, the etch rate of gold nanocrystals is directly dependent on the electron elec-
tron flux,77 indicating a close relationship between gold nanocrystal etching and radiolytic
products.

In typical graphene LCTEM etching experiments preformed previously in our group, the
encapsulating solution contains HCl to control the stability of AuNCs104 and prevent hydrol-
ysis of added metal salts.76,77,79 It is well known that the vast majority of hydroxyl radicals
(> 90%) are scavenged in the presence of halides to produce halide-based radicals.105–113

When halides scavenge hydroxyl radicals, the major radical product is X2
•–, where X = Cl,

Br, or I.108 Furthermore, bromide and iodide are far more efficient radical scavengers than
chloride, as the intermediate formed from the initial reaction between halides and hydroxyl
radicals primarily reverts back to the initial state in the case of chloride. For bromide and
iodide, this intermediate is stabilized and continues reacting to form Br2

•– and I2
•– radicals.

Consequently, the concentration of bromide- or iodide-containing radicals in solution will
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Figure 2.1: Radical chemistry versus coordination chemistry hypotheses for the effect of halides
on AuNC etching in LCTEM

be greater than that of chloride-containing radicals, even with a 600-fold greater concen-
tration of chloride ion present.108 This means that even minute quantities of bromide or
iodide present in the encapsulating solution of LCTEM can drastically alter the radiolytic
environment.

One hypothesis is that the highly oxidizing hydroxyl radicals are responsible for etching
gold nanocrystals in graphene LCTEM.76,77,79,81 If this were the case, the etch rate would be
modulated with chemical additives to alter the power of the oxidant. When halides scavenge
hydroxyl radicals, the standard reduction potential is drastically reduced from •OH to I2

•–

(E(•OH/ OH) = 2.73 V vs E(I2
•–/2I–) = 1.05 V), indicating a marked decrease in the

strength of the oxidant (Figure 2.1, left). Accordingly, one would expect the average etch
rate of the gold nanocrystals to decrease in the presence of heavier halides.

A second hypothesis for the role of halides in LCTEM etching studies is their possible
function as complexation agents for oxidized gold ions, thus serving to stabilize the products
of the oxidation. The addition of heavier halides to the system can lower the reduction
potential of gold by ca. 600 mV (Figure 2.1, right). This would present itself as an increase
in etch rate in the presence of heavier halides, which is the opposite of the trend expected for
the halides if their radical species are acting as the oxidizing agents for the gold nanocrystal.
By observing the trend in etch rate of AuNCs as heavier halides are added, the dominating
mechanism can be elucidated. Further, it is critical to understand the role of halides in
LCTEM experiments, as halides are present as HCl in the encapsulating solution or through
an ionic surface ligand (i.e., cetyltrimethylammonium bromide (CTAB)). Additionally, as
halides from halide-containing ligands such as CTAB would introduce minute quantities of
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halides, it is important to understand the role of substoichiometric concentrations of halides
in graphene LCTEM etching experiments of AuNCs. Although the effects of halides in
LCTEM of AuNCs have been acknowledged,38,82,104,114 the highly nonlinear effects in halide
mixtures warrant careful study to elucidate the relative role of complexation and radical
chemistry to the observed etching trajectories.

While careful observation of nanocrystal etching trajectories in different chemical envi-
ronments provides a route to understand the etching chemistry, it is unable to identify the
key reactive chemical intermediates (i.e., radiolysis products) that are responsible for etch-
ing. Pulse radiolysis is a technique in which a high-energy pulsed electron beam irradiates
a solution of interest that is probed by time-resolved optical spectroscopy. Through this
technique, a solution can be irradiated with the same radiation source and at a peak elec-
tron flux that is approximately the same as the steady-state electron flux of LCTEM (4.25
×109 Gy/s peak in pulse radiolysis vs 1.14 ×109 Gy/s steady state in graphene LCTEM).
While the continuous irradiation in LCTEM provides much higher average power than in
pulsed systems, the products formed in pulse radiolysis are likely still formed in LCTEM
at short time scales. Accordingly, pulse radiolysis may provide a route to direct chemical
identification of key reactive intermediates in graphene liquid cell encapsulation solutions.

FeCl3 is frequently introduced as the etchant for LCTEM etching experiments.76,77,79–81

Previous reports hypothesized that Fe3+ is reduced by solvated electrons to Fe2+, which
then catalytically produces sufficient hydroxyl radicals through a Fenton’s type mechanism
to etch gold.77 While this mechanism is certainly one of the many simultaneously occurring
reactions in a greater reaction network, the feasibility of this mechanism in LCTEM has not
been investigated. An alternate possibility that, to date, has not been considered is that the
preloaded Fe3+ complex is oxidized to a highly reactive species with sufficient potential to
etch gold directly. Under the highly oxidizing conditions in LCTEM, it seems plausible that
added metal complexes could be oxidized through a ligand or the metal center itself.

In this work, we aim to unravel the role of halides and iron during oxidative etching of
gold nanocrystals in graphene LCTEM. We achieve this by combining in situ microscopic
studies using graphene LCTEM with in situ spectroscopic studies using pulse radiolysis,
combined with radical reaction network models and quantum chemical calculations of possi-
ble key intermediate species. In this manner, we can elucidate the roles of certain additives
to nanocrystal transformations in graphene LCTEM, while pulse radiolysis can provide in-
sight into the identity of the species causing these transformations. We designed a series of
graphene LCTEM experiments to track the etch rate of gold nanocrystals in the presence
of chloride, bromide, and iodide to elucidate their effect on etch rate. The increase in etch
rate as we add heavier halides indicates that the predominating role of halides in graphene
LCTEM is to act as complexation agents rather than as the active oxidant. The lack of
etching in all halide environments in the absence of FeCl3 indicates that iron is significant
in the mechanism of gold nanocrystal etching. Accordingly, pulse radiolysis measurements
were performed on graphene liquid cell solutions with and without FeCl3 to gain a better
sense of iron’s role in the AuNC etching mechanism. The observed ground-state bleaching
of the Fe3+ absorption band suggests that the Fe3+ complex may be oxidized by radiolyti-
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cally produced radicals. Complete active space self-consistent field (CASSCF) calculations
suggest that an oxidized iron complex with a OH ligand is likely the reactive form of iron in
solution. Finally, we suggest a mechanism consistent with this data, where the radiolytically
produced oxidized iron complex oxidizes the gold nanocrystal, while the halides control the
rate of removal of the gold atoms.

2.2 Results & Discussion

Role of halides

For the LCTEM studies, gold nanocrystals were specifically synthesized to contain min-
imal additives that affect the observed etch rate. The gold nanocrystals were synthesized in
the absence of silver, and chloride-containing CTAC ligands were used rather than bromide-
containing CTAB, so that the concentration of bromide added to the encapsulating solution
could be controlled. A concentrated solution of these pre-made spherical AuNCs were added
to a solution of FeCl3 and HCl to create the encapsulating solution. Forty mM FeCl3 was
added as the etchant precursor, while HCl was used to prevent hydrolysis of FeCl3 and also
tune the final Cl– concentration to 190 mM. Enough HBr or HI was added to the respective
solutions to bring the final concentration of Br– or I– to 0.38 mM. The amount of HX (where
X = Br, I) added was low enough that the effect on pH was negligible. The exact role of
FeCl3 in graphene LCTEM is, to date, unknown, but a hypothesis is presented later in this
report. FeCl3 can etch gold in ambient conditions,74 yet the rate of this was slow and the
amount added in these experiments was low enough that minimal etching took place before
the in situ experiments began. When TEM was used, the beam was spread so that the elec-
tron flux imparted on the sample was very low (<25 e−Å−2s−1). When a candidate particle
was found, the beam was condensed using a custom-written script to a specified electron
flux.115 At this high electron flux, the combination of radiolysis species and FeCl3 created
a highly oxidizing environment in the liquid cell, where AuNC etching could be observed in
real time.

Figure 2.2a shows a representative etching trajectory of a gold nanocrystal in a chloride
environment without iron, while Figure 2.2b shows the calculated projected area versus
time curve of the etching trajectory. This lack of etching was observed in all three halide
environments without the presence of iron (see Movies B.1.4-B.1.6). Parts c, e, and g of
Figure 2.2 show representative etching trajectories of gold nanocrystals in chloride, chloride
and trace bromide, or chloride and trace iodide environments, respectively, all with FeCl3
present. The calculated projected area versus time curves of the etching trajectories of the
gold nanocrystals in chloride, bromide, and iodide environments are shown in parts d, f, and
h of Figure 2.2, respectively. This metric was chosen as it is consistent across all experimental
conditions, including the nanocrystals in trace bromide and iodide environments that change
shape throughout their etching trajectory. Gold nanocrystal etching with FeCl3 has been
shown to be linear after an initial induction period when plotted as surface area vs. time.77 In
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Figure 2.2: Effect of halides on oxidative etching of AuNCs. Etching trajectory and corresponding
projected area versus time curves for AuNCs in an aqueous encapsulating solution of 190 mM Cl–

(A, B), 40 mM Fe3+ and 190 mM Cl– (C, D), 40 mM Fe3+, 190 mM Cl–, and 0.38 mM Br– (E, F),
and 40 mM Fe3+, 190 mM Cl–, and 0.38 mM I– (G, H). (I) Box and whisker plot of the average
AuNC etch rate in each condition, totaling ca. 80 individual etching trajectories. Etch rates were
determined by the slope of the linear portion of the area versus time curves as shown in panels B, D,
F, and H. The average is given by the line in the box, the interquartile range is given by the edges
of the box, and the range of the rates is given by the whiskers. Outliers are marked with a cross.
(J) Circularity of the AuNC as it undergoes oxidative etching. A perfect circle has a circularity of
C = 1, while any deviations lead to C < 1. The AuNC in solution with 190 mM Cl– and 40 mM
Fe3+ (purple) maintains a constant circularity of ∼ C = 1, while the AuNCs in solution with 190
mM Cl–, 0.38 mM Br–, and 40 mM Fe3+ (green) and with 190 mM Cl–, 0.38 mM I–, and 40 mM
Fe3+ (blue) deviate from C = 1 and are constantly changing throughout etching.
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this study, they rationalize the linear surface area vs. time curve by suggesting a mechanism
which is dependent on both the gold surface and the oxidant. For a sphere, surface area and
projected area only differ by a factor of 4, indicating that for the nanocrystals in chloride
environment the etch rate is linear with surface area, as seen in previous studies. While only
the nanocrystals in chloride remain spherical throughout the etching trajectory, meaning
only their projected areas are proportional to surface area, we expect the mechanisms to be
similar under all halide environments, as discussed later in this Chapter.

Clearly, the etching time scale depends heavily on the species present in the graphene
liquid cell. Without any iron added, the nanocrystals do not etch measurably under the time
scales studied. With Fe3+ added to the liquid cells, complete etching occurs in the case of
all three halides (see Movies B.1.4-B.1.6). The rate of gold nanocrystal etching is modulated
by the addition of different halides. The gold nanocrystals etch the fastest in the presence
of iodide and the slowest in the presence of chloride. Figure 2.2i summarizes the etching
rate of ∼ 80 nanocrystals, as box and whisker plots, for each of the environments explored.
From this plot, it is apparent that the etch rate increases going down group 17. This trend is
consistent with halides acting as complexation agents for the gold ions rather than as active
oxidants.

These results indicate that the halide-dependent radical chemistry present in graphene
LCTEM does not dominate the observed chemical transformations. Water-based and halide-
based radicals are certainly formed once the liquid cell is exposed to the electron beam, but
these radicals do not seem to drive the observed reaction trend. There are likely fewer radicals
present in graphene liquid cells than is estimated through kinetic modeling, as graphene is
known to scavenge radicals and create a milder environment.60 This could decrease the
concentration of halide radicals in the system, releasing halides to complex with gold ions.
This effect makes graphene LCTEM well suited to study halide-dependent oxidative etching
of metal nanocrystals for improved shape control in nanocrystal synthesis. Halides are
well known to act as shape-directing agents in metal nanocrystal synthesis, and, in many
cases, these syntheses explicitly employ cycles of oxidative etching and regrowth to improve
monodispersity and refine morphology.108,116–119 The liquid cell studies employed here offer
major new dimensions to such studies because they allow for the tracking of individual
particles, the comparison of etch rates, and the distribution of rates of etching, as well as
the close observation of shape changes in ways that are challenging, if not unachievable,
in bulk synthesis. Ultimately, this allows traditional chemical concepts to be studied at a
single-particle level with graphene LCTEM.

It is also evident that the interquartile range (i.e., the spread) of the etch rates in Figure
2.2i becomes larger in the case of large rates. As the size and size distribution of the
nanocrystals are comparable under all conditions (see Figure A.1.1), we do not expect this
to have a major effect on the distribution of etch rates. One possible explanation for this
effect is that, as the etch rate increases, the exact rate becomes much more sensitive to the
liquid cell geometry. For instance, if one liquid pocket is much thinner than another, this
could cause a decrease in etch rate due to a lower concentration of oxidizing species near the
surface of the AuNC. It is well known that graphene liquid cell pockets have inhomogeneous
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thickness, especially near the edge of the liquid domain.27,28,36 While this same pocket-size
variability is likely present in all conditions studied here, a slower etch rate could allow more
time for diffusion, potentially making it less sensitive to these differences.

Notably, the intermediate shapes of the nanocrystals as they undergo oxidative etching
appear to become more anisotropic as heavier halides are added. Qualitatively, the AuNCs
in solution with Cl– maintain their spherical shape throughout etching, while the AuNCs in
solution with Br– and I– become much more anisotropic. To quantify this, the circularity of
the particle was calculated in each frame of the video. Circularity is defined in this work
according to Equation 2.1,

C =
4πA

P 2
(2.1)

where A is the projected area of the nanocrystal and P is the perimeter of the NC. If
the shape measured is a perfect circle, then the circularity is C = 1, while any deviations
from a perfect circle give C < 1. It is important to note that circularity is very sensitive
to the perimeter of the shape being measured. This means that if there are errors during
segmentation (binarization, how the outline of the AuNC is automatically determined), the
calculated circularity can be misleading. Figure A.1.2 shows a representative outlining for
the etching trajectory snapshots of the studied environments. The segmentation code used
for this analysis produces a smooth perimeter very near the actual edge of the nanocrystal.
Additionally, only the largest boundary in each frame is selected to calculate the circularity.
This removes any interference from high contrast precipitates that may form throughout the
etching trajectory, as can be seen in the final frames of Figure A.1.2.

