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samples with pore size increasing to the planar analog (1)........ccccevevieviieincieeceeeeee e 109

xvii



ACKNOWLEDGMENTS
This work was created with financial support from the National Science Foundation (CMMI
1301489) and the National Aeronautics and Space Administration (NNX13AQ69G &
8ONSSC18K1554). All other support (emotional, administrative, scientific, and otherwise) was
provided through a robust network of family, friends, and coworkers who deserve more thanks

than can be expressed here.

First, my family, who has given me space to work when I need it. I’ve missed almost all the
holidays, vacations, and celebrations over the last four years, but I’ll spend the rest of my life

making it up to all of you.

Next, my friends, who are always ready to help however they can and have given me

much-needed encouragement along the way.
Also, my coworkers, who teach me what I need to learn the proverbial ‘easy way’.

Finally, to Professors Ali Mohraz and Dan Mumm, who have taught me the rest. Through
high standards, you’ve helped me bring this work to something I can be proud of. Your influence

will go beyond what is contained in these pages.

xviil



CURRICULUM VITAE

Kyle McAnulty McDevitt
2013 B.S. in Ceramics Engineering, Alfred University, Alfred, NY
2015 M.S. in Ceramics Engineering, Alfred University, Alfred, NY

2020 Ph.D. in Materials Science and Engineering, University of California, Irvine

FIELD OF STUDY PUBLICATIONS AND PRESENTATIONS

McDevitt, K. M.; Gross, S.J; Mumm, D. R.; Mohraz, A. Mitigating the Bubble Effect
Through Spinodally-Derived Pore Networks. In preparation.

McDevitt, K. M.; Mumm, D. R.; Mohraz, A. Improving Cyclability of ZnO Electrodes
through Microstructural Design. ACS Appl. Energy Mater. 2019, 2 (11), 8107-8117.
https://doi.org/10.1021/acsaem.9b01584.

Garcia, A. E.; Wang, C. S.; Sanderson, R. N.; McDevitt, K. M.; Zhang, Y.; Valdevit, L.;
Mumm, D. R.; Mohraz, A.; Ragan, R. Scalable Synthesis of Gyroid-Inspired Freestanding
Three-Dimensional Graphene Architectures. Nanoscale Adv. 2019, 1 (10), 3870—3882.
https://doi.org/10.1039/COINA00358D.

McDevitt, K. M.; Mumm, D. R.; Mohraz, A. Improving Cyclability of ZnO Electrodes
Through Microstructural Design. ACS Colloids 2019. Atlanta, GA

McDevitt, K. M.; Thorson, T. J.; Botvinick, E. L.; Mumm, D. R.; Mohraz, A.
Microstructural Characteristics of Bijel-Templated Porous Materials. Materialia 2019, 7, 100393.
https://doi.org/10.1016/j.mtla.2019.100393.

Misture, S. T.; McDevitt, K. M.; Glass, K. C.; Edwards, D. D.; Howe, J. Y.; Rector, K. D.;
He, H.; Vogel, S. C. Sulfur-Resistant and Regenerable Ni/Co Spinel-Based Catalysts for
Methane Dry Reforming. Catal. Sci. Technol. 2015, 5 (9), 4565-4574.
https://doi.org/10.1039/C5CY00800]J.

Xix



ABSTRACT OF THE DISSERTATION

Mitigating Electrode Deactivation Through Microstructural Design

by

Kyle McAnulty McDevitt

Doctor of Philosophy in Materials Science and Engineering

University of California, Irvine, 2019

Associate Professor Ali Mohraz, Chair

Increasing demands for energy storage and conversion has fueled research and development
of next-generation electrochemical devices, including batteries, supercapacitors, and catalysts.
Viability of technology beyond the proof-of-concept is dependent on the morphology and
topology of the electrode, which should be carefully designed to maximize material utilization
during operation. Despite the close relationship between microstructure and operational
efficiency, there does not currently exist a single configuration that can be broadly applied across
electrochemically active materials. The ideal microstructure is expected to have co-continuous
and interpenetrating domains that have high interfacial area and present minimal resistance to

ionic and electronic transport.

In the following dissertation, I present a technique to create such a structure through
bicontinuous interfacially jammed emulsion gels (bijels), which are generated via spinodal
decomposition and therefore confer characteristic microstructural qualities to derivative
materials. Domain size distribution, interfacial curvature, tortuosity, and self-similarity are

discussed in detail and compared quantitatively to alternative microstructures that have been

XX



proposed for electrochemical devices. These qualities are shown to influence material utilization
in two specific applications, energy storage in zinc electrodes, and electrocatalytic water splitting

for hydrogen generation.

Maintaining electronic conductivity in electrodes has been shown previously to delay
capacity loss during repeated charge-discharge cycling. In the case of zinc anodes, converting the
metallic material to the semiconducting zinc oxide creates heterogeneities in current distribution
that inspire material reconfiguration and premature cell failure. Spinodal-like electrodes mitigate
these effects by improving electronic accessibility of the active material and maintaining
conduction pathways to a high degree of discharge compared to electrodes built with randomly

sized features.

Homogeneous activity and co-continuity in an electrode are also advantageous in the
electrocatalytic separation of water into constituent hydrogen and oxygen gases. Product
desorption from the electrode is necessary to continue the reaction, but microstructural
impediments to efficient removal result in the underutilization of active surfaces. Bijel templated
electrodes improve gas transport through the same microstructural qualities discussed above and

are shown to reduce energy losses associated with this inefficiency.

xxi



1. Introduction

1.1. Motivation

Recent concerns over the environmental and economic impact of the energy economy have
motivated research into the responsible generation, conversion, storage, and use of this important
resource. Next-generation technologies aim to be cheaper, more efficient, or have a smaller
environmental impact over device lifetime. Many so-called “green technologies” have been
proposed and extensively developed (wind and solar, for example) however, deployment on the
grid scale necessitates enormous capacity for energy storage due to their intermittent

availability.[1]

Li-ion batteries dominate the market for energy storage in personal electronics and electric
vehicles (EV’s), due to the high reversibility and tolerance for variable charge cycling.[2] The
reactivity [3,4] and availability of required materials[5,6] present challenges to responsible
processing and use. In addition to this, improvement to electrochemical metrics have nearly
reached the theoretical limit associated with the materials. To overcome these limitations, new

technologies must be adopted.

A Ragone plot is illustrated in Figure 1-1 and compares the normalized energy and power of
selected energy storage devices. In general, there is a trade-off between these two metrics, either
of which may be preferred depending on application. For example, mobile phones prioritize
battery lifetime over processing capabilities, while battery powered tools are designed to deliver
energy quickly. Modern vehicles that are fully electric have cells and cooling systems designed

to meet these power demands simultaneously.
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Figure 1-1: Ragone plot comparting specific power and specific energy of selected
electrochemical storage devices. The upper-right portion of the plot is targeted for next-
generation secondary cells. *Energy in a fuel cell is dependent on the size of the fuel container.
Nota Bene, Al-air cells are non-rechargeable.

Devices that can simultaneously deliver high energy density and high power density are
targeted for the next-generation of electrochemical storage. Strategies toward these goals
include hybridizing existing technologies, developing new electrochemically active
materials,[ 7-9] and improvements to established technologies[10—13]. As part of these
improvements, the microstructure of active material has recently come under

investigation.[10,14—16]

Electrochemical processes involve simultaneous transport and reaction kinetics that are

inextricably influenced by electrode microstructure:

a) Transport pathways for reactants

b) Transport pathways for charge



c) Efficient electron transfer between charge collector and reactants.

Generally, (a) takes place in an electrically conducting phase, (b) takes place in an insulating
electrolyte phase, and (c) takes place at the interface between the two. To maintain conditions
favorable for these three processes, the ideal electrode is expected to comprise interpenetrating
phases with high interfacial area. Proposed microstructures satisfying these requirements include
those templated from colloidal crystals,[15,17,18] foams,[19,20] and fibers,[7,21,22], among
others. The architecture in these electrodes have been carefully engineered to efficiently utilize

active material and improve the energy and power densities simultaneously.

Conversely, microstructures with random architecture do not benefit from these design
considerations and are prone to deactivation by preventing the processes described above.
Interruption of reactant transport or electron transfer compromises material utilization, resulting
ultimately in lower power and energy densities or reduced cyclability in the case of rechargeable
cells. In this dissertation, porous electrodes deliberately designed to mitigate inefficiencies are
compared against stochastically generated analogs. The engineered electrodes are derived from
bijels, a relatively new class of soft material with unique microstructural characteristics that
prevent material deactivation by maintaining robust transport pathways for reactants. In
addition, bijels are attractive templates for electrochemical devices due to their synthesis via self
assembly and tunable length scale, which allows deliberate design of power and energy density

for a given device.[23]



1.2. Experimental Techniques
Characterization tools used for experiments in this dissertation are illustrated schematically

below, with details specific to each project discussed in the respective chapters.

1.2.1. Confocal Microscopy
The first confocal scanning microscope was created in 1955 and patented in 1957 by Mavin
Minsky to prevent out of focus planes from contributing signal to the collected data and therefore
improve contrast during traditional fluorescent microscopy.[24] In 1969 this concept was further
developed into the scanning confocal laser scanning microscope (CLSM), which is even more
selective in its imaging plane. The basic concept of confocal microscopy is illustrated in Figure

1-2.
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Figure 1-2: Schematic illustration of confocal microscopy

Incident illumination passes through a beam splitter before being focused on the sample with
an objective lens. Fluorescent molecules in the sample are excited by this incident radiation. The

fluorescent signal traveling backwards along the same optical path is reflected by the beam



splitter toward a detector. Signal from out-of-focus planes has a different path length to

convergence and is ultimately rejected by the final aperture before the detector.

Images from CLSM used throughout this dissertation were collected with a monochromatic
laser source (Calypso, Cobolt AB, A =491 nm) and confocal scanner (VT-eye, Visitech
International, UK) coupled with an inverted microscope (Axio Observer Al, Zeiss). Rhodamine
B dye, either in a fluid or conjugated to a solid phase, fluoresces under this illumination and

allows qualitative observations on particles synthesized for colloidal processing.

1.2.2. Scanning Electron Microscopy (SEM)
The electron microscope was invented by Ernst Ruska in 1931, and only two years later
exceeded the magnification attainable in optical system.[25] The magnification in most™ optical

imaging systems is limited on a theoretical basis by the Abbe diffraction limit, about one half of
the wavelength of visible light ( % = 250 nm).[26] Electron imaging systems, utilizing a beam of

shorter A, can observe features much smaller than optical microscopes. The first electron
microscopes were analogous to a transmission light microscope, with the image generated by
either attenuation (bright field) or diffraction (dark field) of incident radiation which illuminates
the entire field simultaneously. The scanning electron microscope extends this concept by
converging and rastering the beam over specific X,y coordinates on a sample and collecting
spatially resolved signals. A block diagram is presented in Figure 1-3 and illustrates beam
generation and conditioning, as well as the scanning apparatus and signal processing necessary to

recreate an image.

" Some optical methods, for example, near-field scanning optical microscopy overcomes the diffraction limit by

limiting propagation of incident light with an aperture much smaller than A. An evanescent (non-propagating) wave
is generated around this aperture and interacts with the sample surface. Because the wave does not propagate
beyond the near-field, the signal has high spatial resolution.
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Figure 1-3: Schematic illustration of a scanning electron microscope (SEM). The
illumination system generates an electron beam (red) which is conditioned in the imaging
system and generates signals in the information system, collected by detectors (green)

The electrons in an SEM are generated by a filament or field emission gun (FEG) and shaped
into a beam by the compressive electromagnetic force from the negatively charged Wehnelt cap.
This beam is accelerated into the imaging column with a strong positive potential applied to an
anode. Condenser lenses and apertures collimate the beam before it reaches raster coils, which
deflect the electrons to a specific point on the sample. The objective lens determines the distance
at which the beam converges on itself (the working distance) and is therefore responsible for

focusing the system.



Secondary electrons (SE) are scattered inelastically from the sample and are lower energy
than the incident beam. Because they move relatively slowly, SE can be attracted toward a
positively biased detector. This detector does not require line-of-sight with the observed surfaces
and can therefore collect information on the texture and morphology of features in the sample.
Elastically scattered electrons have nearly the same energy as the incident beam and are therefore
not significantly deflected from their direction of propagation, which is strongest normal to the
sample surface. The flux of these backscattered electrons is a function of local electron density
and can therefore be used to infer information on the chemical composition of the observed
features. The image is generated by reassembling these signals into the array of (x,y) coordinates

targeted by the raster coils.[27]

Unless otherwise noted, all electron microscopy was performed on a FEI Magellan SEM

equipped with a FEG electron source and Everhart-Thornley (secondary electron) detector.

1.2.3. X-ray Diffraction (XRD)

Constructive or destructive interference between waves is characteristic of the phase
relationship between them. Periodic interference of propagating waves is known as diffraction
and the resulting pattern is characteristic of the experiment geometry. X-ray diffraction is a
technique to measure the internal dimensions of a crystal from this pattern. These so-called d-
spacings are dependent on several factors, most importantly symmetry and short-range order, and
are unique to a crystal and can be used as a rudimentary tool for phase identification. A

schematic of an XRD experiment is illustrated in Figure 1-4.
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Figure 1-4: Schematic illustration of Bragg conditions necessary to
collect a diffraction peak during an X-ray diffraction (XRD) experiment.