Figure 2.2j demonstrates that the nanocrystals in solution with Cl– maintain a constant
circularity throughout the etching trajectory. In the case of added Br– and I–, the circularity
begins near 1 but quickly decreases. Possible explanations for the decreased circularity when
moving to heavier halides are two-fold. On one hand, bromide and iodide are well known
to have a strong affinity for certain gold facets,120 while chloride does not. This affinity
directs etching to certain facets,100 decreasing the circularity of the gold nanocrystals. On
the other hand, as the complexation energy increases when heavier halides are added, the
overpotential for oxidative etching of gold also increases. The system with iodide present
has a > 600 mV increase in overpotential compared to the system with just chloride. This
increase likely moves the oxidative etching well into the diffusion-limited regime, causing the
oxidation to become anisotropic due to localized differences in the oxidative environment.

It is surprising that small concentrations of bromide and iodide can induce a significant
increase in etch rate throughout the entire trajectory. If the AuNCs are oxidized to the Au1+

oxidation state, then two halides are needed to complex every gold atom. A gold nanocrystal
20 nm in diameter contains ∼ 2 × 106 gold atoms, meaning that 4 × 106 halides need to be
present in each liquid cell pocket to complex all the gold atoms. As the thicknesses of the
graphene liquid cells are typically < 200 nm,18,35 the lateral dimension of the liquid cell
needed to contain stoichiometric concentrations of bromide and iodide is on the order of 20
µm, far larger than the size of typical liquid cell pockets.34,35 An excess of chloride is present
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in all of the experiments, but if the complexation were to switch from a heavier halide to
chloride in the middle of an etching trajectory, we would expect to see a distinct decrease
in the etch rate due to the increasing reduction potential. This would manifest itself in the
projected area versus time curves as a decrease in the etch rate as the etching trajectory
progresses or as a second linear portion of the graph with a smaller slope, which is not
present in these etching trajectories.

To rationalize this, we must consider ways in which the trace halides may be recycled.
This may indicate the presence of chemical loops inside the liquid cell pockets. In this
manner, a single chemical species is repeatedly oxidized and reduced many times by radicals
or other species present in the system. For instance, two halides from solution complex an
oxidized gold atom to form a [AuX2]

– complex. This complex could then be reduced by a
solvated electron or hydrogen atom to form a Au0 atom and two free X– ions. These same
halides are now available to complex another gold atom. This process constantly refreshes
the supply of precursors to the system. In this case, even though there is a substoichiometric
concentration of bromide or iodide added to the system, the concentration of the heavy
halide ion available to the system approaches a steady state, which would give rise to the
constant etch rates observed in this study.

Role of iron

In initial AuNC etching studies, iron in the form of FeCl3 was empirically determined to
be a suitable beam-initiated etchant precursor. However, the mechanism of etching remains
unclear. Iron was previously proposed to be a catalyst to produce •OH radicals through
Fenton’s mechanism,77 as shown in Equation 2.2.

Fe2+ + H2O2 Fe3+ + •OH + –OH (2.2)

In the graphene liquid cell, Fenton’s reaction would occur as follows. Preloaded Fe3+

from FeCl3 would be reduced by the electron beam to Fe2+. Fe2+ would then react with
radiolytically produced H2O2 to catalytically produce •OH. Through this mechanism, the
presence of iron would need to cause a significant increase in the concentration of •OH to
account for the significantly accelerated etch rate of AuNCs. Additionally, any hydroxyl
radicals produced through this mechanism are likely to be scavenged by the halides, as
discussed previously. Therefore, any additional hydroxyl radicals produced through Fenton’s
reaction would ultimately manifest as a greater concentration of the X2

•– species, where X
= Cl, Br, and I. When Fenton’s reaction is added to our kinetic model, we see no significant
change in the concentration of hydroxyl radicals in the presence of halides and even a slight
decrease in •OH concentration compared to when no iron is present (see Figure A.1.3). We
have shown earlier that the gold nanocrystal etch rate increases with the presence of halides,
moving down group 17. If the X2

•– radicals were the active etchants in this system, the gold
nanocrystal etch rate should decrease, even if the halides are acting as both complexation
agents and oxidants (see Figure A.1.4). While Fenton’s reaction is likely occurring to some
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extent in the liquid cell solution, it seems unlikely that this reaction accounts for the observed
reactivity. It is well known that, under the high electron fluxes used in this study, both highly
reducing and oxidizing species are formed.48 Under these conditions, it is possible that the
preloaded Fe3+ is oxidized by radicals to some extent, and it is this oxidized iron complex
that directly oxidizes the AuNC.

Pulse radiolysis was used to gain spectroscopic insight into the role of iron in graphene
LCTEM experiments. Pulse radiolysis is a pump-probe technique that allows spectroscopic
observation of the formation of short-lived radicals under electron radiation with nanosecond
time resolution. Additionally, by using selective radical scavengers, it is possible to inves-
tigate the oxidative and reductive reaction pathways separately. In these experiments the
solution of interest is placed into a flow cell system ensuring the desired gas saturation of the
solution as well as allowing for a renewal of the sample solution in the sample cell for every
electron pulse. The sample is irradiated with an electron pulse with a peak electron flux of
∼ 4.25 × 109 Gy/s (85 Gy/pulse and a 15 ns pulse width), comparable to the steady-state
electron fluxes used in graphene LCTEM. Using a fast-transient recorder, the absorption and
decay of transient radical species can be observed within a 1 ms time domain. Herein, ∆
OD is defined as the difference in optical density before (OD(GS), ground state absorption)
and after (OD(T), transient) the electron pulse, as shown in Equation 2.3.

∆OD = OD(T ) −OD(GS) (2.3)

Figure 2.3 a and c depict the pulse radiolysis transient absorption spectra of an aqueous
0.2 M HCl solution and an aqueous 0.2 M HCl solution containing 1 mM FeCl3, respectively,
both saturated with N2O. Such conditions lead to the production of three highly reactive
species, namely, •H, •OH, and e –

aq, in addition to the molecular products H2 and H2O2. Under
our experimental conditions, N2O is used to efficiently scavenge and convert e –

aq into •OH.
The •OH radicals react with Cl– and ultimately form Cl2

•– (see Table 2.1 for the detailed
reaction cascade), which is discernible by the well-established transient absorption spectrum
with a maximum at 340 nm.121 This peak is observed in pulse radiolysis transient absorption
spectra both with and without FeCl3 (Figure 2.3a and c). A first indication toward a potential
reaction of Cl2

•– with Fe3+ comes from the comparison of the transient spectra in the 100 µs
range. When FeCl3 is present, the decay of the Cl2

•– transient absorption goes below zero in
the UV part of the optical spectrum around 290-360 nm, where Fe3+ complexes show strong
ground-state absorption (see Figure A.1.5). This ground-state bleaching indicates that less
Fe3+ is present at this time than before the electron pulse, suggesting a potential reaction
between Fe3+ and Cl2

•–.
In addition to the reaction of Fe3+ with Cl2

•–, the reaction of Fe3+ with SO4
•–– another

strongly oxidizing intermediate with an oxidation potential of +2.4 V vs. NHE122– was
probed. The SO4

•– radical is formed in a nitrogen saturated aqueous solution containing
K2S2O8 and 5 vol% t-BuOH. The radiolysis of such solutions initially forms the products of
the water radiolysis (•OH, •H and e –

aq). The t-BuOH efficiently scavenges the •OH and •H
radicals. The solvated electron reacts with S2O

2–
8 to form SO 2–

4 and SO4
•–. The latter is
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discernable by its characteristic transient absorption spectrum with a maximum around 450
nm (see Figure A.1.6a).123 When Fe3+ is added to this the solution, initially the transient
absorption spectrum of SO4

•–is observed, but with increasing delay time a negative transient
absorption develops in the spectral region below 350 nm (see Figure A.1.6c), where Fe3+

shows absorptions, similar to the reaction of Fe3+ with Cl2
•–. This is indicative of a reaction

of Fe3+ with SO4
•– (compare Figures A.1.6b and A.1.6d). This indicates that Fe3+ may in

general react with very strong oxidizing intermediates.

Table 2.1: Proposed Reaction Cascade in Pulse Radiolysis Experiments

Label H2O ⇝ e –
aq + •H + •OH Reference

a N2O + e –
aq + H2O N2 + •OH + OH– Buxton124

b •OH + H+ + Cl– Cl• + H2O Buxton124

c Cl• + Cl– Cl2
• Jayson et al.112

d 2 Cl2
• 2 Cl– + Cl2 Jayson et al.112

e 2 Cl2
• [Fe3+L]x+ 2 Cl– + [FeoxL](x+1)+

f 2 Cl2
• [Fe3+L]x+ 2 Cl– + [Fe3+Lox](x+1)+

Further, the Cl2
•– decay, as depicted by the 340 nm time absorption profile in parts b and

d of Figure 2.3, can be evaluated to determine the kinetics of the reaction. Without any other
potential reaction partners, Cl2

•– recombines in disproportionation reaction (Table 2.1d). As
expected for such a bimolecular recombination reaction when plotting 1/∆OD versus time
for the 340 nm time profile (Figure 2.3b, inset) in the systems without FeCl3, the resulting
graph can be fitted linearly, and from the slope a bimolecular recombination rate constant
of 2k = 2.7× 109M−1s−1 was derived as the recombination rate constant for Cl2

•– under our
reaction conditions. Plotting 1/∆OD versus time for the time profile of Cl2

•– decay in the
presence of FeCl3 (Figure 2.3d, inset) shows a significant deviation from a linear relation,
indicating a more complex reaction other than only the recombination of Cl2

•–. If there was
no reaction between Cl2

•– and Fe3+, we would expect to see the same linear 1/∆OD versus
time plot as in the inset of Figure 2.3b, as the only reaction pathway for the Cl2

•– radicals
would be their recombination. In the case of added FeCl3, the 1/∆OD versus time plot
is not linear, suggesting an additional reaction pathway for Cl2

•–. As the only additional
species in solution is Fe3+ ions, this suggests a reaction between Cl2

•– and Fe3+. This further
supports our hypothesis that the Cl2

•– radical is reacting with Fe3+. Unfortunately, even if
evidence for a reaction of Cl2

•– with Fe3+ were obtained, the reaction of Cl2
•– with Fe3+ is a

minor channel, and we have not been successful in obtaining a reliable rate constant for this
reaction.
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Figure 2.3: Pulse radiolysis measurement (85 Gy/pulse, 15 ns fwhm) of a 0.2 M HCl solution
(A, B) and a 0.2 M HCl and 1 mM FeCl3 solution (C, D) in N2O saturated water. (A) Transient
absorption spectra of a 0.2 M HCl solution at four different times: 1, 10, 100, and 300 µ s. (B)
Related time profile of the transient absorption decay at 340 nm. (Inset) Time profile at 340 nm
plotted as 1/OD versus time. The black line depicts a linear fit. (C) Transient absorption spectra
of a 0.2 M HCl and 1 mM FeCl3 solution at four different times: 1, 10, 100, and 300 µ s. (D)
Related time profile of the transient absorption decay at 340 nm. (Inset) Time profile at 340 nm
plotted as 1/OD versus time. Note that the OD values in the inset have been shifted by +0.0378
to prevent disruption of the shape of the curve due to the pole of the 1/x function for x = 0. This
shift causes the 1/OD values to be larger at long times compared to the inset in (B).
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A B

Figure 2.4: Mulliken partial charges and spin density isosurfaces from CASSCF calculations
of a) trans FeCl2(H2O)4+ and b) mer1 FeCl2(H2O)3OH+. See the Supporting Information for
information on the active space. The blue isosurface highlights regions with increased alpha spin
density, while orange highlights regions of increased beta spin density.

To consider how a reaction between Fe3+ and Cl2
•– might be possible, we consider two

pathways for the oxidation. Cl2
•– can react with Fe3+ to oxidize the iron center ([FeoxL]x+)

or the ligands ([Fe3+L(ox)]x+). To explore the oxidation of the ligands, we first consider the
ligand shell present on the iron ion. At the chloride concentration used in these studies,
likely 1-2 Cl-ligands are present in the Fe3+-aqua complex.125 All possible isomers with
1-2 Cl-ligands were investigated through DFT calculations to determine the most stable
structure. For each isomer, we have included seven possible electronic structures in our
study. Four of the seven electronic structures started with default values for multiplicities
of 1, 3, 5, 7 resulting mainly in electronic structures with increased α spin density on all
atoms. The electronic structure of multiplicities 3, 5 and 7 served subsequently as initial
input for antiferromagnetic structures with multiplicity of 1, 3 and 5, respectively. In these
cases, the spin density on the iron atom was flipped in the initial guess of the wave function.
Figure A.1.9, A.1.10, A.1.11 and A.1.12 show all obtained stable electronic structures for
each isomer where the energy of the most stable electronic structure of each isomer was set
to 0 kJ/mol. A comparison of the stability of the isomers to each other is provided in Figure
A.1.13.

Finally, we compared the complexes to each other, see Figure A.1.14. The pKa-value of
the Fe-complexes were determined by following equation:

pKa(Fe) = pKa(Feref ) +
G(Fe−) +G(FeHref ) −G(FeH) −G(Fe−ref )

2.303 ×RT
(2.4)

where pKa(Feref ) is the experimental pKa-value of Fe3 (H2O) 3+
6 . G(FeH) and G(Fe−)

are the calculated Gibbs free energy of the protonated and deprotonated Fe-complex, respec-
tively. G(FeHref ) and G(Fe−ref ) refers to the Gibbs free energy of Fe3 (H2O) 3+

6 , protonated

and deprotonated. We have chosen Fe3 (H2O) 3+
6 as reference due to the similarity to our

investigated system which is essential to calculate accurate pKa-values by isodesmic reac-
tions.126 Furthermore, we have employed the SMD solvation model127 for the calculation of
pKa-values and Gibbs free energies between different complexes shown in Figure A.1.14 and
A.1.15. The SMD solvation model excels C-PCM in accuracy and provides pKa-values in so-
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lution surpassing approaches based on thermodynamic cycles.128 These calculations showed
that mer1 FeCl2(H2O)3OH+ should be the most stable oxidized complex under the exper-
imental conditions. A similar protocol was applied to the Fe-complex before the oxidation
where solely high spin states were considered. Figure A.1.15 shows the comparison of the
most stable structures highlighting that [trans FeCl2(H2O)4]

+ is most stable in solution. Fi-
nally, CASSCF calculations of the most stable complexes were carried out where the orbitals
of the active space are shown in Figure A.1.16.

Under these experimental conditions, the [trans FeCl2(H2O)4]
+ structure (Figure 2.4a)

was found to be the most stable in solution. Upon oxidation, the trans [FeCl2(H2O)4]
+ com-

plex lost a H atom to become mer1 [FeCl2(H2O)3OH+]. CASSCF (14,10) calculations were
used subsequently to determine the electronic structure of the oxidized complex. Figure 2.4b
shows the isosurface of the spin density indicating that the OH ligand plays an important
role in the electronic structure of the complex. This is supported by a local spin analysis
revealing a complex that resembles a high-spin Fe4+ complex (< SZ >= 2.14) antiferro-
magneticly coupled to the OH ligand (< SZ >= −0.14). Additionally, comparison of the
Mulliken partial charge of mer1 [FeCl2(H2O)3OH+] to trans [FeCl2(H2O)4]

+ indicates that
it is mainly the O atom of the OH ligand that is oxidized, while the electron density around
the iron center is slightly increased. This suggests that the role of iron in the LCTEM ex-
periments may be to stabilize the reactive radical species by complexing to the iron center.
Considering the pulse radiolysis data, it seems plausible that the Cl2

•– radical oxidizes the
Fe3+ complex in solution to decay into its products. The oxidized iron complex then stabi-
lizes itself by donating a hydrogen atom to form mer1 [FeCl2(H2O)3OH+], supported by the
high acidity of the unprotonated complex. Then the oxidized hydroxyl ligand bound to the
iron center is the reactive species that oxidizes the gold nanocrystals.

The pulse radiolysis experiments suggest that the active iron species in our solution
have extended lifetimes compared to radiolytically produced radical species. If the active
iron species is long-lived, it may be possible to build up a concentration during electron-
beam irradiation that, upon removal of the electron beam, would continue to etch the gold
nanocrystal. Figure 2.5a shows an etching trajectory of a gold nanocrystal in the same
chloride solution as in Figure 2.2a. A plot of the initial projected area versus etch rate
for these nanocrystals is shown in Figure A.1.7. Halfway through the etching trajectory,
the dose was decreased from 800 to 25 e−Å−2s−1. The nanocrystal continued etching after
removal of the high-intensity beam, but at a slower etch rate (see Movie B.1.7). This is
in contrast to constant irradiation at 25 e−Å−2s−1 without the initial high dose period,
which leads to negligible etching (Figure 2.5b). We confirmed that the nanocrystals were in
liquid rather than in a dry pocket (see Figure A.1.8) in these control experiments. Figure
2.5c shows a representative projected area versus time curve for the nanocrystals originally
irradiated at a high electron flux. Etching of the nanocrystals continues after the dose is
decreased, albeit at a much slower rate. This indicates that a concentration of a long-
lived oxidant is built up during the high-dose-rate regime. Then, once the electron flux
is decreased, the excess oxidant in solution can diffuse to the surface of the nanocrystal
and continue oxidatively etching the gold. Figure 2.5d shows this data for several different
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Figure 2.5: a) Etching trajectory of a AuNC in 40 mM Fe3+ and 190 mM Cl–. The etching
trajectories begin at 800 e−Å−2s−1 but are reduced to 25 e−Å−2s−1 in the middle of etching. After
the electron flux decrease, the nanocrystal continues etching. b) Control experiment showing that
when the AuNC is initially irradiated at 25 e−Å−2s−1 the nanocrystal does not etch. c) Area
versus time curve of the etching trajectory shown in a). The nanocrystal etches at a constant rate
initially, consistent with the previous experiments. When the electron flux is decreased, the etch
rate immediately slows, but etching continues. d) Box and whisker plots summarizing 19 different
etching trajectories recorded under these conditions. The average etch rate of the AuNC after
reducing the electron flux is significantly lower than the initial etch rate, but it is nonzero.
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Figure 2.6: Proposed mechanism of AuNC etching in graphene LCTEM.

etching trajectories, presenting the reproducibility of this trend.
The lifetime of the Cl2

•– radical in this system is on the order of a few hundred microsec-
onds (Figure 2.3b), while water-based radicals have much shorter lifetimes. On the basis of
this, any radicals formed while the liquid cell was irradiated with a high electron flux should
decay < 1 ms after the dose is decreased. The prolonged etching after the electron flux
is decreased indicates it is unlikely that a water- or halide-based radical is responsible for
gold nanocrystal etching. This experiment supports the pulse radiolysis data indicating the
formation of a long-lived transient species that is directly involved in the gold nanocrystal
etching.

Taking into account the role of the halides and the role of the iron species in graphene
LCTEM, we propose a mechanism consistent with the data, as shown in Figure 2.6. First,
radiolysis induced by the electron beam creates a significant concentration of oxidizing radi-
cals. These radicals react with the preloaded Fe3+ to form an oxidized iron transient species.
The oxidized iron transient species then oxidizes the gold nanocrystal. However, the rate
at which the gold nanocrystal is oxidized is controlled by the type of halide present. The
standard reduction potential for gold decreases in the presence of heavier halides, effectively
increasing the overpotential and increasing the rate of oxidation.

2.3 Conclusion

Understanding the chemical processes occurring in LCTEM is crucial to determine the
mechanism of nanocrystal etching. We have shown that introducing trace amounts of halides
can significantly modulate the etch rate of gold nanocrystals under electron-beam irradia-
tion. While the halides are also known to create oxidizing radical species, in this system their
dominating role is as a complexation agent for the oxidized gold ions. This indicates that
metal nanocrystal etching studies performed in graphene LCTEM can be relevant for study-
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ing the effect of shape control by halides, particularly syntheses that use oxidative etching.
In the present case, the liquid cell studies in tandem with pulse radiolysis and computational
quantum chemistry have offered several new insights. The role of halides as complexation
agents in particular should help in the more systematic design of future bulk syntheses.
However, it is possible that the halide radicals may play a much bigger role when studying
less-stable systems, such as semiconducting or metal oxide nanocrystals, or when imaging
in a SiNx liquid cell because any radical-scavenging effect from the graphene is absent. It is
important to consider the effect of halides, even in minute quantities, as low concentrations
in solution can cause significant effects under electron-beam irradiation.

A distinct lack of etching of gold nanocrystals in the absence of preloaded FeCl3 indicates
that iron plays a significant role in the etching mechanism. A combination of LCTEM ex-
periments, pulse radiolysis experiments, and theoretical calculations suggests that the added
Fe3+ species are oxidized by radicals into a highly reactive, yet long-lived, oxidized complex.
This complex is responsible for the etching of gold nanocrystals in LCTEM, contrary to
previous reports proposing •OH radicals as the active oxidant. Further, it is possible that
this behavior is not limited to iron salts and indicates that care must be taken to consider
the reactivity of metal ions that may be present in the solution or in the material of interest
during liquid cell observation. This study points to the importance of understanding the ad-
ditives in the encapsulating solution. Ultimately, this is a step toward defining the chemical
environment within graphene LCTEM to aid in better control and interpretation of LCTEM
experiments.

2.4 Materials and Methods

Nanocrystal Synthesis

Gold nanocrystals were synthesized following a modified procedure published previ-
ously.96

Preparation of Seeds

Briefly, 10 mL of 100 mM cetyltrimethylammonium chloride (CTAC) and 0.25 mL of 10
mM hydrochloroauric acid (HAuCl4) were added to a clean, 20 mL vial. The vial was put
into a water bath set to 30 ◦C and was stirred rapidly. NaBH4 (0.45 mL, 20 mM) was added,
allowed to stir for 1 min, and then left undisturbed at 30 ◦C for 1.5 h to decompose any
excess NaBH4.

Preparation of Nanocrystals

Two identical solutions of 9.5 mL of 100 mM CTAC, 0.25 mL of 10 mM HAuCl4, and 90
µL of 40 mM ascorbic acid (AA) were each added to clean 20 mL vials in order. To the first
vial, 25 µL of the seed solution was added during rapid stirring until the solution turned
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pale pink (∼5 s). Then, 300 µL of this solution was added into the other vial, briefly mixed,
and left to sit on the bench for 15 min to allow the growth to complete. The solution was
then washed and resuspended in water three times by centrifugation at 8000 rpm for 10 min.
After the final washing, the nanocrystals were concentrated to an optical density (OD) of 1
and then stored in a vial in the dark.

Graphene Liquid Cell Preparation

Graphene liquid cells (graphene liquid cells) were prepared as described previously115

with modifications as follows. Prepared graphene-coated grids were used to encapsulate a
solution of 40 mM FeCl3 in 40 mM HCl and the presynthesized gold naoncrystals. For
samples with Br– or I–, concentrated HBr or HI was serially diluted with Milli-Q water to a
0.8 mM concentration. This solution was added to the FeCl3 and gold nanocrystal solution
for a final concentration of 0.38 mM. Approximately 0.5 µL of the encapsulating solution
was placed on the graphene side of a graphene coated grid held in self-closing tweezers. A
half-grid, prepared by cutting a grid with a razor, was then immediately placed graphene
side down on top of the droplet and left to dry for 10 minutes.

In situ TEM Imaging

All experiments were performed on a FEI Tecnai S-Twin T-20 TEM operating at 200 kV
with a LaB6 filament. In situ videos were collected with a Gatan Rio 16 IS camera using the
Digital Micrograph in situ data collection function. Videos were binned by two for 2048 ×
2048 resolution. The nominal magnification was 97k× for a pixel resolution of 1.4 Å/pixel.
The frame rate for most videos was 5 fps, yielding a temporal resolution of 0.2 s. The frame
rate of videos containing iodide and no iron was 2 fps, yielding a temporal resolution of 0.5 s.
To convert CCD counts to electrons, a conversion value of 124 was used and all videos were
taken at 800 e−Å−2s−1 , except for the graphene liquid cells without iron, which were taken
at 2000 e−Å−2s−1 . It is important to note that there may be a slight inaccuracy in this
conversion value, but as all videos were taken at the same electron flux, the conclusions of
this Article are independent of its exact value. Additionally, this conversion value is different
from that in previous publications from our group77 because we have updated our camera
system. So far, we have been unable to determine a conversion value from our previous
camera to this one, so exact electron fluxs published in this and future works may be slightly
different from those in previous publications.

Pulse Radiolysis

The pulse radiolysis experiments were carried out using 15 ns electron pulses from the
10 MeV linear accelerator Elektronika-U003 (Toriy, Moscow). The dose delivered per pulse
was measured by electron dosimetry and SCN dosimetry.129 Doses of ∼85 Gy/pulse were
selected. The optical detection system consisted of a pulsed 1000 W xenon lamp (Osram,
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XBO1000), Suprasil cell (light path 1 cm), high-intensity grating monochromator (Acton re-
search, SP500), R928 photomultiplier (Hamamatsu Photonics), and a fast transient recorder
(Tektronix, TDS5034B). Linac operation and data acquisition were done in the computer-
controlled mode.