An X-ray source illuminates a sample with a collimated, coherent, and monochromatic beam.
Consider two of these beams propagating toward a sample (A and B in Figure 1-4). The beams
land on the sample at an angle 0 and are scattered by electrons in the sample, which approximate
atomic positions. In Figure 1-4, incident X-rays A and B are scattered from atoms on adjacent
planes, separated by distance d and therefore have a path length difference equal to d sin 8
before the scattering event. The scattered X-rays A’ and B’ propagate toward a detector, which
will register a signal provided A’ and B’ are in phase such that they interfere constructively. To
satisfy this prerequisite, the total path length difference for the two X-rays (blue, in Figure 1-4)

must be a multiple of the wavelength A, giving rise to the Bragg relationship:
nA = 2d sin 0

Collected data from an XRD experiment is typically plotted as intensity vs. diffraction angle,

reported as °20. Example data is shown in Figure 1-5.
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Figure 1-5: Example XRD data showing peaks characteristic of a crystalline phase.
The data is matched to hexagonal zinc oxide with Miller indices above each peak.

Peak position and intensity are characteristic of (and often unique to) a crystalline phase.
With data collected from the experiment, peaks can be compared to a database and a pattern
matched to a crystalline material. Within this dissertation, XRD is used only for phase
identification, but more complicated analyses can be performed to extract information on (for

example) microstrain, crystallite size, or preferred orientation in a polycrystalline solid.

1.2.4. Electrochemical Measurements
To determine the performance of electrodes described in Chapters 4 and 5, a variety of
electrochemical tests were performed with primarily a Solatron CellTest System (Model 1470E,
Ametek Inc, Berwyn PA) or a Keithley Sourcemeter (Model 2400, Tektronix, Inc, Beaverton
OR). These instruments are controlled with computer scripts through either proprietary
CorrWare/Multistat software (for the Solartron instrument) or custom Python 3 scripts and the

PyVISA library (for the Keithley instrument).

1.2.4.1.  Cyclic Voltammetry (CV)

A schematic experimental setup and representative data for CV is reported in Figure 1-6
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Figure 1-6: (a) Schematic illustration of a three-electrode experimental setup for cyclic
voltammetry experiments. (b) Example data collected over the course of the experiment (c) Data
from (b) replotted as I vs. E.

Current (I) between a working electrode and a counter electrode is measured as a function of
potential (E) at the working electrode. Ideally, E is measured against a third reference electrode,
which is non-polarizable (constant E). Peaks in current can be attributed to specific reactions in a
system. The test proceeds by sweeping E of a working electrode linearly between limits (Eq, E,
in Figure 1-6b) and measuring current through a counter electrode. Plotting these data as I vs. E

results in the characteristic ‘duck curve’ (Figure 1-6¢).[28]
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1.2.4.2.  Galvanostatic Charge / Discharge
Galvanostatic experiments were carried out by supplying constant I between a working

electrode and a counter electrode and measuring E as a function of time.
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Figure 1-7: Example data from a galvanostatic experiment

For experiments in Chapters 4, galvanostatic experiments were carried out between E limits
and the capacity of experimental electrodes calculated as the integral of current with respect to

time, [ I dt.

In Chapter 5, the overpotential (1) required to drive a reaction is measured at the end of the
galvanostatic experiment. In this case, constant [ is supplied until the system reaches steady

state conditions, after which a single measurement is extracted from the data.

1.3. Structure of the Dissertation
The following chapters of this dissertation are structured as follows: Chapter 2 introduces
bijels, a unique class of soft materials, and the fundamental science behind their formation. The

morphology and topology of these materials is discussed and compared quantitatively to similar

11



porous media in Chapter 3. These two chapters provide a basis with which to explore
electrochemical functionalization of the bijel morphology and microstructural-based techniques
to mitigate electrode deactivation. The first example is presented in Chapter 4, in which
rechargeability of two different styles of Zn/ZnO electrodes (bijel-templated vs. those derived in
a stochastic process) are compared. The bijel-derived electrodes consistently retained more
recoverable capacity than the stochastic type throughout charge cycling. Simulations suggest
capacity loss in this system is related to electrical disconnections inspired by the discharge
process, and that the advantage in spinodal-like electrodes is derived from a more homogenous
current density and resistance to these disconnections. In Chapter 5, Bijels are converted into
gas-evolving electrodes, which can be deactivated by shielding of active surfaces imposed by the
evolved product. Observations on gas escaping these pores and electrochemical measurements
together suggest a smaller impediment to the product escaping through the pore phase of a

spinodal-like sample compared to stochastic analogs.

12



2. On Bijels and Their Derivatives

The bicontinuous interfacially jammed emulsion gel (bijel) is a class of soft matter that forms
by kinetically arresting spinodal decomposition phase separation. Driven by the reduction of
interfacial energy between phases, bijel morphology develops in a dynamically self-similar
fashion with a near-minimal surface. The following sections describe briefly the fundamentals of
spinodal decomposition and how bijel processing is used to stabilize its unique microstructure.

A brief discussion of materials templated from bijels follows.

2.1. Introduction

Porous materials are used in a broad range of applications, for example, as electrodes,[23,29]
perfusion bioreactors,[30,31] microfiltration materials,[32,33] and tissue regeneration
scaffolds.[34,35] Scalable generation of three-dimensional (3D) porous materials has been
achieved using a variety of processing techniques including porogen templating,[36,37] powder
pressing,[38,39] high internal phase emulsion polymerization,[40,41] and
electrospinning.[42,43] While these techniques can yield materials with tunable porosity and
average pore size, the pore and solid volumes are typically distributed in a random and
heterogeneous manner, which can negatively impact their utility. For example, in applications
that involve mass transfer or fluid flow through the pore phase, a random distribution of pores
can result in transport pathways with drastically different resistances, as well as constrictions,
discontinuities, and isolated pockets, in turn rendering part of the material underutilized or
resulting in low permeability. Similarly, a randomly architected solid phase can result in weak
spots, in turn limiting the mechanical properties salient to emerging porous material
applications.[44] Inverse opals have been considered as an alternative for tissue engineering[45]

and electrochemical[46] applications due to their highly ordered pore structure and bicontinuity.

13



However, these materials suffer from difficulty of scale-up to macroscopic sizes, and a pore
structure that consists of spherical pockets interconnected by much smaller throats, which again
limits their transport properties.[23,36,47] More consistent pore size and surface curvature
throughout the structure is expected to benefit transport characteristics of porous
materials.[48,49] Mathematically defined minimal surfaces such as the Schoen’s G (gyroid) and
Schwarz P[50] have received interest as microstructures that address this need.[51,52] However,
experimental realization of such structures requires deliberate design and fabrication and can be
time consuming or cost prohibitive. In contrast, a naturally occurring, dynamically self-similar
structure evolves during spinodal decomposition, a phase separation process driven by interfacial
minimization in mixtures with partial miscibility between their constituents, resulting in many of

the same important microstructural qualities.[53,54]

2.2. Spinodal Decomposition

Spinodal decomposition was first observed in the early 1940’s via sidebands in XRD peaks,
suggesting demixing distinct from nucleation and growth, which presents as a second series of
peaks (i.e. another phase with a unique pattern).[55] The concept was further explored in one
dimension by Mats Hillert in 1955[56] and subsequently generalized by John Cahn and John

Hilliard[57]

During this unique type of demixing, immiscible phases are separated into compositionally
distinct bicontinuous domains.[57] It is dissimilar to a nucleation and growth process which
involves a large free energy barrier to form the initial microscopic clusters. In both processes,
minimization of interfacial energy drives microstructural development, but the dominant
mechanisms responsible for this coarsening are distinct. Coarsening during a growth and

nucleation process proceeds through aggregation and Ostwald ripening, which require either

14



forming new interfaces or dissolution of the discontinuous phase, while in the spinodal system,

microstructural evolution occurs through a strictly diffusive process along the continuous

domains.[55]

Some thermodynamic conditions must be met for spinodal decomposition to be the favored
demixing process. To help discuss these, a schematic phase diagram is shown in Figure 2-1a,

alongside a curve representing the temperature dependent free energy in Figure 2-1b.

2 X, T
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Figure 2-1: Phase diagram (a) and free energy (b) diagram describing spinodal decomposition
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As seen in the phase diagram in Figure 2-1a, a binary mixture at composition X, will be
single phase at high temperatures (red star). If this alloy is quenched quickly into the immiscible
region (for example T = T,), the composition is initially homogenous and the free energy is
relatively high (G, in Figure 2-1b). The mixture will phase separate and approach the

compositions at minima in the G (X, T) curve (marked by blue and pink stars in panel b).

The energy balance during small compositional variance plays an important role in
determining the dominant demixing process. For compositions at or near the G (X, T) maxima, as
in the example of X, in Figure 2-1, the change in energy is negative and both phases quickly
approach X; and X, and separate via spinodal decomposition. Small deviations from this critical
point composition may still separate in this fashion provided the change in energy associated
with one phase is enough for the other to overcome the G (X, T) maximum and approach its own
minimum. Conversely, large deviations from the critical point will behave differently during this
process, where discontinuous nuclei form and grow through aggregation or Ostwald ripening

(nucleation and growth). Observations on the curvature in the G (X, T) curve (Figure 2-1b) help

. . . dzG . . .
illustrate this. Regions that are concave up (W > 0) demix via nucleation and growth, while

. d2G . " . .
concave down regions (m < 0) separate through spinodal decomposition. Inflection points

(marked red) in the G(X, T) curve establish compositional limits for these processes at a

temperature T.

To help visualize the resulting microstructure, 3D models of spinodal decomposition

simulated through the Cahn-Hilliard equation are presented in Figure 2-2.
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Figure 2-2: Isosurfaces in a 3D solution to the Cahn-Hilliard equation,
which approximates spinodal decomposition. The isosurfaces are from solutions at:

(a) I timestep (b) 10 timesteps (c) 100 timesteps
(d) 1000 timesteps  (e) 10000 timesteps  (f) 100000 timesteps
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2.3. Particle Adsorption

Particles stabilizing fluid interfaces was first observed by Walter Ramsden in 1903[58] and
explored in detail by Spencer Pickering in 1907.[59] These so-called Pickering emulsions have
since been well incorporated into cosmetics and food sciences, among other industrial
applications.[60] Recently, more advanced applications of colloid science have shown promise
in areas such as drug delivery, catalysis, and composite materials. These systems are still under
investigation to better understand how stability and rheology are related to the adsorption

mechanisms.

To reduce free energy in a system, a particle can become strongly associated with (adsorb to)

the fluid-fluid interface. This concept is shown schematically in Figure 2-3.

6 > 90°

Ypa < Ypp Ypa = YpB Ypa = Ypp

Figure 2-3: A particle adsorbed to a fluid-fluid interface.
The relative interfacial energies determine displacement into a phase.

If the particle has equal interfacial energy with the fluids in an emulsion, it will present an
equal amount of its own surface area to the constituent phases (neutrally wetting). If this equality
is broken, the particle will be displaced into the phase with which it has a lower interfacial
energy. This is described quantitatively by Young’s equation, which relates the interfacial

energies with the contact angle created at the junction of these three phases:
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YpB — Vpa
Yap

cos O =

Where Yqg, Ypa» and ypp are energies for o-p, particle-o and particle-f interfaces,

respectively and 0 is the angle measured into the o phase, as illustrated in Figure 2-3.[61]

2.3.1. Arrested Spinodal Decomposition

Bijels bear the geometrical fingerprints inherent to spinodal decomposition, having been
derived through this method of demixing.[54] First simulated in 2005 by Stratford ef al.[62] and
experimentally realized in 2007 by Herzig et al.,[63] bijels are generally formed by dispersing
colloids in a mixture of semi-miscible fluids and initiating demixing through a chemical or
thermal stimulus. During demixing, adsorbed particles at the fluid-fluid interface jam, which
halts the process and marks a sharp transition from liquid-like to gel-like properties in the
suspension.[64,65] The resulting out-of-equilibrium gel comprises bicontinuous liquid phases
separated by a percolating, interfacial area-minimized, jammed nanoparticle monolayer. This

concept is illustrated schematically in Figure 2-4 and demonstrated experimentally in Figure 2-5.

el

Figure 2-4: Adsorbed particles arresting spinodal decomposition to create a bijel. (a) Particle
suspension in a homogeneous medium. (b) Spinodal decomposition, particle adsorption to the
fluid-fluid interface. (c) Particles in contact with neighbors, arrested spinodal decomposition

(bijel)
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Figure 2-5: Confocal micrograph of a bijel. In this eample, silica nanoparticles labeled with
rhodamine B (bright pixels in micrograph) have kinetically arrested spinodal decomposition of
water and 2,6-luitidine. Scale bar: 100 um.