Theoretical Calculations

All calculations were carried out with the ORCA program package.130 A revised B3LYP
functional was employed for structure optimization, which is optimized to estimate the energy
splitting between different spin states.131,132 The resolution of identity (RI) approximation
was used to speed up Coulomb and exchange integrals.133 All calculations employed the
def2-TZVP basis set.134 Dispersion forces were considered by an atom pairwise dispersion
correction with the Becke-Johnson damping scheme,135,136 while solvation effects of water
were incorporated by the conductor-like polarizable continuum model (C-PCM).137 The
structure was confirmed as a minimum on the potential energy surface by a seminumerical
frequency calculation. Subsequently, CASSCF calcu- lations were carried out. The final
active space consists of 15 electrons in 10 orbitals for the initial complex and 14 electrons
in 10 orbitals for the oxidized complex. The natural orbitals of the active space as well
as a detailed discussion about how the most stable isomer was identified can be found in
the Supporting Information. Local spins were determined by the approach proposed by
Herrmann, Reiher, and Hess.138 All calculations were uploaded to the NOMAD repository
with an embargo time of 3 months to support the FAIR data principles.
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Chapter 3

EELS studies reveal substantial solute
concentration effects in graphene
liquid cells

Reproduced in part with permission from: Crook, M. F.; Moreno-Hernandez, I. A.;
Ondry, J. C.; Ciston, J.; Bustillo, K. C.; Vargas, A.; Alivisatos, A. P. ”EELS Studies
of Cerium Electrolyte Reveal Substantial Concentration Effects in Graphene Liquid Cells”
Journal of the American Chemistry Society 2023, 145, 12, 6648-6657

Graphene liquid cell transmission electron microscopy is a powerful technique to visual-
ize nanoscale dynamics and transformations at atomic resolution. However, the solution in
liquid cells is known to be affected by radiolysis, and the stochastic formation of graphene
liquid cells raises questions about the solution chemistry in individual pockets. In this study,
electron energy loss spectroscopy (EELS) was used to evaluate a model encapsulated so-
lution, aqueous CeCl3. First, the ratio between the O K-edge and Ce M-edge was used
to approximate the concentration of cerium salt in the graphene liquid cell. It was deter-
mined that the ratio between oxygen and cerium was orders of magnitude lower than what
is expected for a dilute solution, indicating that the encapsulated solution is highly concen-
trated. To probe how this affects the chemistry within graphene liquid cells, the oxidation
of Ce3+ was measured using time-resolved parallel EELS. It was determined that Ce3+ oxi-
dizes faster under high electron fluxes, but reaches the same steady state Ce4+ concentration
regardless of flux. The time-resolved concentration profiles enabled direct comparison to
radiolysis models, which indicate rate constants and g-values of certain molecular species
are substantially different in the highly-concentrated environment. Finally, electron flux-
dependent gold nanocrystal etching trajectories showed that gold nanocrystals etch faster
at higher electron fluxes, correlating well with the Ce3+ oxidation kinetics. Understanding
the effects of the highly-concentrated solution in graphene liquid cells will provide new in-
sight on previous studies, and may open up opportunities to systematically study systems
in highly-concentrated solutions at high resolution.
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3.1 Introduction

Liquid cell transmission electron microscopy (LCTEM) is a technique that allows users to
study systems at nanoscale resolution in solution. This technique has uncovered many discov-
eries such as new mechanisms of growth and etching of nanocrystals,18,74,76,79,139 nanocrys-
talline structure in solution,82,103 and nanocrystal superlattice formation.26,140–142 This tech-
nique will continue to generate active interest because, thus far, it is the only method that
enables the direct structural observation of single particle trajectories of nanocrystal chem-
ical transformations. From the beginning, there have been concerns that the observation
conditions would not correspond to that of the native colloidal solution. The earliest studies
showed that the effective viscosity of the trapped liquids were orders of magnitude higher
than typical liquids,74 in part because the most readily observed nanocrystals are trapped
near the surface.143 Early simulations suggested that there are significant perturbations of
the liquid by the electron beam,48 and that these perturbations significantly alter the reactiv-
ity. More recent work has shown that these effects can be modulated using redox couples.83

This study here suggests that there is an additional major difference with common nanocrys-
tal growth solution conditions, namely the possibility that the fluids in graphene liquid cells
are highly concentrated electrolytes.

There has been significant progress over the last decade to understand the solution chem-
istry in LCTEM. At this point it is well known that many of the observed chemical trans-
formations are controlled by electron beam initiated reactions. The electron beam of the
TEM induces radiolysis of water molecules (or other solvents) to form highly reactive species,
such as •OH, H•, H2O2, among others,39–41 which can either interact directly with the sam-
ple,86,144,145 or with added solutes to induce changes in the sample,77,79,83,84,146 with increas-
ing evidence that these reactive species can be deliberately controlled to explore different
kinetic regimes. Yet, as the structures of the solvated species that may drive chemical trans-
formations in the liquid cell are indiscernible with electron microscopy, work to understand
the solution chemistry and it’s interactions with a sample of interest has relied on models,48

correlative experiments,19,84,86 or through probing indirect chemical transformations.77,78,83

More recently, advanced TEM techniques such as electron energy loss spectroscopy
(EELS) have been used to determine changes in the sample upon irradiation. EELS is a
technique in which electrons from the electron beam scatter inelastically within the sample,
losing characteristic amounts of energy that correspond to inner shell or valence transitions.90

Through analysis of the fine structure of the energy loss spectrum of core transitions, infor-
mation such as oxidation state and chemical environment can be inferred. EELS has been
used in conjunction with LCTEM previously to measure the thickness of the liquid,23,30 or
to check for water by confirming the presence of the O K-edge.23,34,147 If the liquid layer
is sufficiently thin, fine structure analysis of core-loss transitions can be performed through
the liquid.148 This has been done previously to explore how irradiation in LCTEM changes
the oxidation states of materials,22,149 and even to measure the water structure in liquid
cells.28,93,150

In this study, we use core-loss EELS to elucidate the solution chemistry present in
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graphene liquid cells. Graphene liquid cells are a particularly interesting liquid cell type, as
they are easy to prepare, do not require a specialized holder, and the thin, low-Z graphene
windows offer the highest resolution of the liquid cell configurations. With graphene liquid
cells, a solution of interest is placed between two graphene coated TEM grids, and the van
der Waals forces between the graphene sheets hermetically seal a small volume of the solu-
tion and protect it from the vacuum environment of the TEM.76 While graphene liquid cells
have been utilized to study systems at high resolution, the nature of these liquid cells raise
questions about the solution chemistry and how it may differ from bulk solutions. It has been
suggested that 2D materials such as graphene exert a van der Waals pressure on liquid or gas
molecules trapped between layers,151–153 and this phenomenon has been suggested to occur
in graphene liquid cells as well.36 Additionally, the individual pockets within a graphene
liquid cell form stochastically, sometimes around objects like nanocrystals,27 indicating that
the environment could differ from region to region. Finally, since these pockets form through
evaporative drying of the solution, the concentration of species within the liquid cell may be
different from the original encapsulating solution.

Here, we use EELS to probe the chemistry of a model redox couple, Ce3+/Ce4+, in
graphene liquid cells. The Ce3+/Ce4+ redox couple was chosen as Ce has a large EELS
cross section, there are marked differences between the Ce3+ and Ce4+ EEL spectra, and
previous work has shown that this redox couple has the potential to etch gold nanocrys-
tals in graphene liquid cells.83 Steady-state EELS results indicated that the solution within
graphene liquid cells was substantially more concentrated than the preparation solution
across various starting concentrations. As a highly concentrated solution likely alters the
kinetics of the system, we next studied the oxidation kinetics of Ce3+ with time-resolved
EELS. The rate of oxidation of Ce3+ increased with increasing electron flux, but all systems
reached a similar steady-state Ce4+ concentration regardless of electron flux. It was deter-
mined that the kinetics of oxidation could not be explained with prior radiolysis models
derived from pulse radiolysis results of dilute solutions. The radiolysis models were revised
to account for the observed Ce3+ oxidation kinetics, largely through methods developed for
highly concentrated solutions. These factors indicate that the graphene liquid cell technique
results in a substantial increase in the concentration of solutes, and for the studies conducted
herein the solution may be better described as a hydrated salt matrix rather than a dilute
liquid solution. Lastly, we studied the electron flux dependent etching of gold nanocrystals,
a model system, and correlated the results to the kinetic EELS data.

3.2 Results & Discussion

It has recently become clear that metal nanocrystal etching studies in LCTEM have
been controlled by redox processes of metal ions in solution. It is suggested that preloaded
metal ions are oxidized under electron beam irradiation by radiolytically produced hydroxyl
radicals.83,84 This oxidized species then has the electrochemical potential to oxidize the metal
nanocrystals in solution, a process which can be captured in real time in the TEM. This
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redox cycling process can be inferred based on in situ TEM observations, yet direct evidence
is lacking.

By using parallel-beam EELS, direct chemical insight into these transformations can be
obtained, while irradiating the sample with the same conditions used in metal nanocrystal
etching studies. In this work, we used EELS to gain experimental insight into the chemistry
of the solution in graphene liquid cells (Figure 3.1a). Previous work has shown that the
Ce3+/Ce4+ redox couple is a suitable beam-initiated etchant for gold nanocrystals.83 This
system allows in situ observation of gold nanocrystal etching as preloaded CeCl3 is oxidized
to a Ce4+ species, forming a Ce3+/Ce4+ redox couple with an electrochemical potential
sufficiently positive to spontaneously etch gold nanocrystals (Figure 3.1b). Additionally,
Ce3+ and Ce4+ have sharp M4,5 edge white lines, which makes Ce readily identifiable with
EELS. Further, Ce3+ and Ce4+ have distinct differences in fine structure, which can be seen
in the spectra of the solid state standards for Ce3+ and Ce4+, CeF3 and CeO2, respectively
(Figure 3.1c). This enables chemical identification of the Ce oxidation state using EELS,
making the Ce redox couple a suitable model system for determining electron beam-initiated
transformations in graphene liquid cells. The M-edge of Ce3+ has two major peaks at 881.6
and 898.9 eV, as well as smaller features at 880.8, 895.9 and 897.5 eV. The M-edge of Ce4+

has two major peaks at slightly higher energies at 883.0 and 900.8 eV, as well as two satellite
peaks at 888.3 and 906.0 eV that originate from the LMCT between the Ce metal center
and the ligands.154,155 For these reasons, we use EELS to study the Ce3+/Ce4+ redox couple
etching gold nanocrystals as a model system to probe the solution chemistry in graphene
liquid cells.

The liquid pockets of a graphene liquid cell are typically formed through an evaporative
drying process to seal the top and bottom graphene sheets together,25,76 and it is possible that
this may increase the concentration of species in solution. Of note, another well-developed
liquid cell geometry is the SiNx liquid cell, where a hermetic seal is formed between the o-
rings and the SiNx chips. Although this indicates that evaporation is not necessary to form
a seal, as in graphene liquid cells, this does not preclude evaporation of the solvent. While
it would be an interesting system to study, the facilities we used do not allow SiNx liquid
cells in the microscope, so we were unable to perform these measurements.

To measure the concentration of the encapsulated solution in graphene liquid cells, gold
nanocrystals were added to the CeCl3 solution and irradiated to induce etching before col-
lecting an EEL spectrum. This is to confirm that the area under measurement was consistent
with typical behavior observed in previous liquid cell studies.83 Additionally, the irradiated
area in these measurements was intentionally limited to a relatively small area (see 3.4) to
attempt to fully capture liquid regions in these spectra. EELS was used to approximate the
concentration of graphene liquid cells by taking the ratio of the oxygen K-edge and cerium
M-edge signals and their respective cross sections for each measurement. In this system,
oxygen is only present in water, and any oxygen coming from the grid should be negligible
(see Figure A.3.1). We first measured the oxygen to cerium ratio for graphene liquid cells
prepared with 40 mM CeCl3, which is the same order of magnitude of oxidant used previously
in etching studies.76–79,83,84 Figure 3.2a shows a representative spectrum collected from these
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Figure 3.1: a) Schematic of a graphene liquid cell irradiated with an electron beam. b) Schematic
of the proposed redox reactions occurring at the gold nanocrystal surface during electron beam
initiated etching. c) Electron energy loss spectra of the Ce M-edge for CeF3 (Ce3+) and CeO2

(Ce4+). Note the distinct differences in the fine structure with the change in oxidation state.
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graphene liquid cells (bottom), while Figure 3.2b shows the box plot of the measurements
(right). The average oxygen to cerium ratio measured for the 40 mM solution is 3.46±2.72.
In a 40 mM CeCl3 solution, the ratio of oxygen to cerium atoms is approximately 1300 to 1.
Additionally, the solubility limit of CeCl3 in water is approximately 4 M, which corresponds
to an oxygen to cerium ratio of 14 to 1. The ratios measured are significantly lower than
what is expected, and also lower than the maximum solubility of a CeCl3 solution. While it
is possible that parts of the irradiated region were dry which could lower the measured ratio,
the measured ratio is still three orders of magnitude lower than what is expected for a dilute
solution. The lateral dimensions of the graphene liquid cell pockets are typically larger than
the irradiated region used in these experiments, on the order of several hundred nanometers
or more, (see Figure A.3.2 and34,35 ) indicating that it is likely that a significant portion of
the irradiated region is hydrated. Further, time resolved thickness measurements and time
resolved oxygen to cerium ratio measurements indicate that the solution is not evaporating
upon exposure to the electron beam (see Figure A.3.3 and Figure A.3.4). Ultimately, while
it is possible that the measurements underestimate the amount of water present, it is clear
that the encapsulated solution is substantially more concentrated than the original solution.

Although the solution of the graphene liquid cells measured herein indicate that the
encapsulated solution is highly concentrated, it may be possible to decrease the concentration
of the encapsulated solution by preparing the graphene liquid cells with increasingly dilute
initial solutions. We next prepared graphene liquid cells made with 4 mM and 0.4 mM CeCl3.
Gold nanocrystals were added to the initial solution, but we were unable to induce etching of
the gold nanocrystals in most cases of graphene liquid cells prepared with 4 mM CeCl3 and
in all cases of the graphene liquid cells prepared with 0.4 mM CeCl3. Representative spectra
collected from these graphene liquid cells are shown in Figure 3.2a and box plots of the
calculated oxygen to cerium ratios are shown in Figure 3.2b. The average oxygen to cerium
ratio measured for the graphene liquid cells prepared with 4 mM and 0.4 mM CeCl3 are 4.1
±1.9, and 20.9 ±10.7, respectively. This data indicates that it is possible to create a more
dilute solution in graphene liquid cells by preparing a more dilute initial solution, although
the encapsulated solutions are, for the most part, still quite concentrated. When we prepared
graphene liquid cells with 0.4 mM CeCl3, the most dilute region we found had an oxygen to
cerium ratio of 212 to 1, which corresponds to a concentration of approximately 260 mM.
Beginning with a dilute initial solution appears to increase the chances of encapsulating a
moderately dilute solution, yet there is still significant variability of the measured oxygen
to cerium ratios across the initial concentrations and individual grids measured (see Figure
A.3.5). Nevertheless, the purpose of this study is to understand the effects of the solution
on gold nanocrystal etching in graphene liquid cells. In this context, reproducible etching
trajectories of gold nanocrystals seem to occur in regions where the encapsulated solution is
highly concentrated.

In addition to the EELS measurements of the oxygen to cerium ratios, we also used
parallel beam Energy Dispersive Spectroscopy (EDS) to quantify the concentration of the
encapsulated solution. With EDS, we could again illuminate the sample with the same irradi-
ation source as is used for metal nanocrystal etching studies, but quantify the concentration
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with another method. EDS data was collected on a graphene liquid cell prepared with a 40
mM CeCl3 solution. A representative EDS spectrum and a box plot of the measured oxygen
to cerium ratios are shown in Figure A.3.6. The average oxygen to cerium ratio measured
with EDS is 4.73 ±1.33. This ratio is comparable to the ratio measured using EELS, and is
significantly lower than what would be expected for a dilute solution.