Lee and Mohraz demonstrated using confocal microscopy 3D reconstructions that this
interface indeed displays the characteristics of a spinodal surface with negative Gaussian
curvature and vanishing mean curvature, and pioneered materials processing routes to synthesize
polymeric, ceramic, and metallic constructs using bijels as templates, thereby imprinting the
morphological attributes of the parent template onto the resulting porous materials.[66] Further,
Reeves et al. quantified bijel topology using interfacial curvature, as a function of both the
colloidal particle size and depth of the phase separation quench, also showing that the interface
has near minimal surface signatures.[67] Witt et al. demonstrated that the bijel characteristic
domain size and subsequent pore size of the templated solid could be tuned across a wide range
(5-800 um) relevant to the applications discussed in Section 2.1 by adjusting colloidal particle

loading and surface chemistry.[68]
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2.4. Materials Templated from Bijels

The bijel structure has been previously converted to a variety of materials, including
polymers, metals, ceramics, and composites that inherit the unique morphology. Generally, this
templating begins by exploiting the incompatibility of the two fluids and segregating monomers
or oligomers to one of the phases before polymerization, which stabilizes the structure. A
number of functional bijel-derived materials have since been developed from these polymeric
scaffolds for applications in energy systems, catalysis, or human health, including 3D electrodes
for electrochemical energy storage and conversion,[23] composite electrolytes,[69] cell delivery
composites,[ 70] and separation fibers.[71,72] Some processing routes for templating functional
materials from a bijel are illustrated schematically in Figure 2-6, and a photograph of these

templated materials is presented in Figure 2-7.
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Figure 2-6: Using a bijel structure to template a polymer scaffold and functionalizing the scaffold by active material deposition.
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Figure 2-7: Materials templated from a bijel structure. From left to right: PEGDA, Zinc Oxide, Nickel, Carbon

23



3. On Morphology and Microstructure of Bijel-Derived Materials

3.1. Abstract

The geometric arrangement of pore features is a critical aspect of three-dimensional (3D)
materials design for a diverse set of applications. Transport properties such as diffusivity and
conductivity are intimately linked to this pore arrangement, and thus, significant effort has been
invested into designing processes and systems that offer predictable final morphologies. Minimal
surface structures comprising bicontinuous, symmetric phases are predicted to provide optimal
transport properties. Here, bijels were used as template structures to generate carbon and
polymer scaffolds, and morphological characterization of distinctive features was carried out on
3D reconstructions of micro-computed tomography (LCT) data. Specific emphasis is placed on
the characterization of size distribution, interfacial curvature, continuity, tortuosity, and self-
similarity exhibited by pore networks within these structures. Microstructural attributes are
compared to three additional porous media to demonstrate bijel-derived materials as near-

minimal surface structures with high transport potential.

3.2. Introduction

To better understand how the unique microstructure of bijel-derived materials contributes to
their performance in applications discussed previously, a more complete characterization of these
near-minimal surface structures, and their comparison to other porous materials that have

commonly been used in these applications, is needed.

Computational methods have been previously employed to analyze coarsening[73] and
channel size distributions[74] in spinodal structures formed by Cahn-Hilliard[57,75,76] and
Allen-Cahn dynamics.[77] Further, Frijters and Harting used Lattice Boltzmann simulations to

examine tunable fluid permeability as a function of particle hydrophobicity and volume fraction
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of solidified bijels.[78] Nevertheless, a comprehensive microstructural analysis of
experimentally-generated bijel-derived materials, particularly as relevant to their transport
properties, remains lacking. Herein, we use micro-computed tomography (uCT) to generate
micrometer-resolved 3D reconstructions of two bijel-derived materials — one processed as an
electrically conductive copolymer, and the other pyrolyzed to form a carbon scaffold — and three
other technologically relevant porous materials: porous metal, polymerized high internal phase
emulsion (polyHIPE), and inverse opal. We quantitatively analyze and compare among these the
interfacial curvature, pore network geometry, connectivity, tortuosity, and self-similarity, and
demonstrate that bijel-derived materials possess a unique combination of microstructural features
salient to their transport properties, which, importantly, are maintained across different length

scales due to the dynamic self-similarity that is inherent to spinodal decomposition.

3.3. Materials and Methods

3.3.1. Preparation of Porous Materials

All reagents were used as received from Sigma-Aldrich unless otherwise stated.

3.3.1.1.  Bijel-Derived Materials

3.3.1.1.1. Particle Synthesis
Silica nanoparticles with an average diameter of 440 nm and a coefficient of variation of
4.7% were synthesized using a modified Stober process.[79] Briefly, 12.5 mg rhodamine B
isothiocyanate (RBITC) was conjugated to 26.3 uL 3-aminopropyltriethoxysilane (APTES, TCI
America) in 10 mL anhydrous ethanol by stirring at room temperature for 24 hours. The resulting
solution was then split evenly into two flasks each containing 44 g ethanol, 10 mL 18.1M
ammonia solution (Fisher Scientific) and 4.180 mL tetraethylorthosilicate (TEOS) and stirred at

room temperature for 24 hours. The resulting silica nanoparticles were rinsed with deionized
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water repeatedly via centrifugation and dried at 135°C under vacuum for 28 hours to achieve
near-neutral wettability with respect to Milli-Q water (Millipore, 18.2 MQ-cm at 25°C) and 2,6-

lutidine.

3.3.1.1.2. Bijel-Templating of Polymer Scaffolds

Silica nanoparticles were dispersed in Milli-Q water using an ultrasonic horn (Branson
Ultrasonics) and mixed with 2,6-lutidine (mole fraction of 2,6-lutidine, x; = 0.064). Samples
were heated in a microwave (15 seconds, 230 W) to induce spinodal decomposition, then
transferred to a 70°C oven to maintain sample temperature above the critical point (34.1°C).
Polyethylene glycol diacrylate (PEGDA, Mx: 250 g/mol) was added to the top of each sample
with 1% (v/v) 2-hydroxy-2-methylpropiophenone (Darocur® 1173, Ciba Specialty Chemicals)
photoinitiator. Monomer was allowed to diffuse into the lutidine-rich phase for 4 hours before
radical polymerization was carried out using UV irradiation for 100 seconds (Lumen Dynamics,
wavelength: 320 — 390 nm, 100 W). The water-rich phase was drained from the system leaving a
free-standing porous polymer scaffold. Silica nanoparticles were etched from the scaffold’s

internal surfaces overnight using 6M hydrofluoric acid (HF, Fisher Scientific).

3.3.1.1.3. Polymer Bijel Sample Processing
Poly(3,4-ethylenedioxythiophene) (PEDOT) was cast into a bijel-templated PEGDA scaffold
to create an electrically conductive, PEGDA-PEDOT copolymer. For casting, PEG scaffolds
were soaked in 3,4-ethylenedioxythiophene (EDOT) for 30 minutes, then placed in 0.195 g/mL
iron(IIT) p-toluenesulfonate hexahydrate in isopropyl alcohol. Oxidative chemical polymerization
was carried out in an oven at 135°C for 1 hour. The copolymer sample was washed twice by

sonication in isopropyl alcohol and dried under atmospheric conditions.
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3.3.1.1.4. Carbon Bijel Sample Processing
A bijel-templated PEGDA polymer scaffold was treated with an oxalic acid/furfuryl alcohol
solution (4 mg/mL) for 1 hour before heat treatment under vacuum at 135°C for 8 hours. The

sample was then carbonized by pyrolysis under flowing argon at 800°C for 2 hours.

3.3.1.2.  Porous Metal
A Metapor® air permeable composite used in vacuum forming molds (porous metal, nominal

pore size: 15 um) was purchased from McMaster-Carr and used as received.

3.3.1.3.  PolyHIPE

A polyHIPE was synthesized following a method described in Sergienko et al.[80] Briefly,
an aqueous phase containing deionized water, potassium sulfate, and potassium persulfate (90.0
g,0.2 g, and 0.5 g, respectively) was added dropwise into a stirred organic phase containing
styrene, divinylbenzene, and sorbitan monooleate (9.0 g, 1.0 g, and 2.0 g, respectively) in a 250
mL glass beaker to form an emulsion of 90% (v/v) aqueous in 10% (v/v) organic. The beaker
was covered and placed in an oven maintained at 65°C for 18 hours for polymerization. The
synthesized polystyrene polyHIPE was dried under vacuum at 60°C overnight. To enhance X-ray
contrast, the polyHIPE was soaked in a solution of iron(II) chloride in acetone (61.5 mg/mL) for

2 days and dried under atmospheric conditions for an additional 2 days.

3.3.1.4. Inverse Opal
A colloidal crystal was formed by first loading 300 pL ethylene glycol into a 5 mm inner
diameter glass cylinder adhered to a glass cover slip using polydimethylsiloxane (PDMS, Dow
Corning). The cylinder was placed in a sonication bath, and approximately 6 mg soda lime
silicate microparticles (123-127 um diameter, Cospheric) were added to the cylinder every 15

minutes. After six cycles, the sample was left in the sonication bath for an additional 30 minutes.
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Ethylene glycol was dried under vacuum overnight at 160°C. To form connections between the
glass microparticles, the crystal was annealed in a furnace held at 650°C for 3 hours. The
annealed crystal was infiltrated with PEGDA and 1% (v/v) Darocur® 1173 under vacuum for 30
minutes, which was subsequently crosslinked via UV irradiation of the top and bottom of the
sample, 5 minutes each. The sample was treated with 6M HF for 1 week to etch the soda lime
silicate microparticles, resulting in a PEGDA inverse opal. However, to enhance X-ray contrast,

the uCT scan was performed with the particles in place.

3.3.2. Microstructural Characterization

3.3.2.1.  Scanning Electron Microscopy and uCT

Figure 3-1: SEM micrographs of study samples: a) carbon bijel, b) polymer bijel, c) porous
metal, d) polyHIPE, and e) inverse opal. Scale bar: 200 um

Scanning electron microscopy (SEM) and pCT were performed at the UC Irvine Materials
Research Institute (IMRI). SEM was carried out using a Quanta 3D FEG Dual Beam Microscope
(FEI). Representative SEM micrographs of the sampled materials are presented in Figure 3-1.
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uCT was performed using a Xradia VersaXRM-410 scanning system (ZEISS) capable of
resolving 900 nm features under 40X magnification. X-ray scan image sequences were exported

as digital imaging and communications in medicine (DICOM) files for processing.

DICOM pCT data were imported and processed in the ScanIP® module of Simpleware®
(Synopsis), a proprietary meshing software capable of reconstructing image sequences into
surface models.[81] Raw image data were segmented into 3D surface reconstructions of the solid
and pore phases of each sample using pixel intensity thresholding.[82] A Gaussian smoothing
operation was performed in ScanIP® with a radius of 1 pixel to match resolution of the initial
scan and reduce jagged surfaces during processing. These smoothing operations developed by
Simpleware® were designed specifically to preserve important microstructural details.[83]

Stereolithography (STL) surface reconstructions were generated for all data.[84]

3.3.2.2.  Triangular Meshes and Analysis

3D shapes are often approximated digitally with surface meshes comprising vertices (points
on the surface) and faces (connections between vertices). To identify the solid and pore phases,
the surface normal is also required for every face. Detailed models are efficiently described in
computer memory with dynamic surface density of vertices. In other words, highly detailed
regions are described with more vertices and smaller faces. To avoid under-sampling smooth
regions, surface qualities such as curvature are measured at points sampled uniformly across the
surface with spacing equal to the resolution in the pCT. Unless otherwise stated, all computer
programs were written and executed using Python 3.6.3 with open source libraries, most notably

PyMesh and Voro++.[85]
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3.3.2.3. Medial Axis
For microstructural analysis, the domain size (or characteristic pore size) is often estimated
by calculating the ratio of volume to surface area.[73,74] This single-value approximation offers
no information on the domain size distribution, which can strongly impact the performance of
porous materials. To better describe this distribution, the domain size at various points within the

material’s scanned volume is calculated using its solid and void medial axes, as detailed below.

Figure 3-2: lllustration of a branch point (red dot) connecting several medial axes (yvellow lines)
in connecting pore channels of the carbon bijel (with its solid phase shown in green).

The medial axis was first proposed by Blum[86] as the “topological skeleton” to describe
complex morphologies using a set of inscribed spheres and their respective centers, and is
commonly used in shape analysis,[87] pattern recognition,[88] and path planning.[89] There
exist several techniques for calculating the medial axis such as the original grassfire
transform[86] or approaches based on Voronoi tessellation.[90] However, for data-rich 3D sets,
many of these techniques are computationally impractical. For our data generated via nCT, the

medial axis was resolved using the shrinking balls algorithm with appropriate de-noising filters
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applied.[91,92] The shrinking balls algorithm projects a sphere tangential to a surface and
aligned along the surface normal. The radius is reduced until no other surface points are
contained inside the sphere, and the collective centers are gathered to approximate the medial
axis for both solid and void phases. By resolving the medial axis and calculating the radius of the
largest inscribed sphere, each point on the axis is associated with a local domain size (its
corresponding sphere radius). To compare measurements across varying length scales and
different materials, the data for each sample are divided by their respective mean values to center
distributions around one before statistical analysis. To ensure an accurate representation of the
domain size distribution, points exterior to the reconstruction boundaries are not included in the
calculations, as they are not associated with a real solid-pore interface. The points at which the
medial axis branches into two or more connecting pore channels are defined as branch points
(Figure 3-2), which are identified using ScanIP® and used for characterizing the material’s self-

similarity (see Section 2.2.7).