We used an electron microscope for the majority of the data collection in this study due
to its high spatial resolution and sensitivity to the chosen system. If we sacrifice the spatial
resolution and acquire over a larger area, we can use another technique to corroborate the
EELS and EDS results. We turned to Raman spectroscopy as an alternative method to
measure the concentration of the graphene liquid cell solution. Previous work has shown
that the shape of the OH stretching band in Raman changes as the hydration level of a
CeCl3 solution is modulated.156 Water has two major OH stretching bands at 3200 cm−1

and 3405 cm−1 with a lower intensity shoulder at 3650 cm−1. Dilute solutions of CeCl3
have similar features, but when the concentration of CeCl3 is increased above 3 M, the
intensity of the band at 3200 cm−1 decreases significantly, while the band at 3650 cm−1

decreases entirely.156 We performed Raman measurements on pure water and the 40 mM
CeCl3 solution used in this study and we get the same results as described above (Figure
A.3.7, blue and black, respectively). We next measured the Raman signal of the same 40 mM
CeCl3 solution dropcast onto a glass slide and left to dry, to form a hydrated salt. We see that
the major band at 3200 cm−1 and minor band at 3650 cm−1 have disappeared entirely, the
other major band has shifted slightly to lower wavenumber and has sharpened significantly,
and a shoulder around 3360 cm−1 appears (Figure A.3.7, grey). Direct assignment of this
shoulder band is outside the scope of this work, but can be used as a fingerprint of the dried
CeCl3 salt.

We next performed Raman measurements on graphene liquid cells prepared with the
40 mM CeCl3 solution using the lowest laser power possible as to not burst the liquid cell
pocket. Accordingly, the signals from the graphene liquid cells are relatively weak, but bands
around 3360 and 3405 cm−1 can be identified, while the bands at 3200 and 3600 cm−1 are
absent (Figure A.3.7, green and pink), similar to the spectrum of the dried CeCl3 salt. Of
note, the relative intensity of the 3360 and 3405 cm−1 bands are variable across the individual
measurements, indicating that environment of individual pockets may be variable, consistent
with the EELS data.

From the EELS, EDS, and Raman data, it is apparent that the amount of water left in
the encapsulating solution is significantly less than in the prepared, 40 mM CeCl3 solution.
The oxygen to cerium ratios measured in Figure 3.2 and A.3.6, and the Raman data in
Figure A.3.7 indicate that the encapsulated solution may be better described as a hydrated
salt matrix. With this in mind, we attempted to etch gold nanocrystals in a hydrated salt
matrix by dropcasting the same 40 mM CeCl3 solution onto a single grid, then let it dry
under ambient conditions. For this experiment, there is no top grid present and the solution
is not encapsulated. Upon imaging in the TEM, gold nanocrystals still etched, although it
was considerably slower and less controlled than in a typical graphene liquid cell (see Figure
A.3.8). Without a top grid present, volatile species (e.g. H2, O2 etc.) may leave the liquid,
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Figure 3.2: a) EELS core-loss and of graphene liquid cells prepared with a 0.4, 4, and 40 mM
CeCl3 solution. Note that the spectra are normalized to the Ce M-edge intensity to illustrate the
varying amounts of oxygen present. b) Box plots of the ratio of the oxygen to cerium signals across
the three different concentrations of encapsulating solutions used to prepare graphene liquid cells.
The shaded region is the interquartile range of the data, the line in the box is the average, the end
points of the whiskers are the range of the data, and outlined scatter point are outliers.

and thus cannot be recycled in chemical loops which have been postulated to be responsible
for the consistent etching.

The high concentration of salt in the encapsulated solution in graphene liquid cells may
have important implications for the kinetics of the chemical transformations in the solution.
To probe this, we used time resolved EELS to study the oxidation of Ce3+ in a solution of
40 mM CeCl3 and gold nanocrystals. Select spectra of a representative EELS time series
collected at 375 e−Å−2s−1 is shown in Figure 3.3a. Qualitatively, the initial spectrum is
very similar to the Ce3+ standard spectrum, but the four features corresponding to the
Ce4+ standard spectrum (dashed lines) as described above quickly develop. To ascertain
how much Ce4+ is produced at each time step, a custom spectral deconvolution code was
used to calculate the relative amount of Ce3+ and Ce4+ in each of these spectra (see SI for
more details). In the first spectra at 0.1 s, there is approximately 9 % Ce4+ present in the
graphene liquid cell (Figure 3.3c) and by 100.1 s there is 38 % Ce4+ present (Figure 3.3b).
The percentage of Ce4+ was calculated for each of the ∼1200 spectra in the time series. By
assuming that the average solution is CeCl3·7H2O, a known hydrated cerium salt with an
oxygen to cerium ratio within range of what was measured in Figure 3.2, these percentages
can be converted to a concentration. A plot of the Ce4+ concentration over time is shown in
Figure 3.3d. The initial increase in the Ce4+ concentration is very fast, followed by a slower
increase until reaching a steady state concentration. The Ce4+ formation can be modeled
with an empirical biexponential function with good fit (Figure 3.3d).
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To gain further insight into the kinetics of formation of Ce4+ in the graphene liquid cell,
approximately 60 different time series were captured at four different electron fluxes across
several samples. The time-dependent Ce4+ concentration was calculated for each spectrum
in the time series. Plots of the Ce4+ concentration over time at each of the four electron
fluxes in shown in Figure 3.4a-d. The dark line is the average Ce4+ concentration at each
electron flux, while the shaded region is the standard deviation of all the time series. While
there is a large spread in Ce4+ concentration at a specific electron flux, the average steady
state concentration of Ce4+ at each electron flux is similar (Figure 3.4e). To extract more
information out of these curves, each individual time series was fit to the following empirical
biexponential function

[Ce4+] = A(1 − e(−k1t)) +B(1 − e(−k2t)) (3.1)

where A and B are the total amount of Ce4+ formed through the fast and slow process,
respectively, and k1 and k2 are the rate constants for the fast and slow process, respectively.
Analysis of the fitting terms reveals that as the electron flux is increased, k1 increases (Figure
4f). This indicates that at early times, the Ce4+ concentration increases faster at higher
electron fluxes. See Figure A.3.9 for the other fitting terms.

To better understand how Ce4+ is formed in the graphene liquid cell, we used a radiolysis
model derived from pulse radiolysis studies. This model included the generation of chemical
species from electron-water interactions and homogeneous reactions between water-derived
species and Ce or Cl species.48,83 More information on this model is included in Figure A.3.10
and A.3.11. The initial concentration of Ce was set to 10.57 M, the molarity of cerium in
CeCl3·7H2O, which corresponds to the chemical species most closely matching the oxygen to
cerium ratio observed with EELS. The model included dose partitioning between the solute
and the solvent, which is required for models of highly concentrated solutions.157 The results
from this model insufficiently captured the observed Ce3+ oxidation kinetics, as indicated
by the underestimation of the amount of Ce4+ generated (see Figure A.3.12). A sensitivity
analysis of the reaction rate constants was performed to understand which reactions result
in the discrepancy between experiment and theory (see Figure A.3.13 and Figure A.3.14).
The sensitivity analysis indicated that the reaction rate constant between Ce3+ and hydroxyl
radicals had to be over an order of magnitude faster to account for the experimental results
(see Equation 3.2), while all other rate constants remained the same. It is expected that the
increase in reactivity between hydroxyl radicals and Ce3+ is due to most of the water being
associated with Ce3+ in the graphene liquid cell, and thus the hydroxyl radicals generated
through radiolysis are in close proximity to the Ce3+ cation and react more readily. While
this could be one potential explanation for this effect, more work is needed to understand
the mechanism of Ce3+ oxidation.

Ce3+ + •OH Ce4+ + OH–; k = 2.27 × 109 (3.2)

The radiolysis model was also used to elucidate the variability in steady-state Ce4+

concentration observed between samples. Previous work indicates that the G-value of H2
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Figure 3.4: Average (dark line) and standard deviation (shaded region) of the measured Ce4+

concentration versus time at a) 125 b) 250 c) 375 and d) 500 e−Å−2s−1. Overlaid lines are radiolytic
model fits with a G-value for H2 of 0.011 (light grey), 0.019 (grey), and 0.028 (dark grey). e) Box
plots of the steady state concentration of Ce4+ at each of the electron fluxes. f) Box plots of the
fast rate constant term at the four tested electron fluxes extracted from the biexponential fits for
each time series.

changes as a solution becomes significantly concentrated.158–160 Our simulations indicate
that the steady-state concentration of Ce4+ is strongly dependent on the G-value of H2.
Simultaneous fitting of the radiolysis model including the changes described above to the
experimental data resulted in an average H2 G-value of 0.019 molecules/eV. G-values for H2

in the range of 0.011 to 0.028 molecules/eV could explain the spread in steady-state Ce4+

concentration observed between samples (grey lines, Figure 3.4a-d). The updated model
approximates the observed kinetics much more closely than the model for dilute solutions.

It is apparent that there are observable changes to the kinetics of Ce4+ formation in the
graphene liquid cell under different electron fluxes. We correlated these effects with a model
reaction that can be readily observed with LCTEM, the etching of gold nanocrystals by
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Ce4+ cations. A graphene liquid cell was prepared with a solution containing pre-synthesized
spherical gold nanocrystals and 40 mM CeCl3. Dozens of gold nanocrystal etching trajecto-
ries were collected at the four different electron fluxes. Representative etching trajectories
are shown in Figure 3.5a-d. The outline of the nanocrystal was calculated from each frame
of the gold nanocrystal etching trajectory. Then, the radius of the nanocrystal at each frame
of the video was determined and plotted versus time (Figure 3.5e). When plotting radius
versus time, the plot is linear through the majority of the etching trajectory, as the radius is
proportional to the surface etching rate (details of this analysis have been published previ-
ously).83 The etch rate can then be calculated as the slope of the linear portion of the curve.
The etch rate for each etching trajectory across the four electron fluxes was calculated and
plotted in Figure 3.5f. This plot illustrates that the etch rate of gold nanocrystals increases
with electron flux. Since there is substantial overlap between the time period prior to reach-
ing steady-state Ce4+ concentration and time period of nanocrystal etching, it is expected
that the generation rate of Ce4+ has an impact on the observed etching trajectories.

Moving forward, the insight obtained from this study will aid in the design and under-
standing of future graphene liquid cell experiments. This study highlights the importance
of defining the solution in graphene liquid cells, as it can be significantly different from the
prepared encapsulating solution. As shown in this work, solute species can be be highly con-
centrated in the graphene liquid cell, which can affect studies of chemical transformations in
graphene liquid cells. Additionally, this result may impact studies of physical processes, such
as dynamics and movement in graphene liquid cells. The dynamic viscosity of salt solutions
increases as salinity increases,161 which will affect the diffusion constant of nanocrystals
through the Stokes-Einstein equation. Finally, care must be taken when using radiolysis
models as they are designed for dilute solutions and may be inaccurate for the solutions
in graphene liquid cells without further modifications specific to the graphene liquid cell
environment.

Although we have shown that the nature of the encapsulated solution in graphene liquid
cells have crucial differences compared to bulk solutions, these findings may be advantageous
for future studies. Previous high-resolution imaging of nanocrystals in graphene liquid cells
indicate that nanoscale tumbling of the particles is largely absent or significantly slowed
down, which further supports that the nanocrystals are in a highly viscous medium. The
suppressed tumbling in this highly viscous medium is likely key to 3D atomic resolution
tomography in liquids82,103 and enables the observation of facet dependent reactivity under
different kinetic regimes.79 While these findings may prompt reexamination of some previous
work, we expect that the improved understanding of the liquid environment we have shown
here will open up new directions of graphene liquid cell research.
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Figure 3.5: Etching trajectories of gold nanocrystals in a graphene liquid cell prepared with 40
mM CeCl3 captured at a) 125, b) 250, c) 375, and d) 500 e−Å−2s−1. e) Gold nanocrystal radius vs.
time curves at each of the four electron fluxes. f) Box plots of the etch rates of gold nanocrystals
at the four different electron fluxes.

3.3 Conclusion

Understanding the solution chemistry in graphene liquid cells is vital to interpret the
results of liquid cell experiments. In this study, EELS was used to quantify specific solution
parameters. By measuring the ratio between the O K-edge and Ce M-edge in graphene
liquid cells prepared with 40, 4, and 0.4 mM CeCl3, it was determined that the liquid cell
solution is significantly more concentrated than the initial encapsulating solution. This
likely occurs during the formation process as the seal is formed through evaporation of the
solvent, indicating that this effect may extend to previous graphene liquid cell studies as well.
Additionally, oxidation of the Ce3+ metal centers were tracked using time-resolved EELS.
These experiments revealed that the rate of oxidation of the Ce3+ metal centers is dependent
on the electron flux, while the steady state concentration of Ce4+ is independent of electron
flux. Further analysis with kinetic radiolysis models revealed that the rate of oxidation and
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spread in data can be rationalized by a highly concentrated solvent, with varying hydration
levels in individual pockets. Finally, the flux-dependent rate of oxidation of the Ce3+ metal
centers correlates well with the flux-dependent etching of gold nanocrystals. This study sheds
new light on the nature of graphene liquid cell solutions and opens up new opportunities
to study systems in dense electrolytes. The findings of this work will have implications for
future graphene liquid cell experiments in a variety of fields, including chemistry, materials
science, physics, and biology.