3.3.2.4.  Curvature

Curvatures were measured by fitting a quadratic function to each vertex and its neighboring
vertices. The eigenvalues of the Hessian matrix of this quadratic are the principal curvatures, ki
and ko, which were multiplied for Gaussian curvature and averaged for the mean
curvature.[44,93] A curvature toward the solid phase (convex) is defined as positive. Points at
the (x,y,z) limits of the model, representing the limits of uCT sampling, are removed from
analysis so that all calculations consider only the real internal surfaces in the model. To enable
direct comparison between different samples, the Gaussian curvature was scaled with respect to
the characteristic length by multiplying each measured value by the Voronoi area of each vertex

to return the integrated Gaussian curvature, a dimensionless quantity.[94]
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3.3.2.5.  Connectivity

a)

Figure 3-3: Illustration of a a) tunnel (red) and b) handle (yellow) on the surface of a toroid.

To characterize the phase connections in a structure, the genus of the object, g, is calculated
from the vertices (n), edges (e), and faces (f) on its surfaces.[94,95] Informally, g is the number
of cuts along non-intersecting closed curves that can be made onto an object, without separating
the structure into multiple pieces. As a simple example, a topologically closed shape such as a
sphere has g = 0 because it cannot be in two. Alternatively, a toroid can be cut once along its
closed surface without breaking the shape, so it has g = 1, indicating a higher connectivity. For
complex co-continuous structures, values of g much greater than one are expected, and can be
calculated with the Euler-Poincare characteristic, y, via the relationship y = n — e + f.[74] The
value of g is subsequently calculated as g = 1 — y/2. For the structures measured in the current
study, continuities in the void phase are defined as ‘tunnels’ and continuities in the solid phase as
‘handles’ (see Figure 3-4 for a schematic representation), both of which increase the value of g.
Conversely, isolated solid and void regions (islands and cavities, respectively) decrease g,
indicating a detriment to bicontinuity of the composite structure as a whole. However, the value

of g does not make a distinction between the two phases, and purely concerns their connectivity.

To construct an intrinsic metric and enable comparison between different samples, the genus
is divided by bulk volume and the cubed ratio of surface area to volume. The resulting scaled

genus is a unitless, length-independent measure of connectivity.[96,97]
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Continuity measurements are sensitive to size effects. If part of a continuous path is
intersected by any of the interrogated volume boundaries, the intersection will falsely appear as a
discontinuity in the model. To account for this, discontinuous features in contact with any of the

X,y,z limits and with centroids within one domain size of these limits are ignored from analysis.

3.3.2.6.  Tortuosity
To quantify tortuosity, the Euclidian distance between test points within the volume was

compared to their connecting path along the medial axis. Briefly, a path was identified by
randomly selecting an initial point from those representing the medial axis, and Dijkstra’s
algorithm was used to find the distance from this to every other point on the medial axis.[98] The
process was repeated with 50 different initial points, and pathways were built outward until all
locations along the medial axis had an associated pathway and distance from each initial point.
Tortuosity, 7, was then calculated for each starting point as T = L, /L where L, is the length of
the longest measured path, and L is the Euclidean distance between its endpoints.[99] The
arithmetic mean of the 50 independent T measurements was used as the representative tortuosity,

T, for each sample.

For porous materials, the effect of microstructure on diffusivity of a given species, as a
representative measure of transport properties, can be expressed by F = D/D, = T2 /& where F
is called the formation factor, D is the intrinsic bulk diffusivity of the same species in the
material filling the pore space (e.g. air), D, is the effective diffusivity, and ¢ is the porosity
defined as the ratio of pore volume to total volume.[99,100] This relationship has been used in
the study of gas diffusion layers,[101] lithium-ion batteries,[102] and sedimentary rocks.[103]
Archie’s Law, F = 1/&£™4, is commonly employed in sedimentary rock analysis, where my is an
empirical parameter specific to pore microstructure.[104,105] In the present study, m is
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extracted using 7 and € data. To provide a normalized metric for comparison of transport

between the different materials, the calculated T was rescaled to 50% porosity using Ty s =

7,/0.51-ma /gl-ma,

3.3.2.7.  Self-Similarity

To assess self-similarity of the selected porous materials, in addition to the domain size
distribution, the spatial arrangement of medial axis branch points and quantify the volume of the
corresponding Voronoi cells. A Voronoi tessellation is a space-filling set of cells built around
input points within a volume, constructed such that cell boundaries are equidistant from their
respective points, and is used in computational fluid dynamics,[106] molecular charge
distributions,[107] and structural biology.[108] In this study, medial axis branch points[86]
calculated in ScanIP® (recall Figure 3-2) were used as the input seeds to create a Voronoi
tessellation for each sample. Because of the finite spatial resolution of the medial axis calculation
in ScanIP®, points where several medial axes meet (e.g. sphere centers in the inverse opal) can
be falsely identified as a cluster of branch points. To prevent false oversampling in such cases,
branch points that within 1/2 of a domain size from each other were collapsed to one point at
their average position as illustrated in Figure 3-4. The filtered data were used as input positions
for the Voro++ library[85] and a Voronoi tessellation was performed. The volume of each
calculated cell was measured, and the resulting distribution was used to compare morphological

self-similarity in each material.
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Figure 3-4: lllustration of branch points generated automatically (a) and the collapse of clusters
(within %> of a domain) to a point.

3.4. Results

3.4.1. Volume Reconstructions and Medial Axes

Figure 3-5: 3D reconstructions of uCT data. The colored mask for each reconstruction
represents the solid phase of the scanned material. The medial axis in the pore phase is
represented by yellow lines. Pictured are the a) carbon bijel, b) polymer bijel, c) porous metal d)
polyHIPE, and e) inverse opal
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The 3D surface reconstructions processed from pCT scans for all tested materials are shown
in Figure 3-5. Additionally, the medial axes calculated in the pore phases are shown as yellow
lines and will be used in the calculations of the domain size distribution (Section 3.4.2) and self-
similarity (Section 3.4.6). Qualitatively, the surface reconstructions of the bijel-templated
materials (Figure 3-5a and Figure 3-5b) resemble a spinodal-like volume. Conversely, the
inverse opal (Figure 3-5¢) is mostly periodic as a result of the crystalline template. The porous
metal (Figure 3-5¢) and polyHIPE (Figure 3-5d) show more random microstructures, particularly
the polyHIPE which contains large pores due to the variable bubble sizes present in the template
emulsion. A similar trend is observed in the medial axes, which exhibits periodicity in the
inverse opal, and random turns and junctions in the other materials, although the bijel-derived
materials’ medial axes appear more uniform in density when compared to the porous metal and
polyHIPE. The remaining analyses presented in this study will use sample-specific color coding

consistent with the solid phase in Figure 3-5.

3.4.2. Domain Size Distribution

The characteristic domain size for both solid and void phases is measured through the medial
axis transform for each structure. Histograms of these data centered around one are presented in
Figure 3-6, and salient statistical measures of the domain size distributions are reported in Table
3.1. For the non-spinodal structures, qualitative descriptors of these distributions do not
necessarily match between the solid and pore phases. For example, note the distributions of void
and solid domains in the polyHIPE. By contrast, the solid and void domain size distributions in
the bijel-derived materials mirror each other, which is a hallmark of symmetric structures derived

from spinodal decomposition.[49]

36



Carbon Bijel

—— Polymer Bijel
o —— Porous Metal
gl —— PolyHIPE
g —— Inverse Opal
(N

0 1 2 3 0 1 2 3

Normalized Void Domain Normalized Solid Domain
Figure 3-6: Histograms of the domain size measured as twice the distance from the medial axis
to the material surface. The measured distance is normalized to the mean of the respective data
set so that the distribution is centered around 1 (dashed line).

In addition, the bijel-derived samples exhibit a tight distribution about the mean, while the
materials derived from polydisperse elementary shapes (porous metal and polyHIPE) have >50%
coefficient of variance. In the inverse opal, the characteristic size of the solid phase shows
variance intermediate to these limiting cases, which is likely due to the particular shape of the
interstitial volume in the original crystal. The distribution for void size is bimodal, with
normalized peaks around 1.44, corresponding to points within void pockets created by spheres,
and 0.63, from tunnels between template spheres commonly referred to as pore throats.[109] The
size distribution measured in the polyHIPE has a similar pattern, but with a much weaker mode
from elementary shapes presenting as a shoulder to the main peak. We hypothesize this relatively
weak mode to reflect the size polydispersity of the initial droplets. Constrictions in the pore
phase, such as the pore throats observed in the inverse opal and polyHIPE samples, lower

hydraulic permeability of a porous material by adding local resistance to flow.[47]
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Table 3.1: Domain sizes calculated from MicroCT scans of porous media

Carbon Bijel Polymer Bijel Porous Metal

Void Solid Void Solid Void Solid Void Solid

Inverse Opal

Coefficient of

Void Solid
Mean (um) | 8.10 7.25 36.5 36.9 17.2 37.2 20.1 5.37 70.6 20.8
Median (um) | 8.08 7.37 37.4 38.4 15.1 34.8 10.5 5.24 68.1 20.7
Mode (um) | 8.16 7.52 39.2 40.3 11.7 20.9 4.80 5.22 41‘826; 19.7
Variance (%) 25.8 28.9 25.6 27.3 128 53.1 60.8 50.9 35.1 31.6

*Void phase in the inverse opal model has two modes, corresponding to tunnels (smaller mode)

and the elementary shape (larger mode)
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High permeability is particularly important for applications that require uniform and
predictable flow for reliable operation, such as filtration and porous catalysts. Advantages in
uniform domain size distribution have also been recognized in electrochemical[110] and tissue
engineering applications.[111] Bijel-derived materials can offer a unique advantage in such

applications due to their uniform domain size distribution.[71,72]

3.4.3. Curvature

Curvature measurements are presented in Figure 3-7 as interfacial shape distributions (ISDs),
2D density plots of the principal curvatures k, vs. k;.[112] Statistics on the mean and Gaussian
curvatures are tabulated in Table 3.2. Because curvature (inverse length units) is inherently
dependent on feature size, the measurements are normalized to the characteristic domain size to
return a unitless curvature. Structures that approximate minimal surfaces are marked by a mean
curvature approaching zero and dominantly negative Gaussian curvature.[67] This should
present in the ISD as k, = —k;, (i.e. a dense cluster of points near the blue dashed line in the
second and fourth quadrants of each plot in Figure 3-7: ISDs for a) carbon bijel b) polymer bijel
c¢) porous metal d) polyHIPE, and e) inverse opal. The blue dotted line shows ko=-k;.Figure 3-7).
This clustering is observed only on bijel-derived samples, with observable deviation from the

line for the other materials.
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Figure 3-7: ISDs for a) carbon bijel b) polymer bijel c) porous metal d) polyHIPE, and e)
inverse opal. The blue dotted line shows k>=-kj.
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Mean (um)

Median (um)

Mode (um)

Standard Deviation

Table 3.2 Curvature Statistics calculated from MicroCT scans of porous media

Carbon Bijel Polymer Bijel Porous Metal Inverse Opal
Mean Gauss Mean Gauss Mean Gauss Mean Gauss Mean  Gauss
(109 (<107 (x10%)  (x107)  (x10%)  (x107)  (x10%) (x107) (x10%) (x107)
-2.94 -4.71 -25.0 -3.12 29.7 -0.51 -17.9 -0.89 -43.4 1.16
-3.10 -2.56 -23.8 -2.63 30.1 -0.29 -18.1 -0.47 -45.8 1.39
-5.46 -0.01 -27.4 -0.87 27.6 -0.04 -12.6 0.00 -48.6 1.15
46.9 6.17 33.5 2.95 38.9 1.95 42.3 2.26 26.6 3.96
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The ISDs generated by the porous metal and polyHIPE are shaped away from the line k, =
—k,, such that principal curvatures are infrequently of the same magnitude and local values of
mean curvature are consequently non-zero. Projections of the Gaussian curvature onto the
reconstructed interface are shown in Figure 3-8 as blue (negative) and red (positive) colors, and
suggest that the fundamental mechanism for this mismatch is contact points between elementary
shapes (e.g. spherical pockets), where one of the principal curvatures is inverted, resulting in
sharp curvature in one of the principal directions. This presents as intensely blue colorizations in
these areas and gray or slightly red values in other regions. This effect is also observable in the
inverse opal where the densest clustering of points is in the lower left quadrant of the ISD,
corresponding to a negative k; and k. This cluster results from the surfaces generated by the
elementary shapes (spheres) in the original crystalline template. At the contact points where the
glass particles had sintered together, one of these curvatures has inverted to be strongly positive,
appearing in the ISD as points clustered in the upper left quadrant of the graph. The inversion
points in all of these structures create regions of negative Gaussian curvature, but the magnitude
mismatch between k; and k, is much more extreme than in a bijel-derived sample, as shown in

Figure 3-7.

For intermediate stages of spinodal decomposition, previously published analysis on the
curvature suggests hallmarks similar to the known minimal surface gyroid.[67] It should be
noted that a minimal surface in this sense refers to its mathematical description, in which the
mean curvature is equal to zero at all points, not a thermodynamic minimization of interfacial
area per volume. For a rigorous discussion on minimal surfaces, the reader is referred to

published reviews.[113,114] The bijel-derived structures cluster strongest around the k, = —k;
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line in the ISD indicating these are the closest approximation of a mathematically defined

minimal surface for the materials evaluated in this study.

In addition to marking approximations of a minimal surface, curvature has recently been
identified as an important feature of biomaterials, affecting cell migration and
differentiation.[115,116] The curvature distribution of internal surfaces is also expected to
significantly influence the mechanical properties of a porous or composite material.[44,117] It is
well understood that sharp cracks and porosity act as strength-limiting defects, especially in
brittle materials.[118] Recently, simulations and experiments on shapes with dominantly
negative Gaussian curvature have shown an efficient distribution of stresses and an approach
toward full theoretical strength,[119] while curvature in general can be used to steer or even
arrest crack propagation.[120] Therefore, the observed predominance of negative Gaussian
curvatures is expected to impart unique and desirable mechanical properties to bijel-derived

porous materials and composites.

3.4.4. Connectivity
Table 3.3 presents the scaled genus, G, and the relevant parameters involved in its

calculation, for the materials investigated in this study.

Table 3.3: Connectivity parameters

Carbon Polymer Porous Inverse
Bijel Bijel Metal Opal
S;1 (um) 6.25 37.3 23.5 10.0 36.9
G 0.146 0.162 0.151 0.293 0.199

Materials with microstructures similar to the non-spinodal samples studied here have recently
been employed in electrochemical, catalysis, and tissue engineering applications, and have
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demonstrated advantages in active material utilization,[68,121] mitigation of degradation
mechanisms,[10,15] high power operation,[46,122] and cell infiltration,[123,124] all of which

are generally attributed to enhanced phase connectivity.

n +20

Figure 3-8: Per vertex integrated Gaussian curvatures projected onto the models as blue - red
values. The color span ranges from two standard deviations below (blue) to two standard
deviations above (red) a Gaussian curvature of zero. Values below and above this range have
the maximum blue and red values, respectively. a) carbon bijel b) polymer bijel c) porous metal
d) polyHIPE, and e) inverse opal.

Additionally, the mechanical properties of lightweight porous structures are generally related
to their solid phase connectivity, as this is a key determinant of stress propagation pathways
through the structure.[125] Previous computational studies have reported scaled genus values of

Gs =0.132 and G4 = 0.165 for spinodal and gyroid structures, respectively.[74,96] Our
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measurements are generally in agreement with these reports (G = 0.146 and 0.162 for the carbon
and polymer bijels, respectively), and notably suggest a similar degree of connectivity (G5 = 0.15
— 0.20) for the non-spinodal samples studied, with the exception of the polyHIPE (Gg = 0.293).

In order to scale Gy across materials, a characteristic length scale is estimated by the ratio of area

to volume (reported in Table 3.3 as S;1).

Therefore, bijel-derived structures enjoy phase connectivity on par with most other classes of
porous materials commonly utilized in applications. However, this comes with the critical and
unique advantage of uniform pore and solid domain size distributions, which can be highly
advantageous for the applications discussed earlier. The less uniform domain sizes in non-
spinodal structures can translate to poor quality connections in both the solid and void phases.
Narrow solid phase connections, pore phase constrictions and sharp curvatures are expected to
compromise the mechanical properties[96,126] or functionality of catalysts and electrochemical
devices,[10,15] as well as the species transport or cell migration pathways through the porous
material.[111] It should be noted that the characteristic length used in the calculation of Gy,
estimated as S, 1, is insensitive to size heterogeneity and therefore may not fully capture the
dependence of phase connectivity on domain size distribution. As such, these two aspects must
be considered separately when assessing the morphological advantages of bijel-derived porous

materials for applications.

3.4.5. Tortuosity
Plots of L, vs. L for all 50 points tested in each sample for the calculation of T are shown in
Figure 3-9, and the calculated 7, €, ma, and 7 5 for each material are presented in Table 3.4.
None of the measured materials allow perfectly straight pathways through the pore phase,
however, the straightest and most predictable lengths are measured in the inverse opal due to the
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crystalline and periodic nature of this material. This is reflected in the lowest calculated 7 (1.16)
and individual L,L, points clustered close to the L, = L line (tr = 1) in Figure 3-9e. Pathways
through the randomly porous materials (porous metal, Figure 3-9¢ and polyHIPE, Figure 3-9d)
require large and unpredictable deviations from the shortest path, resulting in relatively large T
(1.73 and 1.43, respectively) and points scattered above the L, = L line. T in the non-periodic
carbon and polymer bijels (Figures 9a and 9b) are intermediate to the ordered and random
materials (1.26 and 1.30, respectively), yet the clustering of L,L, points parallel and close to the
L. = L line for both these materials suggest a more predictable behavior than those in the porous

metal and polyHIPE potentially due to the regularity of the microstructure.
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Figure 3-9: Individual L. vs. L data in a) carbon bijel b) polymer bijel c) porous metal d)
polyHIPE and e) inverse opal. L.=L is plotted as a solid line and represents t=1
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Table 3.4: Tortuosity of tested porous materials and relevant parameters used for scaling

Carbon Bijel Polymer Bijel Porous Metal Inverse Opal
T 1.26 1.30 1.73 1.43 1.16
€ 0.529 0.433 0.406 0.674 0.739
my 1.73 1.63 2.22 2.81 ________ 198 ________
Tos 1.29 1.24 1.52 187 140

T is expected to decrease with increasing ¢ in randomly porous materials (e.g. porous metal
and polyHIPE) as there are fewer solid phase impediments to any path through the structure. The
pore geometry-specific Archie’s Law exponent, my, is highest for the polyHIPE and porous
metal, reflecting a greater impact on T with changing porosity. Of note, the m, values of the
bijel-derived materials are reasonably close, supporting findings that the characteristic bijel
microstructural features are preserved after pyrolysis and polymer casting post-processing, and
over a range of characteristic domain sizes. Bijel-derived materials have the lowest my,
indicating a lesser contribution from pore morphology to tortuosity. Further, these materials have
the lowest normalized tortuosity, T, s, translating to the greatest D, through the structure (F =
D/D, = ©2/¢). Low tortuosity is advantageous in many applications, particularly fuel cells,[127]
chromatography,[128] and tissue engineering scaffolds,[129] which benefit from more robust

transport pathways for reactants, analytes and nutrients, respectively.

Tortuosity calculations based on geometric measurements are dependent only on the shape
and topology of the medial axis, qualities not directly related to porosity. Decreasing ¢ for the
inverse opal by dilating the solid phase is not expected to impart changes to the medial axis until

constrictions between pores are closed, and to this point, T remains constant. Here we include my,
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and T, 5 for the inverse opal for the sake of comparison (dashed borders in Table 3.4), but it

should be noted that these values do not necessarily represent a real scenario.

3.4.6. Self-Similarity

The spatial distribution of branch points (recall Figure 3-2) throughout a structure can be
measured by calculating the volume distribution of the corresponding Voronoi cells. The
cumulative distribution function for Voronoi cells in each structure is plotted in Figure 10 and is

shown to closely fit a modified logistic function:

-1
CDF = +1

(In(d)-In(x))
(1 fo  T® )

where d is the inflection point (i.e the average volume of a Voronoi cell) and s is the
steepness term, whose magnitude reflects how uniformly branch points are distributed in space (a
large value of s corresponds to a small spread in the Voronoi volume distribution). The
independent variable, x, is the cumulative volume of the cells (plotted on the horizontal axis in

Figure 3-10).
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Figure 3-10: Volume distribution of Voronoi cells in selected porous media plotted as
Cumulative Mass Finer Than (CMFT) vs. volume. The curves fit a logistic function on a
logarithmic scale for the carbon bijel (green), polymer bijel (blue), porous metal (red),
polyHIPE (orange), and inverse opal (grey). Dotted lines show fits to the modified logistic

function.

The inverse opal structure has the greatest steepness factor of 0.90 in the modified function,
indicating the most uniform spatial distribution of branch points. We expect this to be the case as
junctions in the medial axis are by nature uniformly distributed in such a periodic structure. The
two bijel-derived samples display the next tightest Voronoi volume distributions. Interestingly,
the steepness factor matches for both of these samples with a value of 0.79, indicating that, in
this unique class of porous materials, self-similarity is maintained across different length scales,
and even after pyrolysis processing. The porous metal and polyHIPE structures, derived from

more random processes, have broadly distributed Voronoi volumes with steepness factors of s =
0.69 and 0.55, respectively. Therefore, bijel processing provides access to a unique class of

porous materials that, without relying on a periodic backbone, enjoy a relatively uniform

distribution of medial axis branchpoints within the pore phase.
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A broad distribution of Voronoi cell volumes indicates a non-uniform spatial arrangement of
medial axis branch points in the structure. Oversized Voronoi cells indicate regions poorly
populated by these junctions, while conversely, small Voronoi cells can be attributed to a high
local density of branch points. Therefore, we expect the relatively steep distributions for bijel-
derived materials seen in Figure 10 to play into advantageous transport properties such high
hydraulic permeability in these systems, which will be the topic of a future investigation in our

laboratory.

Self-similarity in either the pore or solid phase is important in uniform active material
utilization for electrochemical systems. The observed advantages in inverse opal derived
electrodes are attributed to enhanced homogeneity and connectivity working together to
uniformly expose active elements.[46] We expect the previously identified qualities in bijel-
derived materials (i.e. curvature, domain size distribution, connectivity, tortuosity) to work

synergistically with the self-similarity in complex systems using this new morphology.[23]
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3.5. Conclusions

Using 3D reconstructions from pCT data, bijel-derived materials were demonstrated to
possess a unique combination of microstructural features. These include dominantly negative
Gaussian surface curvature, tight distributions of domain size, high connectivity, moderate
tortuosity, and structural self-similarity. Furthermore, these morphological features are
maintained across a range of length scales typical for bijel processing. The full microstructural
analysis demonstrated how the bijel, formed in a dynamically self-similar manner, can be
processed into porous materials possessing the distinctive morphological attributes of the parent
structure for future development of porous materials with enhanced transport and mechanical
properties. These inherent advantages of near-minimal surfaces are applicable across a large
range of disciplines, and bijel processing is currently being explored as a scalable engineering
route for highly permeable, mechanically robust materials for energy systems, catalysis,
filtration, and biomedical devices. This self-assembly technique has inherent advantages in
scalability over conventional routes toward gyroid-like minimal surfaces that rely on deliberate

material design, adding cost and time to the fabrication process.
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4. On Deactivating the Solid Phase of an Electrode

4.1. Abstract

Secondary zinc/zinc oxide electrodes have traditionally suffered from electrochemically-
driven material redistribution during recharge, leading to cell failure through short circuits or
compromised transport pathways. Maintaining a homogeneous current density by increasing
connectivity in an electrode has been shown to limit material redistribution and delay capacity
loss during cycling. In this work, microstructures derived from spinodal decomposition enable a
more uniform current density within the electrode and mitigate the loss mechanisms associated
with material redistribution, due to their unique topological characteristics. 2D simulations show
that spinodal structures are able to maintain better connectivity and a more uniform distribution
of current densities during one full discharge, than their stochastically-derived analogs. Inspired
by these results, zinc electrodes with spinodal-like morphology were generated and their cycling
performance compared to powder-derived stochastic analogs, up to a depth of discharge
competitive with commercial Li-ion technology. Our synthesis protocol is based on soft matter
templating techniques described previously in Chapter 2. While the stochastic electrodes lose
their entire capacity in 40 galvanostatic charge-discharge cycles, the spinodal-like structures
maintain >90% of their original capacity over the same cycling duty, and show significant
improvement in lifetime to approximately 100 cycles. Ex-situ SEM observations show that
material redistribution is effectively delayed in the spinodally-derived electrodes, which we
attribute to more uniform current densities during cycling as motivated by our simulations. Our
findings establish a facile strategy based solely on microstructural design, to improve the

cyclability of zinc oxide electrodes.
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4.2. Introduction

The emerging market for electric vehicles and the demand for higher performance batteries
in personal electronics have fueled a need for advanced electrochemical cells with high power
and energy densities and motivated scientific research to enable their development. Lithium ion-
based technologies dominate these markets; however, the reactivity[3,4] and availability of
required materials[5,6] present challenges to their safe processing and pervasive use. Recently,
systems using cyclable Zn-based electrodes have attracted interest as a competing
technology,[ 130] offering electrochemical characteristics competitive with Li-based systems,
but with advantages of raw material availability, safety,[131] and recyclability.[132] Zn anodes
can be paired with nickel, silver or oxygen to create primary cells with high power
density[131,133] or high energy density.[132,133] However, enabling rechargeability in this
technology has presented a challenge, due primarily to the solubility of the zincate ion — an

intermediate reactant during charge cycling:
Zn+40H™ o Zn(OH),*” + 2e™

Zn(0OH),*~ & Zn0 + H,0 + 20H™

For systems based on the dissolution and reprecipitation of active material from the electrode
surface, a limit in cyclability and capacity is reached as internal conduction pathways change
through redistribution of active material, creating non-uniformities, discontinuities for charge
conduction, or short-circuits.[134—138] This typically corresponds to an observable evolution to
electrode morphology.[11,139,140] Strategies to mitigate material redistribution in Zn systems
are frequently in the form of additives to the electrolyte[12,141,142] or electrode material,[ 143—

146] or adsorbed barriers at the interface of the electrode and the electrolyte.[137,138,145,147—
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149] As an alternative or complementary strategy, tuning the electrode microstructure to be
naturally resistant to “hot spots” (i.e. local regions responsible for a disproportionate amount of
current density) has only recently become an active research topic.[10,150,151] For Zn
electrodes, the opportunity to perform electrochemistry uniformly over the entire internal surface
is highly advantageous and has been shown to mitigate the currently accepted degradation
mechanisms.[10,150] In this paper, we investigate a new strategy in the design of Zn-based
electrodes, based solely on the design and tailoring of the microstructure, to achieve a more
uniform current density along the electrochemically active surfaces, thereby discouraging

undesired microstructural evolution during operation and enhancing electrode cyclability.