3.4 Materials and Methods

Nanocrystal Synthesis

Gold nanocrystals were synthesized following a modified procedure published previ-
ously.96

Preparation of Au Seeds

Briefly, 5 mL of 100 mM cetyltrimethylammonium ammonia chloride (CTAC) and 0.25
mL of 10 mM hydrochloroauric acid (HAuCl4) were added to a clean, 20 mL vial. The vial
was put into a water bath set to 30 °C and was stirred rapidly. Gold seeds were formed by
adding 0.45 mL of 20 mM NaBH4. The dispersion was allowed to stir for 1 minute, then left
undisturbed at 30 °C for 1.5 hr to decompose any excess NaBH4.

Preparation of Nanocrystals

Two identical solutions of 4.5 mL of 100 mM CTAC, 0.25 mL of 10 mM HAuCl4, and
90 µL of 40 mM ascorbic acid were each added to clean 20 mL vials, in order. To the first
vial, 1 mL of the seed solution was added during rapid stirring until the solution turned
pale pink (approximately 5 s). Then, 12.5 µL of this solution was added into the other vial,
briefly mixed, and left to sit on the bench for 15 mins to allow the growth to complete. The
solution was then washed and resuspended in water three times by centrifugation at 8000
rpm for 10 minutes. After the final washing, the nanocrystals were concentrated to an OD
of 1, then stored in a vial in the dark.

Graphene Liquid Cell Preparation

Graphene liquid cells were prepared as described previously76 with modifications as fol-
lows. Prepared graphene-coated grids were used to encapsulate a solution of either 40 mM,
4, or 0.4 mM CeCl3 in 40 mM HCl and the presynthesized gold nanocrystals. Approximately
0.5 µL of the encapsulating solution was placed on the graphene side of a graphene coated
grid held in self-closing tweezers. A half-grid, prepared by cutting a grid with a razor, was
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then immediately placed graphene side down on top of the droplet and left to dry for 10
minutes.

Electron Energy Loss Spectroscopy

All EELS experiments were performed in parallel-beam mode on the TEAM I double-
corrected S/TEM microscope at the National Center for Electron Microscopy, Molecular
Foundry, Lawrence Berkeley National Laboratory (LBNL). The microscope was operated
at 300 kV with a high brightness ‘X-FEG’ electron source. A Gatan Continuum Imaging
Filter with a 2.5 mm entrance aperture was used in conjunction with a K3 IS direct electron
detector operated in electron-counting mode to collect the spectra. A source monochromator
was used to obtain an energy resolution of approximately 0.25 eV. All data was collected
in Dual EELS mode to capture the low loss and high loss regions simultaneously with the
ZLP-lock function engaged to align spectra before summing to remove jitter in the elastic
energy. The collection angle for all experiments was 25 mrad, set by a 100 µm objective
aperture. The electron fluxes were calibrated on the camera. A custom script was used to
control the microscope conditions (magnification, C2 lens %, etc.) when each spectra was
acquired. The size of the irradiated area was then measured on the camera and determined
to have a diameter of approximately 100 nm. All EELS analysis was performed in Python
using custom scripts. All background subtraction was performed in Hyperspy using a power
law model.

Time resolved EELS

The steps for collecting the time resolved EELS data are as follows. First, a suitable
liquid pocket containing a gold nanocrystal was identified using low magnification and low
electron flux (<1 e−Å−2s−1) imaging conditions. Using a custom script, the microscope beam
was blanked, then switched to a high magnification setting at the desired electron flux (125-
500 e−Å−2s−1) where only a region approximately 100 nm in diameter was irradiated. If the
nanocrystals etched, indicating that the region was wet, then the beam was blanked, and the
sample was moved to a location at least a few hundred nanometers away, outside the initial
irradiated region. The EELS time series data collection feature in Digital Micrograph was
initiated, then the beam was unblanked to ensure that the first electrons hitting the sample
were collected in the time series. The time series were collected at 10 spectra per second for
2 minutes. A custom script was used to deconvolve the Ce3+ and Ce4+ contributions in each
spectrum of the time series. More information on this script is provided in the SI.

Custom Spectral Deconvolution Code

A custom script was prepared to analyze the EELS data in this study. A copy of this
script and a test data set are provided as well, and is described briefly here. First, spectra
for the solid-state standards for Ce3+ and Ce4+, CeF3 and CeO2, were collected (see Figure
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3.1). These spectra were background subtracted with a power-law model, then an arctan
function was fit to the remaining background to remove the step in the M4-edge. These
spectra were normalized to the integrated area of the remaining M4,5 edge.

For the time-resolved EELS spectra, both the high-loss and low-loss data were collected
simultaneously. Each high-loss spectrum was zeroed and deconvolved with the respective
low-loss spectrum to set the correct energy scale and remove any effects of plural scattering.
To increase the signal-to-noise for more reliable background subtraction, five spectra were
averaged together, background subtracted using a power-law model, and an arctan function
was removed from the M4-edge. This was completed for the entire time series using a five
spectra moving average. With the standard spectra, a linear least squares analysis was used
to determine the relative amount of Ce3+ and Ce4+ in each five-spectrum average of the time
series.

In Situ TEM Imaging

All BF-TEM videos were collected on a FEI Tecnai T-20 S-Twin TEM operating at 200
kV with a LaB6 filament. In situ videos were collected with a Gatan Rio 16 IS camera using
the Digital Micrograph in situ data collection function. Videos were binned by two for a 2048
× 2048 pixel area. The nominal magnification for all videos was 145 kx for a pixel resolution
of 0.92 Å/pixel. The frame rate for all videos was either 4 or 10 fps, yielding a temporal
resolution of 0.25 and 0.1 s, respectively. To convert counts to electrons, a conversion value
of 124 counts/electron (provided by the manufacturer) was used. The electron flux was
calibrated using a custom script77 and checked several times throughout a session to maintain
accuracy. When searching for nanocrystals, the electron flux was kept low (<15 e−Å−2s−1)
to prevent electron-beam induced reactions prior to video collection. Of note, although there
is recent work suggesting the beam induced heating could be significant in the liquid cell,
measuring and calibrating heating for individual experiment is still challenging so we have
not included any heating effects into our analysis.

Radiolysis Chemical Network Model

A literature kinetic model was adjusted based on the EELS data collected herein on the
kinetics of Ce3+ oxidation during graphene LCTEM imaging. The model is based on the
MATLAB code written by Schneider et al., which implements a kinetic model by Elliot and
McCracken.44,48 The model includes previously reported reactions between species derived
from water, chloride, and cerium.48,83,157 Table A.5 summarizes the reactions used to model
the effect of Cl and Ce additives. All water-based reactions (reactions 1-73) are as reported
in Schneider et al.48 . For all simulation conditions the solution is treated as homogeneous,
allowing the simulation to be solved via a set of coupled ordinary differential equations as
shown on Equation 3.3.
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∂Ci

∂t
=

∑
j,k ̸=i

kjkCjCk −
∑
j

kijCiCj +Ri (3.3)

Where kjk and kij are reaction rate constants, Ci, Cj, and Ck are reactant concentrations,
and Ri is the electron beam induced generation of chemical species. The electron beam
induced generation was determined according to Equation 3.4.

Ri = fiρψGi (3.4)

Where fi is the molar fraction of water in the graphene liquid cell solution, ρ is the
liquid density, ψ is the electron dose rate, and Gi is the G-value for chemical species. A
liquid density of 3.94 mg/mL was used, corresponding to the density of CeCl3•7H2O. A total
stopping power of 1.839 MeV cm2/g per electron at 300 keV was used to convert the electron
beam dose to absorbed dose in Gy/s.162 Table A.6 summarizes the G-values used for the
chemical species in this model. The G-values for HO2

• and H2O were determined according
to mass conservation principles, as shown on Equations 3.5 and 3.6.

GHO2
• =

1

3
[GH+ −GOH− − 2GH2O2 +GH• −GHO• + 2GH2 ] (3.5)

GH2O = −[GHO• + 2GH2O2 + 2GHO2
• +GOH− ] (3.6)

Energy Dispersive X-ray Spectroscopy (EDS)

All EDS experiments were performed in parallel-beam mode on the FEI ThemIS 60-300
STEM/TEM microscope at the National Center for Electron Microscopy, Molecular Foundry,
Lawrence Berkeley National Laboratory (LBNL). An FEI low background double tilt holder
was used for all experiments. The microscope was operated at 300 kV with a probe current
of 1.2 nA (approximate electron flux of 2500 e−Å−2s−1) using a Bruker windowless EDS
detector with a solid angle of 0.7 steradians. Data was collected and quantified with the
Thermo Scientific Velox software using the K series for O and the M and L series for Ce.
Care was taken to ensure that the same beam conditions (magnification, C2 lens %, etc.)
were used when taking EDS spectra of the graphene liquid cells. After the EDS spectra were
collected, the size of the beam was measured on the camera and was determined to have a
diameter of approximately 190 nm.

Energy Filtered TEM

All EFTEM experiments were performed on the TEAM I double-corrected S/TEM micro-
scope at the National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley
National Laboratory (LBNL). The microscope was operated at 300 kV with a high bright-
ness ‘X-FEG’ electron source. A Gatan Continuum Imaging Filter with a 2.5 mm entrance
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aperture was used in conjunction with a K3 IS direct electron detector operated in electron-
counting mode to collect the images. The thickness mapping mode was selected to collect
the images.

Raman Spectroscopy

All Raman measurements were performed using a HORIBA LabRAM HR Evolution
Confocal Raman Microscope. All measurements were performed using a 532 nm laser source,
an ultra-low frequency filter enabling measurement of Raman shifts as low as 10 cm−1, a 600
grooves/mm grating (resolution 2-3 cm−1) and detected using a Horiba Synapse OE-CCD.
For solution measurements, the laser light was focused onto the solution held in a quartz
cuvette using a 50x long working distance objective. For samples in graphene liquid cells,
laser light was focused onto the liquid samples using a 100x air objective. All measurements
were performed with the minimum power needed to acquire a measurable signal. For the
GLC samples, all measurements were performed with identical laser power. The spectrometer
was calibrated using the Horiba LabSpec software using a Si (111) reference sample for all
measurements. An attempt was made to measure the temperature of the samples during
measurement using the Stokes/anti-Stokes ratio of the graphene G-band. However, even
with increasing the laser power by a factor of 5, no anti-Stokes peak was observed.
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Chapter 4

Conclusions and Outlook

4.1 Conclusions

As is evident in Chapters 2 and 3, several solution species inaccessible to TEM imaging
can have a great effect on the present solution chemistry. Carefully designed imaging studies,
such as the halide study in Chapter 2 can help infer what chemistry is present, but ultimately,
correlative studies such as pulse radiolysis and EELS provide deeper insight into the species
present and mechanisms at play. The pulse radiolysis studies of iron additives in Chapter
2 allowed deeper investigation of a previously suggested mechanism. The pulse radiolysis
studies indicated that the preloaded FeCl3 is oxidized to its active form, and this oxidized
iron species participates in the gold oxidation. This information would have been extremely
challenging to deduce without the spectroscopic insight from pulse radiolysis. Although
pulse radiolysis exposes the solution to very similar conditions experienced in the TEM,
which makes it a useful technique to understand the solution chemistry, ultimately there
are still differences in the solution chemistry between these two techniques, largely due to
the difference in duration of the electron beam exposure. EELS has the advantage that it
exposes the solution to the exact same conditions as in liquid cell TEM imaging and can
be performed in situ. As seen in Chapter 3, EELS is a powerful tool to study the solution
chemistry, providing direct evidence of in situ oxidation. In this work, a CeCl3 additive
was used as it is also known to induce etching of metal nanocrystals in situ, but is a better
spectroscopic probe for EELS. This study provided direct, experimental evidence of the
CeCl3 (a Ce3+ species) being oxidized to a Ce4+ species in situ. This in situ oxidation is
analogous to the FeCl3 oxidation determined using pulse radiolysis in Chapter 2. The ability
to measure these solvated species directly in the liquid cell also led to the discovery that the
concentration of the solution in graphene liquid cells is orders of magnitude higher than the
encapsulating solution. This is likely due to the evaporative drying process used to form
the hermetic seals in the graphene liquid cells. Ultimately, directly probing the solution
species in situ has given us much greater understanding of the solution chemistry, and has
allowed us to begin to modify the commonly used kinetic radiolysis models. Comparing
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the outputs of the kinetic radiolysis models to the oxidation profiles captured using EELS
show obvious discrepancy. However, these measurements allow us to begin to create a more
accurate kinetic model based on liquid cell TEM results, to better understand the solution
chemistry in liquid cell TEM moving forward.

4.2 Outlook for Graphene Liquid Cell TEM

The work presented herein has some important implications for the use of graphene liquid
cells moving forward. Significantly, the in situ EELS work presented in Chapter 3 directly
shows that the individual regions in graphene liquid cells are not chemically identical. This
could be one explanation of the large error bars seen in many chemical transformations
studied with graphene liquid cell, including the halide study in Chapter 2. Further, this
indicates that repeat experiments may not be probing exactly the same chemistry. In order
to develop this technique further into a robust characterization tool, there must be better
control over the concentration of the species inside the individual liquid pockets. Moving
forward, in order to precisely control the chemical environment in graphene liquid cells to
truly perform repeat experiments, it is imperative that the graphene liquid cells are prepared
with better control. The sandwich-type liquid cells used in Chapters 2 and 3 are formed
stochastically through the evaporative drying process, thus control over the formation of
the individual pockets is poor. Moving towards the next-generation liquid cells described in
Chapter 1 should provide much better control over the chemical environment. Addtionally,
methods which could ensure that the encapsulated solution is dilute, such as flowing in
additional liquid37 could help ensure the concentration is controlled.