Bicontinuous interfacially jammed emulsion gels (bijels) are a new class of soft materials
based on the arrested spinodal decomposition of two partially miscible fluids.[54,63] Briefly,
colloidal particles, tailored to be neutrally-wetting for the separating phases, are adsorbed to the
interface of demixing fluids during spinodal decomposition, and become jammed as the
coarsening of the structure reduces interfacial area between the fluid phases. This structure can
be further stabilized via selective polymerization of one phase,[66] and functionalized through a
variety of processing techniques, including: electroless deposition,[23] nanocasting,[152]
carbonization (pyrolysis), and chemical vapor deposition. Several important features in the
topology of bijels — unique to the mode of demixing (spinodal decomposition) that they are

formed by — are transferred to their derivatives through templating,[ 153] most importantly:

a) Phase continuity
b) Uniform and dominantly negative Gaussian curvature of internal interfaces[66]
¢) Uniform and tunable domain size and specific interfacial area[23]

d) Accessibility and uniformity of active material at the reaction interface[23]
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e) Microstructural self-similarity

We expect that this unique combination of qualities offers electrochemical advantages in
transport (relating to items a — c),[ 154] power delivery (items ¢ and d) and uniform discharge

(items a, d and e), as well as enhanced mechanical properties (item b).[44]

In this work, experimental investigation of spinodally-derived ZnO electrodes was first
motivated by computer simulations that suggest spinodal topologies are more robust against
electrochemical degradation than their stochastically-derived analogs. Uniformity in domain size
and interfacial curvature, characteristic of spinodal structures, were shown to work
synergistically to reduce highly-preferred sites for redox reactions, or “hot spots”, that can drive
heterogenous microstructural evolution within the material. With insight from these findings,
experiments on Zn-based electrodes were performed to illustrate the advantages of a spinodally-
derived microstructure for cycling in this class of electrochemical cells. Zn precursors were
precipitated in the solid phase of a bijel-derived polymer scaffold and subsequently sintered to
form an electrochemically active ZnO structure templated from the bicontinuous emulsion.
These carefully designed bijel-derived electrodes were cycled repeatedly in charge-discharge
experiments, and showed higher recoverable capacity upon cycling than stochastic powder-
derived analogs. Scanning Electron Microscopy (SEM) observations at various points of cycling
showed that microstructural evolution instigated by charge-discharge cycles is delayed in the
spinodal, compared to the stochastic, electrode microstructures. Based on the results of our
computer simulations and SEM observations, we attribute the enhanced cyclability in our
materials to microstructural characteristics inherited from the parent bijel — particularly the
uniform domain size and interfacial curvature — leading to a more uniform rate of redox reactions

along electrochemically active surfaces during cycling.
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4.3. Materials and Methods
Figure 4-1 shows schematic representations of the synthesis processes used in this study to

create the bijel-derived and stochastically porous electrodes for electrochemical cycling.
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Figure 4-1. Schematic representation of synthesis routes for
stochastic (1) and bijel-derived (Il) electrodes.

4.3.1. Particle Synthesis

Spherical, sub-micron silica particles were synthesized via a modified Stober
process.[79,155] Briefly, 12.5 mg rhodamine B isothiocyanate (RBITC, CAS# 36877-69-7,
Sigma-Aldrich, St. Louis MO) was conjugated in 10.0 mL anhydrous ethanol (EtOH, CAS# 64-
17-5, Gold Shield Distributors, Hayward CA) with 26.3 pul 3-aminopropyltriethoxysilane
(APTES, CAS# 919-30-2, TCI America, Portland OR) for 24 h. Half of this dye solution was
added to a solution of 55.0 mL EtOH, 10.0 mL 18.1 M ammonia solution ( NH4OH, CAS# 1336-
21-6, Fisher Scientific, Fair Lawn NJ) and 4.18 mL tetraethylorthosilicate (TEOS, CAS# 78-10-
4, Sigma-Aldrich, St Louis MO). The silica precursors were allowed to hydrate and oxidize for

24 h before being rinsed with deionized water through five centrifugation/redispersion cycles.
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The particles were subsequently dried at 135 °C under vacuum (~25 in Hg) for 28 h to achieve
near-neutrally wetting conditions between water (>18 MQ, Millipore-Sigma, Burlington, MA)

and 2-6 lutidine (CAS# 108-48-5 Sigma-Aldrich, St. Louis MO).

4.3.2. Scaffold Synthesis

After drying, silica particles were dispersed in water via an ultrasonic horn (Model Sonifier
250, Branson Ultrasonics, Danbury CT) and mixed with 2-6 lutidine such that the volume
fractions for silica, water, and 2-6 lutidine were 0.030, 0.669, and 0.301, respectively. Tubular
glass cuvettes charged with 0.205 mL of the suspension were heated in a microwave for 15 s at a
power of 230 W to induce spinodal decomposition of water-rich and lutidine-rich phases, with
the neutrally-wetting silica particles trapped in a monolayer at the interface as shown in Figure
4-1 IIb. The samples were then transferred to a 70 °C oven to maintain temperature above the
lower critical solution temperature (LCST) of 34.1 °C. The oven was controlled to the higher 70
°C temperature to resist cooling below the LCST during oligomer addition outside of the oven.
Polyethylene glycol diacrylate (PEGDA, CAS# 26570-48-9, Sigma-Aldrich, St. Louis MO) was
added to the top of each sample (35 pl) with 1 vol% Darocur 1173 (Ciba Specialty Chemicals,
Basel Switzerland) as a photoinitiator, and the oligomer solution allowed to selectively diffuse
into the lutidine-rich phase for 4 h before polymerization via 30 s ultraviolet radiation (Omnicure
Series 1000, 100 W power). After curing, the scaffolds were rinsed with deionized water to
remove unreacted oligomers. Silica particles were etched from internal surfaces via a 5 h
treatment with 6 M hydrofluoric acid (HF, CAS# 7664-39-3, ThermoFisher Scientific, Hampton

NH) and the PEGDA scaffolds were left to dry in a convection oven at 70 °C.
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4.3.3. Precipitation and Sintering of ZnO Precursors

Precursors to ZnO were precipitated in the solid phase of the porous polymer template by
controlled reaction of Zn(NO3), and NH4OH, similar to the templating approach by Park and
Meldrum.[156] Briefly, the dried, etched polymer scaffold was treated with equal volumetric
amounts of 4 M aqueous NH4OH and 8 M nitrate salt solution to selectively precipitate solid Zn
precursors in the hydrophilic solid phase of the scaffold. 500 ppm indium and bismuth were
included as nitrate salts to suppress hydrogen evolution.[157] A 0.127 mm diameter Pt wire was
attached to the scaffold as a current collector before heat treating the samples in air at 1350 °C
for 3 h in a box furnace (Model 51314, Lindberg/Blue M Electric, Watertown WI) to burn away

the polymer template and densify the ZnO scaffold.

4.3.4. Preparation of Stochastic Electrodes

To provide a structure of similar chemistry and stochastically porous morphology, a
precipitated ZnO powder was blended with a pore former and sintered alongside bijel-derived
scaffolds. To enable direct comparison of these stochastic electrodes to their bijel-derived
counterparts, the pore former was selected from a variety of starch-based organics to create a
pore phase with a similar average domain size (observed via SEM) to the bijel-templated
electrode. Electrode porosities, estimated from density measurements, were also matched
between the stochastic and bijel-derived samples by manipulating the relative concentrations of
precursor and fugitive pore-former powders in the stochastic specimen formulations. This
produced an array of stochastically porous structures, in which the chemistry, average pore size,

and porosity were similar between each sample and its bijel-derived counterpart.
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4.3.5. Electrochemical Reduction of ZnO to Zn: Charging a Half Cell
The sintered ZnO scaffolds were electrochemically reduced to metal by maintaining a —1.55
V bias (vs. Ag/AgClin 1 M KCl) in 1 M KOH with a Pt wire counter electrode. Potential was
applied and current recorded via a Keithley 2400 Sourcemeter (Tektronix, Beaverton OR)
controlled by a computer and the PyVISA library. Maintaining a negative potential drives the
cathodic transformation of ZnO to Zn metal at the working electrode, and anodic evolution of

oxygen at the counter electrode. No hydrogen evolution was observed at the working electrode.

4.3.6. Post-Reduction Sintering
To further solidify the conductive backbone, the reduced Zn samples were sintered in ultra-
high vacuum (<1078 Torr) at 405 °C, 98.6 % of the melting temperature of Zn. In the absence of a
liquid phase, low T, metals tend not to sinter until very close to the melting temperature.[ 158]
After this initial heat treatment, electrodes were exposed to air and heated to 600 °C for 3 h to
further enhance connectivity. This follows the procedure of Parker, ef al. to create a structure of

electrochemically active Zn(0O).[10,143,150]

4.3.7. Cell Assembly
A schematic illustration of the components assembled into a cell is shown alongside

photographs of a cell during assembly in Figure 4-2.
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Figure 4-2: (Left) Schematic of cell components used for galvanostatic cycling (not to scale). A bijel-derived sample is illustrated
here, but an identical assembly was used for stochastic samples. (Right) Photographs during assembly of a cell.
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To minimize experimental contributions from counter electrode degradation, the associated
depth of discharge (DOD) was limited to ~1% by using at least 100x more material to create the
counter electrode. Prior to assembly, the 0.1 M KOH electrolyte was saturated with soluble Zn to
mitigate dissolution of the active material and gelled with polyacrylic acid (40 mg/mL). This
viscous electrolyte solution was then vacuum infiltrated (~25 in Hg) into both the working and
counter electrodes. Axial pressure was applied through dense current collectors at the ends to
maintain electrical contact with the zinc. To prevent crushing the experimental sample during the
assembly and sample testing procedures, the working electrode was packed in carbon felt and
protected inside of a 1.85 mm thick (poly)tetrafluoroethylene ring. The electrodes were separated
by cellulose filters to prevent electrical contact, and the entire cell hermetically sealed after

assembly to limit electrolyte evaporation.

4.3.8. Characterization

4.3.8.1.  Galvanostatic Charge-Discharge Cycling

The experimental Zn samples were electrochemically cycled in the cell described above.
Potential during cycling was measured against a Pt/PtOx quasireference electrode (QRE). The
working electrode was initially charged potentiostatically to —1.30 V vs. the QRE, corresponding
to metallic Zn. A potentiostatic charge minimizes overpotential by gradually reducing the current
as the material is converted. When the current was reduced below 1 mA/g ZnO (roughly
equivalent to a C/500 charge rate, i.e. 500 hours for 100% charge or discharge), the charging
current was stopped and the full capacity of the electrode measured as [ I dt. The working
electrode was subsequently cycled galvanostatically at a C/5 rate between potential limits of —

1.30 V and —0.01 V vs. the Pt QRE, until the recoverable capacity dropped below 10% of its
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value in the first cycle. Coulombic efficiency was calculated as the ratio of discharge capacity vs.

the charge capacity.

4.3.8.2.  Scanning Electron Microscopy (SEM)

Unless otherwise noted, all electron microscopy was performed on a FEI Magellan SEM
equipped with a field emission gun electron source. The ZnO samples required no conductive
coating and were attached to aluminum sample stubs with carbon tape. Images included herein
were acquired as secondary electron (SE) images using the equipped Everhart-Thornley SE

detector, with 18-25 kV accelerating potential.

4.3.8.3. X-Ray Diffraction (XRD)
Uncycled, sintered ZnO electrodes (step d in Figure 4-1) were crushed via mortar and pestle,
dispersed in isopropanol alcohol, and applied as a paste in a thin layer onto a silicon zero-
background holder. XRD measurements were performed over the range 10-100 °20 with a

Rigaku Smartlab diffractometer equipped with Cu Ka radiation to confirm the phase(s) present.

4.3.9. Simulations
Square projections of spinodal and stochastic microstructures were generated for discharge
simulations and each divided into 1024 x 1024 pixels for analysis. The spinodal projection is a
solution to the Cahn-Hilliard equation, a partial differential equation approximating spinodal

decomposition. [57]

The non-spinodal projection was generated stochastically with a noise filter and threshold
settings to create elements of random size and topology as a representation of powder-derived
assemblies and contrast the uniformity and connectivity of the spinodal structure. The fraction of

active pixels in each structure was set to 0.5 and scaled such that characteristic feature size
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(measured as active material area/interfacial length) was equal between the two structures. This
enabled an initial assessment of how the architecture of the solid phase affects the discharge

dynamics and active material topology in these systems.

A demonstration of the discharge algorithm is shown in Figure 4-4 and Figure 4-3.