Ultimately, with these adaptations, it is still imperative to characterize the solution and
develop better models to understand and explain the observed chemistry. Chapter 3 showed
that it is possible to directly track and measure solution chemistry inside the liquid cell.
While this method is certainly not feasible for every chemical transformation of interest,
building up an understanding of the chemistry inside the liquid cell, rather than relying
solely on bulk measurements will be important in the long term. Kinetic models that are
used today will continue to be highly valuable, but continual adjustments to the model based
on liquid cell TEM measurements will allow these models to evolve with the liquid cell TEM
technique.
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Figure A.1.1: Comparison of initial projected area and etch rate for nanocrystals in solution
with 190mM Cl– and 40mM Fe3+ (purple), 190mM Cl–, 0.38mM Br– and 40mM Fe3+ (green), and
190mM Cl–, 0.38mM I– and 40mM Fe3+ (blue). There is not a strong dependence between initial
size and etch rate in these experiments. The average initial size and standard deviation for the
chloride, bromide, and iodide environments are 1104 nm2 ± 269 nm2, 1232 nm2 ± 221 nm2, and
1336 nm2 ± 216 nm2, respectively.
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Figure A.1.2: Segmentation used to calculate circularity of each nanocrystal. The perimeters are
relatively smooth, decreasing error due to noise of the outline. However, as the nanocrystals near
the very end of their etching trajectories, the contrast becomes very low, and the segmentation
becomes less reliable. As the error in segmentation increases near the very end of the etching
trajectories, the circularity increases, which is likely the cause of in the increase in circularity at
the end of all the nanocrystal etching trajectories, and a circularity greater than 1 at the end of
the etching trajectory for the nanocrystals in the chloride environment.
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Figure A.1.3: Simulated steady state concentration of •OH radicals under various halide condi-
tions. a) •OH radical concentration in neat water (grey), and with 190 mM Cl– (purple), 190 mM
Cl– and 0.38 mM Br– (green), and 190 mM Cl– and 0.38 mM I– (blue). b) •OH radical concentration
under the four experimental concentrations tested. 40 mM Fe3+ (grey), 40 mM Fe3+ and 190 mM
Cl– (purple), 40 mM Fe3+, 190 mM Cl– and 0.38 mM Br– (green), and 40 mM Fe3+, 190 mM Cl–

and 0.38 mM I– (blue). Chloride, bromide, and iodide solutions are overlapped in both a) and b).
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Figure A.1.4: Overpotential (η) when halides act as oxidant and complexation agent. The over-
potential for etching decreases moving down group 17. If this were the predominating mechanism,
a decrease in etch rate would be observed as the overpotential is proportional to the exponential of
etch rate in a high driving force regime.
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Figure A.1.5: Optical density of the 1 mM FeCl3 in 0.2M HCl solution used in the pulse radiolysis
studies. Note the strong absorbance in the 290-360 nm wavelength range, where the ground state
bleaching in the pulse radiolysis studies is observed.



APPENDIX A. SUPPLEMENTARY INFORMATION 80

300 400 500
wavelength (nm)

600 0 30020010050 150 250
time (µs)

0 300200100
time (µs)

600500400300 400 500
wavelength (nm)

600

∆ 
O

.D
.

0.00

0.10

0.20

0.30

0.40

∆ 
O

.D
.

0.00

0.10

0.20

0.30

0.40

0.50

340 nm

340 nm

1.9 mM FeCl3

50 mM K2S2O8

50 mM K2S2O8

1 μs

300 μs
100 μs
10 μs
1 μs

300 μs
100 μs
10 μs

1 μs

300 μs
100 μs
10 μs
1 μs

300 μs
100 μs
10 μs

600 μs

A B

C D

Figure A.1.6: a) Pulse radiolysis measurement (85 Gy/pulse, 15ns FWHM) of an N2 saturated
aqueous solution containing 50 mM potassium persulfate and 5 Vol% t-BuOH b) Corresponding
time absorption profile at 340 nm. c) Pulse radiolysis measurement (85 Gy/pulse, 15 ns FWHM) of
an N2 saturated aqueous solution containing 50 mM potassium persulfate, 1.9 mM Fe(NO3)3 and
5 Vol% t-BuOH. d) Corresponding time absorption profile at 340 nm
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Figure A.1.7: Comparison of initial projected area and initial etch rate at 800 e−Å−2s−1 for
nanocrystals in solution with 190mM Cl– and 40mM Fe3+ for the dose decrease experiments in
Figure 2.5.There is not a strong correlation between initial size and etch rate. The average initial
projected area for these nanocrystals is 1313 nm2 ± 262 nm2
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Figure A.1.8: Increase of etch rate during controls shown in Figure2.5b. During the control,
the was held at 25 e−Å−2s−1 for 1-2 minutes. To confirm that the nanocrystals used for the
control experiments were in liquid, and lack of etching was not due to a dry pocket, the electron
flux was increased to 800 e−Å−2s−1 after 1-2 minutes. The onset of etching after the dose increase
confirms that the nanocrystals were in solution. a) Etching trajectory of a gold nanocrystal initially
irradiated at 25 e−Å−2s−1. The electron flux was increased to 800 e−Å−2s−1 after 130 s and the gold
nanocrystal began to etch. b) Box and whisker plot summarizing the control etching trajectories
under these conditions. The average etch rate of the AuNCs after increasing the electron flux
significantly increases the etch rate.
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Figure A.1.9: Spin density of each Fe-complex with one Cl-atom and up to one OH group as
ligand. The blue isosurface highlights regions of increased α spin density while orange are regions
of increased β spin density. On top of each complex is shown the total spin S of the system while
the Gibbs free energy is given below each complex. All energies are given in kJ/mol and the most
stable electronic structure of each isomer was set to 0 kJ/mol.
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Figure A.1.10: Spin density of each Fe-complex with one Cl-atom and two OH groups as lig-
ands. The blue isosurface highlights regions of increased α spin density while orange are regions
of increased β spin density. On top of each complex is shown the total spin S of the system while
the Gibbs free energy is given below each complex. All energies are given in kJ/mol and the most
stable electronic structure of each isomer was set to 0 kJ/mol.
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Figure A.1.11: Spin density of each Fe-complex with two Cl-atoms and up to one OH group as
ligand. Blue areas indicate regions of increased α spin density while orange highlights regions of
increased β spin density. On top of each complex is shown the total spin S of the system while
the Gibbs free energy is given below each complex. All energies are given in kJ/mol and the most
stable electronic structure was set to 0 kJ/mol for each isomer.
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Figure A.1.12: Spin density of each Fe-complex with two Cl-atoms and two OH-groups as ligand.
Blue areas indicate regions of increased α spin density while orange highlights regions of increased
β spin density. On top of each complex is shown the total spin S of the system while the Gibbs free
energy is given below each complex. All energies are given in kJ/mol and the most stable electronic
structure was set to 0 kJ/mol for each isomer.
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Figure A.1.13: Comparison of the stability of isomers of the Fe-complexes. Only the most stable
electronic structure is compared. Isosurfaces highlight the spin density of each Fe-complex. Blue
areas indicate regions of increased α spin density while orange highlights regions of increased β
spin density. Bottom of each complex is shown the total spin S of the system.
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Figure A.1.14: Spin density of each Fe-complex for the most stable isomer and electronic struc-
ture. Blue areas indicate regions of increased α spin density while orange highlights regions of
increased β spin density. Furthermore, pKa values and free reaction enthalpy ∆G for exchange of
a water ligand by a chloride anion.
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Figure A.1.15: Comparison of the stability of isomers of the Fe3+-complex before the oxidation.
Only the most stable electronic structure is compared. Furthermore, pKa values and free reaction
enthalpy ∆G for exchange of a water ligand by a chloride anion.



APPENDIX A. SUPPLEMENTARY INFORMATION 90

Figure A.1.16: Natural orbitals and occupation numbers of the CASSCF calculations of
[trans-FeCl2(H2O)4]

+ (top, S=2.5, CASSCF(15,10)) and mer1-[FeCl2(H2O)3OH+] (bottom, S=2,
CASSCF(14,10))
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A.2 Chapter 2 Supplementary Tables

Table A.1: Summary of Cl Chemical Reactions Included in Radiolysis Chemical Network Model

No. Reaction Rate Constant
(M−1s−1 or s−1)

Reference

74 HO• + Cl– ClOH• 4.3 × 109 El Omar et al.157

75 ClOH• OH• + Cl– 6.1 × 109 El Omar et al.157

76 Cl• + Cl– Cl2
• 8.5 × 109 El Omar et al.157

77 H+ + ClOH• Cl• + H2O 2.1 × 1010 El Omar et al.157

78 ClOH• Cl• + OH– 2.3 × 101 El Omar et al.157

79 Cl• + OH– ClOH• 1.8 × 1010 El Omar et al.157

80 Cl2
• Cl• + Cl– 6.0 × 104 El Omar et al.157

81 Cl2
• + Cl2

• Cl –
3 + Cl– 2.0 × 109 El Omar et al.157

82 Cl• + Cl2
• Cl –

3 6.3 × 108 El Omar et al.157

83 Cl– + Cl2 Cl –
3 1.0 × 104 El Omar et al.157

84 Cl –
3 Cl– + Cl2 5.0 × 104 El Omar et al.157

85 Cl• + Cl• Cl2 8.8 × 107 El Omar et al.157

86 e –
aq + Cl• Cl– 1.0 × 1010 El Omar et al.157

87 e –
aq + Cl2

• 2Cl– 1.0 × 1010 El Omar et al.157

88 e –
aq + Cl –

3 Cl– + Cl2
• 3.0 × 1010 El Omar et al.157

89 H• + Cl• H+ + Cl– 1.0 × 1010 El Omar et al.157

90 H• + Cl2
• H+ + Cl– 8.0 × 109 El Omar et al.157

91 H• + Cl –
3 H+ + Cl– + Cl2

• 1.0 × 1010 El Omar et al.157

92 HO2
• + Cl2

• 2Cl– + O2 + H+ 1.0 × 109 El Omar et al.157

93 HO2
• + Cl2 Cl2

• + O2 + H+ 1.0 × 109 Bjergbakke et al.163

94 H2O2 + Cl2
• HO2

• + 2Cl– +
H+

1.4 × 105 El Omar et al.157
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95 H2O2 + Cl• HO2
• + Cl– + H+ 2 × 109 El Omar et al.157

Table A.2: Summary of Br Chemical Reactions Included in Radiolysis Chemical Network Model

No. Reaction Rate Constant
(M−1s−1 or s−1)

Reference

96 HO• + Br– BrOH• 1.1 × 1010 Zehavi, and Ra-
bani164

97 BrOH• OH• + Br– 3.3 × 107 Zehavi, and Ra-
bani164

98 Br• + Br– Br2
• 1.2 × 1010 Merenyi, and

Lind165

99 Br2
• Br• + Br– 1.9 × 104 Merenyi, and

Lind165

100 BrOH• + H+ Br• + H2O 4.4 × 1010 Zehavi, and Ra-
bani164

101 Br• + OH– BrOH• 1.3 × 1010 Kläning, and
Wolff166

102 Br2
• + H• H+ + 2Cl– 1.4 × 104 Hata et al.107

103 Br2
• + e –

aq 2Br– 1.1 × 1010 Hata et al.107

104 Br –
3 + H• H+Br2

• + Br– 1.2 × 1010 Hata et al.107

105 Br –
3 + e –

aq Br2
• + Br– 2.7 × 1010 Hata et al.107

106 Br –
2 + Br– Br –

3 9.6 × 108 Ershov et al.167

107 Br –
3 Br2 + Br– 5.5 × 107 Ershov et al.167

108 Br2
• + H2O2 2Br– + HO2

• +
H+

5.0 × 102 Matthew, and
Anastasio168

109 BrOH• Br• + OH– 4.2 × 106 Zehavi, and Ra-
bani164

110 Br2 + HO2
• Br2

• + H+ + O2 1.1 × 108 Sutton, and
Downes169
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111 Br2
• + HO2

• H+ + 2Br– + O2 4.6 × 109 Sutton et al.170

Table A.3: Summary of I Chemical Reactions Included in Radiolysis Chemical Network Model

No. Reaction Rate Con-
stant (M−1s−1,
M−2s−1, or s−1)

Reference

112 HO• + I– IOH• 1.6 × 1010 Buxton, and Mu-
lazzani171

113 I– + I• I2
• 9.1 × 109 Buxton, and Mu-

lazzani171

114 I2
• + I• I3

• 6.5 × 109 Buxton, and Mu-
lazzani171

115 I –
3 + e –

aq I2
• + I– 3.5 × 1010 Buxton, and Mu-

lazzani171

116 2I2
• I– + I –

3 2.5 × 109 Buxton, and Mu-
lazzani171

117 I2
• + H• 2I– + H+ 1.8 × 107 Buxton, and Mu-

lazzani171

118 I2 + H• H+ + I2
• 3.5 × 1010 Buxton, and Mu-

lazzani171

119 I –
3 + H• H+ + I2

• + I– 3.5 × 1010 Buxton, and Mu-
lazzani171

120 I2
• + HO2

• I2 + HO –
2 4.0 × 109 Ishigure et al.172

121 2I• I2 1.1 × 1010 Buxton, and Mu-
lazzani171

122 I –
3 + O2

• O2 + I2
• + I– 2.5 × 108 Buxton, and Mu-

lazzani171

123 I2 + HO2
• I2

• + H+ + O2 1.8 × 107 Schwarz, and Biel-
ski173
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124 I• + OH– IOH• 1.6 × 108 Buxton, and Mu-
lazzani171

125 IOH• I• + OH– 3.5 × 107 Buxton, and Mu-
lazzani171

126 I2 + e –
aq I2

• 5.1 × 1010 Buxton, and Mu-
lazzani171

127 I– + O2
• + H2O IOH• + OH– 2.9 × 109 Buxton, and Mu-

lazzani171

Table A.4: Summary of Fe Chemical Reactions Included in Radiolysis Chemical Network Model

No. Reaction Rate Constant
(M−1s−1)