63



Fractional Charge

Discharge Probability

Initial

0.0

Fractional Charge

Discharge Probability

Figure 4-3. Fractional charge of pixels in a simulation (top) showing increased probability of

discharge on positively curved surfaces (bottom). The first ten time steps are shown.
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As illustrated in Figure 4-3, each active pixel in the simulation was initially assigned a
fractional charge of one, which decayed to zero as the electrode was discharged (top panels in
Figure 4-3). Each time step in the simulation discharged 1% of the initial capacity, analogous to
a galvanostatic experiment. To convert between charged and discharged states, material in an
electrode requires electrical contact with the current collector and exposure to the pore phase,
which will move reactants and products to and from the reaction sites. In these simulations, the
discharge product is considered permeable to reactants. Electrical and chemical conductivity in
2D were maintained throughout the entire structure. Consequently, the probability of a pixel
discharging was calculated only from the charge state of its neighbors and its relative exposure to
the pore phase. To evaluate this exposure, a blur filter was applied across the simulation and the
relative intensity of each pixel used as an indicator. For example, a pixel with a fractional charge
of one is unlikely to change state if its neighbors are also fully charged. Conversely, a pixel with
neighbors in the pore phase (effectively zero charge) will be blurred to a lower value. Small
value pixels in the blurred array were assessed as more reactive and discharged by a higher

probability than pixels with larger values (bottom panels in Figure 4-3).

To identify material degradation during simulated discharge, continuous regions of charged
material (groups of connected pixels with fractional charge of one) were identified at each time
step to compare the active phase topologies between the two structures. Topological events such

as disconnects and fully discharged elements were quantified by locating these active bodies as
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described below, and monitoring their number and shapes through subsequent frames, as

illustrated in Figure 4-4

a) b) c) d)

Figure 4-4: Discharge simulations on a Rubin vase at (a) 1%, (b) 40%, (c) 80%, and (d) 95%
DOD. A disconnect at the vase nose is demonstrated between panels (b) and (c), and a destroyed
body is demonstrated in the bottom half of the vase between panels (c) and (d). Points at sharp
features (e.g. base of vase) will experience higher current density (red contour).

Identifying two separate active bodies in the footprint of what was previously only one
indicates a disconnection. Conversely, no active bodies in a previously active region suggests
complete discharge of one body. To calculate the local rate of material conversion (i.e. the

specific current), the interfacial speed between charged and discharged material was calculated

ox

ay
- and P Fast-

as the maximum gradient vector from its components in the x and y directions
moving interfaces indicate the material near this interface is transforming quickly and suggest a
high local rate of charge transport across the boundary, i.e. a large current density. When

calculated in this way, heterogeneities in the specific current, a known driving force for material

redistribution, can be quantified.

4.4. Results and Discussion

4.4.1. Simulations
Figure 4-5 shows simulation snapshots at 20, 45 and 80% DOD for the spinodal and the

stochastic electrodes, with active material presented in either gray (charged) or black
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(discharged, passivation layer). White pixels represent the electrolyte, which is responsible for
transporting chemical precursors to reaction sites. The red contour pixels between charged and
discharged material indicate interfacial speed in shades of red, with more intense red colors
indicating faster-moving boundaries. Examples of disconnects, destroyed bodies, and locally
shallow depths of discharge are highlighted by pink, yellow, and green arrows, respectively. The
results of Figure 4-5 provide an overall visual basis for the various topological and
electrochemical changes that are subsequently analyzed and quantitatively discussed in Figure
4-6. Throughout the rest of this dissertation, I will use color coding consistent with the frames in
Figure 4-5, where the results of bijel-derived (spinodal) and stochastic samples are represented in

blue and red (symbols or frames), respectively.
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Figure 4-5. (top to bottom) Snapshots in the simulation for 20%, 45%, and 80% DOD, for the
spinodal-like (panels a-c) and the stochastic (panels d-f) structures. Higher magnifications of
both structures are also presented. The pink, yellow, and green arrows show examples of
disconnects, destroyed bodies, or regions with vastly dissimilar local depths of discharge,
respectively.

To transition between oxidation states, the material requires both charge, conducted through
the solid phase, and reactants, supplied by the electrolyte.[159] As expected, material on the
electrode surface is seen in Figure 4-5 to have transformed before the interior elements. In
general, growth of the passivation layer began at the solid-electrolyte interface and moved
toward the interior, eventually converging and interrupting continuity of the core as a disconnect,

or destroying an active body by complete discharge. Qualitatively, these topological events were
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observable relatively early in the stochastic microstructure (Figure 4-5, panel d), while the
spinodal sample resisted such changes until a larger DOD was reached (Figure 4-5, panel b).
Also, close inspection of Figure 4-5 suggests that: 1) variability in the local DOD, as indicated
by green arrows in Figure 4-5 panel e, can be caused by variations in the curvature and specific
interfacial length of the associated solid features, leading to non-uniform active material
utilization. Further, the DOD at which a disconnect occurs depended on the same morphological
characteristics (for example, the earliest disconnect in Figure 4-5 is observed at a narrow neck in
the stochastic structure); and 2) when a disconnect forms, the oxidation interface moved rapidly
away from it as active material continued to be converted under galvanostatic conditions (see the
intense red contour colors at the points of disconnect, which are marked by pink arrows in Figure
4-5). These regions are identified as “hot spots” by their fast-moving interfaces, and must be
compensated for elsewhere in the structure by regions with locally low current densities. These
qualities are characteristic of uneven utilization of active material, and the snapshots presented in
Figure 4-5 demonstrate how the non-uniform domain size distribution in a stochastic structure
made it more prone to such nonidealities. Our findings in Figure 4-5 are in agreement with
previous simulated and experimental observations, in which current density was shown to
depend upon the relative exposure an electrode surface has to the electrolyte.[139] In addition,
recent Finite Element Analysis (FEA) simulations of current density on electrode interfaces show
that even small perturbations to a smooth surface encourage dendritic growth by establishing a
non-uniform diffusion front and preferred deposition sites protruding into the electrolyte

bulk.[134,139,160,161]

To better understand the topological and morphological changes that occur during discharge,

and their impact on local current densities within the electrode, quantitative measurements of
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active material connectivity and interfacial speed were extracted from the simulations, and are
reported in Figure 4-6. Panels a and b quantify the changes in topology and interfacial speed
throughout the simulation, respectively, while panel ¢ shows the spatial distribution of current

within each electrode.
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Figure 4-6. (a) Active bodies in a simulation (solid line) and events marking material
degradation (shaded/dashed). Material degradation is divided into destroyed bodies (bottom)
and disconnects (top) in the stacked line plot. (b) Mean interfacial speed with standard deviation
vs. DOD. Markers represent average values at each time step and the solid lines are ten-point
moving averages. A confidence envelope shows standard deviation from the mean. (c) Colorized
grid overlay of time-averaged interfacial speeds. The spinodal structure (left) distributes current
better than the stochastic structure (right), which features lasting hot spots.
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Key topological measures reported in Figure 4-6a include unique active bodies shown as a
solid line, and material degradation as a stacked line plot (shaded area) comprising destroyed
bodies on the bottom and disconnected elements on the top. Both degradation measures
increased monotonically after the onset of topological change, which was immediate in the
stochastic structure, but largely delayed until about 45% DOD in the spinodal structure. From
Figure 4-5, this is when the interface began to pinch the narrowest points in the microstructure
and hot spots were qualitatively observable. During late-stage discharge, the topologies of both
structures had degraded to nearly the same state (the stacked plots intersect each other at about

85% DOD).

The mean interfacial speed for each structure up to 100% DOD is reported in Figure 4-6b.
Here, the solid markers represent the measured mean interfacial speeds at different points in the
simulation, and the solid lines represent a ten-point moving average of the same quantity.
Variability in the measured speeds is shown as a shaded confidence envelope generated by the
standard deviation of all measurements at each time step. Initially, the average interfacial speed
was slow, suggesting a low current density, but as material is converted, the perimeter of active
bodies in the system is decreased resulting in an increased current density to maintain
galvanostatic conditions, and consequently, faster moving interfaces. The perimeter of active

material in the simulation is quantified in Figure 4-7.
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Figure 4-7. Interfacial length of both electrodes during the discharge simulation. The spinodal
structure maintains a larger interfacial length to a greater depth of discharge than the stochastic
structure.

Interestingly, the increased scatter in these measurements correlates closely with the
degradation events tracked in Figure 4-6a, suggesting fast-moving interfaces were inspired by
these topological events. The variations in interfacial speed seen in Figure 3a also agree with our
qualitative observations in Figure 4-5, where the interfacial speed appeared to be more uniform
in the spinodal structure (panel a) than its stochastic counterpart (panel d) up to about 45% DOD.
In addition, Figure 4-5 can also help explain the notable increase in the variance seen in Figure
4-6b after 45% DOD: because of the nearly uniform domain size in the spinodal structure, upon
formation of a disconnect, the oxidation interface will have to advance very rapidly along the
filament core to maintain galvanostatic conditions (for example, see the intense red colors at the
point of disconnect in Figure 4-5 panel b), while regions without such topological changes
continued to discharge with a much slower-advancing interface. By contrast, the heterogeneous
distributions of domain size and interfacial curvature in the stochastic structure, which led to

topological changes at a shallow DOD as seen in Figure 4-5, panel e, also contributed to an
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earlier onset of non-uniform current densities (increased variance in interfacial speed) as seen in

Figure 4-6b.

To provide information on the spatial distribution of hot spots within the electrode, the
simulation frame is divided into a 10x10 grid, and the time-averaged interfacial speed in each
sector is presented in Figure 4-6¢ as a color overlay. Dark purple tiles in Figure 4-6¢ represent
regions that were discharged quickly by fast-moving interfaces throughout the experiment. In the
spinodal electrode, the interfacial speed was relatively consistent throughout the structure, as
indicated by the uniformity of the color overlay. Conversely, in the stochastic structure, the
microstructural (size and curvature) heterogeneity of the active material resulted in lasting hot
spots, as identified by the dark purple tiles in Figure 4-6¢. As discussed earlier, an electrode with
lasting hot spots is envisioned to experience more aggressive material redistribution during

cycling, leading to earlier failure.

Collectively, the results of Figure 4-6 suggest that the uniformity of domain size and
interfacial curvature in a spinodal structure can delay the onset of topological changes during
discharge, and also lead to a more homogeneous distribution of current within the electrode, a
known strategy to mitigate material redistribution and deactivation. In addition to the
microstructural and topological issues analyzed in our simulations, non-uniform currents can also
be driven by concentration polarization and increased ion transport to sites protruding into the
bulk of the electrolyte.[134,149,161] The regions surrounding these extended features
experience a steeper profile in reactant concentration, and diffusion-limited
kinetics.[139,161,162] The non-uniformities in current density caused by these issues are known
to contribute to dendritic growth and redistribution of active material, especially in Zn-air

batteries.[139,161,163] It has been shown previously, that pulsed electrodeposition is effective
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in minimizing dendritic growth by allowing the concentration profile to recover and replenishing
precursors close to the electrode surface.[139,164] However, this strategy is impractical to meet

the demands of modern secondary batteries.

Our simulations provide a rudimentary assessment of how discharge kinetics and current
density distribution may be affected by the electrode’s topological characteristics, but many
important processes that mediate the overall performance of these systems are not modeled here.
Notwithstanding this limitation, and given the importance of maintaining a uniform current
density distribution in Zn-based electrodes during charge and discharge, our simulations
motivate an experimental investigation of how cyclability of ZnO electrodes may be enhanced
through microstructural design. Particularly, we aim to assess the efficacy of the synthesis
platform illustrated in Figure 4-1 for creating porous ZnO electrodes with enhanced topology,

thereby improving their electrochemical performance and cyclability in service.

4.4.2. Synthesis

In order to confirm successful synthesis of porous ZnO electrodes, XRD and SEM analysis
was performed on the final, oxidized specimens illustrated in Figure 4-1 step d of both routes.
Figure 4-8 shows the XRD patterns obtained from representative samples. Based on the observed
diffraction patterns, the oxidized electrodes were confirmed to be single-phase ZnO in the
hexagonal wurtzite structure. Figure 4-9 shows SEM micrographs of representative bijel-derived
and stochastic structures at three different magnifications to examine both the overall pore phase
morphology and surface texture. The important features expected to contribute to device
operation are connectivity, curvature, and domain size, and it is qualitatively discernable in the

SEM images (Figure 4-9, comparing panels a and e) that the bijel-derived electrode has greater
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uniformity across these metrics. The average domain size for the bijel-derived sample, estimated

by the line intercept method, was 10.0 £ 1.77 um, illustrated in Figure 4-10.

The dry-pressed analog shows a non-uniform and stochastic arrangement of pores with a
broad size distribution (11.8 & 2.70 pum). The sub-micron texture was observed in Figure 4-9

panels d and h to be similar in both electrodes, as expected from their analogous synthesis

protocols.

Based on these observations, we expect the main differences in the electrochemical behavior
of the two electrodes to be attributable to disparities in their microstructural uniformity and

connectivity, and not the porosity, average pore size, or potential faceting of the surfaces of the

solid phase itself.
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Figure 4-8. XRD patterns between 20 and 100 °20, collected after template removal.
All peaks are identified as reflections from hexagonal ZnO.
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Figure 4-9: Photomicrographs of bijel-derived (a-d) and stochastic (e-h) ZnO scaffolds at
various magnifications, showing microstructure and texture. The microstructural difference is
apparent in the macro image, while sub-micron faceting between the two materials is similar.
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Figure 4-10. Microstructural analysis via line intercept on
bijel-derived (left) and stochastic (right) electrodes.