Reference

128 Fe2+ + H2O2 Fe3+ + HO• + OH– 60 Malato et al.174

129 Fe3+ + e –
aq Fe2+ 6 × 1010 Jonah et al.175

130 H• + Fe3+ H+ + Fe2+ 7.0 × 105 Dainton et al.176

131 HO2
• + Fe3+ H+ + O2 + Fe2+ 2.1 × 105 Sehested et al.177

132 Fe2+ + HO• Fe3+ + OH– 3.1 × 108 Stuglik, and
Pawe lZagórski178

A.3 Chapter 3 Supplementary Figures
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Figure A.3.1: Oxygen K-edge on a graphene coated grid (black) and of a graphene liquid cell
(maroon) used in this study.
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Figure A.3.2: a) Low magnification TEM image and b) thickness map of a graphene liquid cell
prepared with 40 mM CeCl3. The thickness of the graphene liquid cell is relatively uniform across
the displayed region, and thinner in the graphene coated holes of the holey carbon grid. Thickness
was calculated assuming the solution was CeCl3•7H2O. It is important to note that EELS, EDS,
and Raman data indicate that the concentration of the solution changes from region to region,
which would affect the inelastic mean free path and the thickness measurements.
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Figure A.3.3: Time dependent thickness measurements of the graphene liquid cells at a) 125 b)
250 c) 375 and d) 500 e−Å−2s−1. The dark curve is the average and the shaded region is the standard
deviation. Thickness was calculated assuming the solution was CeCl3•7H2O. It is important to note
that EELS, EDS, and Raman data indicate that the concentration of the solution changes from
region to region, which would affect the inelastic mean free path and the thickness measurements.
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Figure A.3.4: Time resolved oxygen K-edge and cerium M-edge signals, taking into account
their respective cross sections, on eight separate areas of a graphene liquid cell prepared with 40
mM CeCl3. Although the oxygen signal varies throughout irradiation, which has been described
previously,93 there is not a net decrease in the signal in these regions, which would indicate loss of
solvent.
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Figure A.3.5: Box plots of the oxygen to cerium ratio of individual graphene liquid cells prepared
with with 0.4, 4, or 40 mM CeCl3 plotted on a a) log and b) linear scale. Note that the top most
outliers on grids 1 and 3 were removed from b) for clarity.
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Figure A.3.6: a) Representative EDS spectra and b) box plot of the oxygen to cerium ratios
calculated from the spectra. The ratio calculated from the EDS measurements is 4.73 ± 1.33
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Figure A.3.7: Raman spectra two graphene liquid cells measured at three different regions, as
well as standard spectra of water, 40 mM CeCl3, and dropcast CeCl3 ·
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Figure A.3.8: a-d) Times series of AuNCs etching on a single grid. Note the nanocrystal etching
highlighted by the red arrow
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Figure A.3.9: Box plot of the a) A, b) B, and c) k2 fitting terms for the biexponential function
[Ce4+] =A(1-e(−k1t))+B(1-e(−k2t)) . The box plot for the k1 term is in Figure 4f
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Figure A.3.10: Plot of the the model output of Ce4+ concentration over time with varying levels
of initial dissolved O2 at 125 e−Å−2s−1. These outputs are overlaid on the original model output
(0 mM initial dissolved O2) and the experimental Ce4+ concentration over time. All of the models
are overlaid on each other, indicating that the initial dissolved oxygen levels have very little effect
on the Ce4+ concentrations.



APPENDIX A. SUPPLEMENTARY INFORMATION 103

0 20 40 60 80 100
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

A
u 

Fr
ac

tio
n

k = 0
k = 102

k = 104

k = 106

k = 108

Figure A.3.11: Plot of the the model output of the fraction of Au(0) over time as the rate constant
for the reaction Au0 + Ce4+ Au1+ + Ce3+ is varied. From the data it is clear that without
a reaction between Au0 and Ce4+, Au0 does not fully oxidize, but once this reaction proceeds, the
gold fully oxidizes. Note that this is a homogeneous model, meaning that the Au0 in this model is
soluble gold, so it is difficult to quantitatively correlate this to the etching trajectories.
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Figure A.3.12: Development of the kinetic radiolysis model output of Ce4+ formation. The
outputs for the model only at 500 e−Å−2s−1 is shown for clarity. a) Statistics of the kinetic EELS
data collected at 500 e−Å−2s−1 re-plotted here and in b), c), and d) for comparison purposes.
b) Output of the original kinetic radiolysis model published in Moreno-Hernandez et al.83 with an
input concentration of 10.57 M Ce3+. c) Kinetic radiolysis model output with updated rate constant
for R96 as described below. d) Kinetic radiolysis model output with updated rate constant for R96
and updated g-value for H2.
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Figure A.3.13: Error obtained if reaction rates in original model are changed by a factor of 0.1,
1 (no change), or 10. While this analysis shows that reaction 44 could be changed (HO• reacting
with H2), we did not choose to change this since there was no clear reason this rate would change
since H2 is a gas-phase product. An additional sensitivity analysis indicates that after updating
R96 changes to R44 do not substantially improve the error (see A.3.14 below).
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Figure A.3.14: Error obtained after setting R96 to 2.27× 109 if reaction rates in original model
are changed by a factor of 0.1, 1 (no change), or 10.
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A.4 Chapter 3 Supplementary Tables

Table A.5: Summary of Cl and Ce Chemical Reactions Included in Radiolysis Chemical Network
Model

No. Reaction Rate Constant
(M−1s−1 or s−1)

Reference

74 HO• + Cl– ClOH• 4.3 × 109 El Omar et al.157

75 ClOH• OH• + Cl– 6.1 × 109 El Omar et al.157

76 Cl• + Cl– Cl2
• 8.5 × 109 El Omar et al.157

77 H+ + ClOH• Cl• + H2O 2.1 × 1010 El Omar et al.157

78 ClOH• Cl• + OH– 2.3 × 101 El Omar et al.157

79 Cl• + OH– ClOH• 1.8 × 1010 El Omar et al.157

80 Cl2
• Cl• + Cl– 6.0 × 104 El Omar et al.157

81 Cl2
• + Cl2

• Cl –
3 + Cl– 2.0 × 109 El Omar et al.157

82 Cl• + Cl2
• Cl –

3 6.3 × 108 El Omar et al.157

83 Cl– + Cl2 Cl –
3 1.0 × 104 El Omar et al.157

84 Cl –
3 Cl– + Cl2 5.0 × 104 El Omar et al.157

85 Cl• + Cl• Cl2 8.8 × 107 El Omar et al.157

86 e –
aq + Cl• Cl– 1.0 × 1010 El Omar et al.157

87 e –
aq + Cl2

• 2Cl– 1.0 × 1010 El Omar et al.157

88 e –
aq + Cl –

3 Cl– + Cl2
• 3.0 × 1010 El Omar et al.157

89 H• + Cl• H+ + Cl– 1.0 × 1010 El Omar et al.157

90 H• + Cl2
• H+ + Cl– 8.0 × 109 El Omar et al.157

91 H• + Cl –
3 H+ + Cl– + Cl2

• 1.0 × 1010 El Omar et al.157

92 HO2
• + Cl2

• 2Cl– + O2 + H+ 1.0 × 109 El Omar et al.157

93 HO2
• + Cl2 Cl2

• + O2 + H+ 1.0 × 109 Bjergbakke et al.163

94 Ce4+ + e –
aq Ce3+ 6.6 × 1010 Gogolev et al.179
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95 Ce4+ + H• Ce3+ + H+ 6.6 × 107 Gogolev et al.179

96 Ce3+ + OH• Ce4+ + OH– 2.27 × 109 This Work

97 Au+ + H• Au0 + H+ 8.0 × 109 Ambrožič et al.85

98 Au+ + e –
aq Au0 8.0 × 109 Ambrožič et al.85

99 Au0 + OH• Au+ + OH– 1.83 × 109 Ambrožič et al.85

100 Au0 + Ce4+ Au+ + Ce3+ 4 × 109 See Text

Table A.6: Summary of G-Values Included in Radiolysis Chemical Network Model

Species G-Value (molecules/ 100
eV)

Reference

eaq– 0.382 This Work

H• 0.110 This Work

H2 0.011 to 0.028 This Work

HO• 0.400 This Work

H2O2 0.052 This Work

H+ 0.486 This Work

HO– 0.105 This Work

HO2
• See Text This Work

H2O See Text This Work

Table A.7: Review of Encapsulated Salt Solutions in Graphene and Amorphous Carbon Liquid
Cells

No. Solute Solvent Ref.

1 0.5% Triton X-100, 0.25% glutaralde-
hyde

water Park et al.82
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2 0.15 M FeCl3 water Chen et al.81

3 ’biological sample containing solution’ water Wang et al.22

4 Fetal bovine serum water Ribeiro et al.180

5 34 mM NaCitrate & 0.24 mM HAuCl4 water Zhu et al.181

6 37-45 mM FeCl3 water Hauwiller et al.76

7 FeCl3, Tris Buffer HCl, HCl water Ye et al.79

8 Tris Buffer HCl, general tubulin buffer water Keskin, and de
Jonge182

9 38 mM FeCl3, 8 mM HCl, 58 mM Tris
Buffer HCl

water Hauwiller et al.78

10 3wt% NaCl water Yang et al.91

11 TBE Buffer, 200 mM NaCl water Chen et al.35

12 0.15 M NaCl water Cho et al.60

13 40 mM FeCl3, 190 mM HCl water Crook et al.84

14 10 mM CeCl3/ 10 mM V2O4/ 10 mM
CrCl3

water Moreno-Hernandez
et al.83

15 29-42 mM FeCl3, Tris Buffer HCl water Hauwiller et al.77

16 2 mM sodium phosphate buffer, 15 mM
NaCl

water Kang et al.183

17 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer

water Kim et al.103

18 Saturated NaCl water Wang et al.184

19 5 mM NaAuCl4 water Dachraoui et al.185

Table A.8: Review of Encapsulated Organic Solutions in Graphene and Amorphous Carbon Liquid
Cells

No. Solute Solvent Ref.
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1 1M LiPF6 & Si NPs 1:1:1 EC : DMC : DEC Yuk et al.186

2 10 mg/mL Pt(AcAc)2 9:1 o-dichlorobenzene :
oleylamine

Yuk et al.18

3 1.3 M LiPF6 3:7 EC:DEC with 10 wt%
fluoro-EC

Chang et al.187

4 Mg(TFSI)2 diglyme Kim et al.188

5 1.3 M LiPF6 3:7 EC:DEC with 10 wt%
fluoro-EC

Cheong et al.189

6 Ni(acetate)2 20:1 o-dichlorobenzene :
oleylamine

Yang et al.190

7 Pt NCs 20:1 o-dichlorobenzene :
oleylamine

Park et al.82

Table A.9: Review of Encapsulated Pure Water in Graphene Liquid Cells

No. Solvent Note Ref.

1 water Cu NCs formed under e-beam exposure
(Fig. 5), indicating leftover Cu salt
from wet transfer process

Sasaki et al.34

2 water Potential high-Z contaminants shown
in Figure S2

Ghodsi et al.28

3 water Cu/Ni NCs formed under e-beam expo-
sure (Fig. 2, 3, 4), indicating leftover
salt from wet transfer process

Hirokawa et al.191

4 water Reply published192 indicating likely
NaCl contaminants

Algara-Siller et
al.193

5 water Potential high-Z contaminants shown
in Figures S5, S6, S10

Ghodsi et al.36

6 water Potential high-Z contaminants shown
in Figure S3

Wang et al.184
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Appendix B

Supplementary Multimedia

B.1 Chapter 2

Videos are hosted on the ACS website at 10.1021/jacs.1c05099

Movie B.1.1: Movie of a gold nanocrystal in solution with 190 mM Cl– and no iron. Note the
distinct lack of etching. Available at 10.1021/jacs.1c05099,ja1c05099_si_002.avi

Movie B.1.2: Movie of a gold nanocrystal in solution with 190 mM Cl–, 0.38 mM Br–, and no iron.
Note the distinct lack of etching. Available at 10.1021/jacs.1c05099,ja1c05099_si_003.avi

Movie B.1.3: Movie of a gold nanocrystal in solution with 190 mM Cl–, 0.38 mM I–, and no iron.
Note the distinct lack of etching. Available at 10.1021/jacs.1c05099,ja1c05099_si_004.avi

Movie B.1.4: Movie of a gold nanocrystal in solution with 190 mM Cl– and 40 mM Fe3+. Available
at 10.1021/jacs.1c05099,ja1c05099_si_005.avi

Movie B.1.5: Movie of a gold nanocrystal in solution with 190 mM Cl–, 0.38 mM Br–, and 40
mM Fe3+. Available at 10.1021/jacs.1c05099,ja1c05099_si_006.avi
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Movie B.1.6: Movie of a gold nanocrystal in solution with 190 mM Cl–, 0.38 mM I–, and 40 mM
Fe3+. Available at 10.1021/jacs.1c05099,ja1c05099_si_007.avi

Movie B.1.7: Movie of a gold nanocrystal etching in a solution with 190 mM Cl– and 40 mM
Fe3+. The electron flux is initially increased to 800 e−Å−2s−1 to induce etching. In the middle
of the etching trajectory, the electron flux was decreased to 25 e−Å−2s−1. Available at 10.1021/
jacs.1c05099,ja1c05099_si_008.avi

B.2 Chapter 3

Videos are hosted on the ACS website at 10.1021/jacs.2c07778

Movie B.2.1: Movie of a gold nanocrystal etching in a solution with 40 mM CeCl3 at an electron
flux of 500 e−Å−2s−1 Available at 10.1021/jacs.2c07778,ja2c07778_si_003.avi

Movie B.2.2: Movie of a gold nanocrystal etching in a solution with 40 mM CeCl3 at an electron
flux of 375 e−Å−2s−1 Available at 10.1021/jacs.2c07778,ja2c07778_si_004.avi

Movie B.2.3: Movie of a gold nanocrystal etching in a solution with 40 mM CeCl3 at an electron
flux of 250 e−Å−2s−1 Available at 10.1021/jacs.2c07778,ja2c07778_si_005.avi

Movie B.2.4: Movie of a gold nanocrystal etching in a solution with 40 mM CeCl3 at an electron
flux of 125 e−Å−2s−1 Available at 10.1021/jacs.2c07778,ja2c07778_si_006.avi