4.4.3. Electrochemistry
After synthesis, the oxidized electrodes were electrochemically reduced (charged) to Zn, as
schematically shown in Figure 4-1 between steps d and e and described in Materials and
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Methods. Figure 4-11 shows the current applied to representative bijel-derived and stochastic
ZnO electrodes during this conversion. The bijel-derived structure experienced a peak specific
current >5x higher in magnitude than its stochastic analog, resulting in a much faster and nearly
complete conversion to the metallic state (815 mA-h / g Zn metal, 99.4% utilization). The
stochastic electrode did not fully convert to metal (704 mA-h / g Zn metal, 85.9% utilization).
Decay of the current to zero suggests that parasitic hydrogen evolution did not contribute to the
signal during this process (note we also did not observe any bubble formation). The overpotential
required to evolve hydrogen on a zinc electrode is high,51 especially in the presence of indium
and bismuth41 (these elements were included as salts in the precursor solution as mentioned
earlier, and it is plausible to expect them to be present in trace quantities within the
scaffold).[165] While it is feasible and even expected to reach these potentials locally during a
galvanostatic reduction (as in the cycling experiments), the initial potentiostatic charge reported
in Figure 4-11 likely limited the overpotential to a range where hydrogen evolution was

kinetically halted.[166]
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Figure 4-11. Representative curves for potentiostatic conversion of
Zn0 to Zn in 1 M KOH for different morphologies (logarithmic time scale).
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We attribute the difference in charging behavior to the unique topological qualities of the
bijel-derived electrode. The incomplete conversion of the stochastic electrode indicates that some
regions in the microstructure were poorly accessible to either charge or electrolyte transport
within the timescale of our experiment, while enhanced exposure and accessibility of active

material to reactants in the bijel-derived structure enabled its efficient conversion.[159]

Representative raw measurements from galvanostatic charge/discharge cycles (here for a
bijel-derived electrode) at C/5 are reported in Figure 4-13, and highlight two important aspects of
the electrode’s electrochemical behavior. First, in early stage, the electrodes can sustain current
at C/5 for only about 1.5 h (instead of 5 h) before reaching the threshold overpotentials set in the
experiment. This corresponds to an active material utilization of about 30% and indicates that the
passivation layer has built up to a rate-limiting thickness at this point.[167] Second, this behavior
changed during the cycling experiments, as shown by the qualitative difference between the left
and right panels of Figure 4-13. Late-stage cycles were even shorter, which, as we will
demonstrate shortly, corresponds to a loss in capacity and electrochemically-accessible active
material. The experiment was terminated when the recoverable capacity fell below 10% of the
first cycle. Charge cycling performed at higher rates than C/5 failed to reach a level of material

utilization that highlights differences in the probed microstructures (see Figure 4-12).
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Figure 4-12. Current (a,b) and potential (c,d) throughout galvanostatic charge-discharge cycles
at C1 for a bijel-derived electrode.

Repeatability of the experiments is demonstrated in Table 4.1, where measured capacities
and 1% cycle material utilizations for all working electrodes is tabulated. Capacities normalized
to zinc material at the working electrode were comparable to current state-of-the-art
anodes.[151] Because the cell was designed with excess material at the counter electrode, the
capacities normalized to the entire cell average 0.680 mA-h/ g and 0.650 mA-h / g for the
spinodal and stochastic electrodes, respectively. Using a silver or nickel counter electrode with a

matched capacity would improve this metric.
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Table 4.1. Capacity, utilization and depth of discharge for electrodes in the current study

Specific Capacity Volumetric 15t Cycle Depth of
(Potentiostatic Capacity Utilization at Discharge
charge) C/5
B1 (5.99 mg) 763 mA-h/ g-Zn 1.63A-h/L-Zn | 226 mA-h/g-Zn 29.7 %
B2 (12.7mg) | 748 mA-h/g-Zn 1.60 A-h/L-Zn | 252 mA-h/ g-Zn 33.7%
B3 (12.6 mg) | 753 mA-h/g-Zn 1.61 A-h/L-Zn | 278 mA-h/ g-Zn 37.6 %
S1 (6.22 mg) 734 mA-h/g-Zn 1.57A-h/L-Zn | 180 mA-h/g-Zn 24.5 %
S2(11.2mg) | 685 mA-h/g-Zn 147 A-h/L-Zn | 202 mA-h/ g-Zn 29.5%
S3 (14.3 mg) 751 mA-h/g-Zn 1.61 A-h/L-Zn | 238 mA-h/ g-Zn 34.7 %
| a) _ b).
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Figure 4-13. Current (a,b) and potential (c,d) throughout galvanostatic charge-discharge cycles
for a bijel-derived electrode (B1) at C/5 rate. Reversible operation is observed during early
cycles (a,c), but extended cycling degrades cell capacity, indicated by extremely short cycle

times (b, d)

The recoverable capacities of various (a total of six) bijel-derived and stochastic electrodes,

measured during the charge/discharge cycles as described earlier, are shown in Figure 4-14a,
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alongside the Coulombic efficiency, shown in Figure 4-14b. Individual measurements are shown
as filled symbols, and a ten-point moving average is indicated by a dashed line to help visualize
each electrode’s trend. The stochastic electrodes quickly lose capacity, reaching 50% of their
initial values in approximately 35 cycles. This is consistent with previously published results
with electrodes of similar morphology.[10] However, importantly, the bijel-derived electrodes

are able to retain >90% of their initial capacities through the same cycling duty.
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Figure 4-14. Recoverable capacities (top) and Coulombic efficiencies (bottom) of stochastic and
bijel-derived electrodes during galvanostatic cycling.

Coulombic efficiency remained near 90% until the onset of rapid degradation. We propose
that as material morphology evolved and active material became electrochemically inaccessible,
water electrolysis was exacerbated by local overpotentials, a known inefficiency in zinc anodes
that can be mitigated through the use of electrolyte additives or interface engineering of the

electrodes.[168,169]
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Interestingly, once the capacity has faded to approximately 50% of its first cycle value, the
degradation rate becomes comparable between the two electrode types (this happens at
approximately 30 and 100 cycles for the stochastic and bijel-derived electrodes, respectively).
The microstructural characterizations that follow will help gain a deeper understanding of the

morphological changes that accompany these transitions.

4.4.4. Ex-Situ Microstructural Analysis

Figure 4-15 shows SEM images of representative electrodes at various points during their
electrochemical cycling. While the electrodes were shown in Figure 4-9 to have similarly smooth
surfaces before any electrochemical activity, a roughened texture is observed on the stochastic
structure after the initial charge and before galvanostatic cycling experiments. Immediate
dendritic growth and roughening is apparent in the stochastic structures, while no change in sub-
micron texture is observed in the bijel-derived materials for approximately 25 cycles. After 50
cycles, the bijel-derived material begins to develop chain-like features and non-uniform pore
characteristics. Interestingly, as seen in Figure 4-14, the capacities of bijel-derived electrodes
begin to fade noticeably past this point. This directly establishes a correlation between
microstructure and electrochemical performance and introduces a new paradigm for mitigating

capacity degradation in these systems.
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Figure 4-15: Photomicrographs of bijel-derived (left) and powder-derived (right) ZnO at
(descending) 0, 10, 25, and 50 cycles. Bottom: Observations on the electrodes after failure. Split

panels indicate that the observed microstructures were dissimilar in different parts of the
sample.

During electrodeposition of Zn(O), the directed growth of dendrites is due in part to epitaxial
registration.[162,170] In the case of charge cycling, active material at the surface is unlikely to
maintain this registration given the continuous recrystallization as either oxide or metal. A
crystallographic contribution to dendrite morphology is minimized and deposition is favored at
sites that protrude into the electrolyte bulk as described previously by Lupo and

Schlettwein.[161] The chained elements grown in this fashion create the so-called “mossy”
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texture that has been reported and attributed to non-uniform current densities and overpotentials

in the system.[171]

Parker, et al. have previously shown that maintaining a continuous, highly conductive
metallic core will encourage a more uniform distribution of current within the electrode, and
reduce hot spots that contribute to degradation and failure.[10,150] During discharge, active
material directly in contact with the electrolyte is first to be converted, and the reaction front
proceeds from the surface toward the center, resulting in a composite cross section with a highly
conductive (Zn) core and a semiconducting (ZnO) shell.[172] Since the current I through an
element with cross-sectional area A is [ = [ j dA where j is the current density, to maintain
galvanostatic conditions (i.e. constant I) with a smaller conducting core available, j must
increase, further exacerbating “hot spot” conditions in locations with narrow charge transport
paths (throats between neighboring particles in a packed powder bed). Further, as these throats
are fully converted to the semiconducting oxide, the remaining conduction pathways in other
parts of the electrode are responsible for a disproportionate amount of current delivery, driving

non-uniform utilization of active material.

The distribution of electric current through packed powder beds has also been considered in
the context of the Field Assisted Sintering Technique (FAST), previously known as spark plasma
sintering.[173] During FAST materials processing, an electric current is passed through a
powder bed that simultaneously experiences external heating and uniaxial compression. These
conditions work in concert to activate sintering mechanisms at temperatures lower than
necessary for free sintering.[174] The governing mechanism underpinning this process remains
controversial,[ 173] however it is generally accepted that during the initial stages of sintering, the

electric field assists in densification through Joule heating at narrow connections between
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particles carrying a disproportionate amount of current.[174,175] We expect that the stochastic
electrodes, which are morphologically similar to the powder beds used in FAST processing,
experience these same constrictions in current conduction pathways, creating a non-uniform
electric field, which in this case results in over-utilization of locally accessible active material,

aggressive material redistribution, and electrode degradation.

In a recent study, comparing key morphological characteristics among four different
classes of porous materials, we have shown that bijel-derived structures have a characteristically
tighter distribution of domain sizes and interfacial curvatures throughout the material, when
compared to packed powders.[153] Motivated by the topological changes seen in our 2D
discharge simulations, and our ex-situ microstructural observations, we postulate that the
uniform domain size and interfacial curvature in our bijel-derived electrodes result in a more
even distribution of current densities within the structure, mitigating imperfections, hot spot
formation, and aggressive material redistribution, and delaying the cascade of microstructural
events that lead to electrode degradation. This directly establishes a correlation between
microstructure and electrochemical performance, and introduces strategies based solely on
microstructural and topological design to mitigate capacity degradation in these systems. We
expect that further improvements in bijel-processing techniques to provide near-perfect spinodal
structures, combined with orthogonal strategies to improve performance such as utilizing
electrolyte additives or adsorbed coatings on the active material, can pave the way for effective
implementation of Zn-based electrodes and realization of their advantages and full potential for

electrochemical energy storage and conversion.
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4.5. Conclusions

During discharge, interruptions to the continuity of a Zn electrode can result in a non-
uniform distribution of electric current and deactivation of otherwise reusable material.
Electrodes derived from spinodal decomposition were predicted via computer simulations to
resist these topological changes compared to commercial electrodes generated from packed
powder beds of active material. To explore this concept, a spinodal-like microstructure was
created by templating Zn precursors into self-assembled bijels and the electrochemical behavior
compared to powder-derived analogs with random porosity. Material utilization in the bijel-
derived electrode approaches 100%, suggesting enhanced electrochemical availability of active
material compared to the stochastic configuration. Further, the spinodal design in these
electrodes effectively delays both microstructural evolution and irreversible capacity loss, which
occur almost immediately in the powder-derived electrodes. After 40 cycles, the bijel-derived
electrodes retain over 90% of their first-cycle capacity, while the capacity of the powder analogs
has decayed below 50%. These advantages are attributed to the uniformity and continuity of
fluid phases in the template bijel, which are translated to the electrode and facilitate robust
pathways for both electric charge and ionic transport. We also postulate the unique surface
curvature metrics of the starting electrode material assists in uniform exposure of active material
to the imposed electric field and the chemical potential, conditions necessary to support

electrochemical energy storage.
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5. On Deactivating the Void Phase of an Electrode

5.1. Abstract

Gas-evolving electrodes are important in many industrial processes, including water
electrolysis for hydrogen and oxygen generation. High surface area electrodes generated via
powder compaction and thermal densification are known to suffer from material deactivation
induced by poor electrical connections throughout the electrode and limited reactant transport
imposed by non-ideal pore geometry. Bicontinuous interfacially jammed emulsion gels (bijels)
offer a template from which to create Ni electrodes with robust connections resistant to
electrolyte stagnation, mitigating the deleterious bubble effect and limited current distribution in
powder-derived electrodes. Nickel electrodes derived from bijel templates are shown herein to
expel product gas faster than powder-derived analogs and require up to 25% less overpotential to
drive water electrolysis at a given current density, resulting in reduced energy losses. These
results suggest that the pore structure of spinodal-like electrodes encourages detachment of
product gas from the electrochemically active surfaces, which in turn homogenizes the current

density across the electrode surface.

5.2. Introduction
Gas evolving electrodes are important to many industrial processes, such as high purity
H> generation with water electrolysis. The hydrogen economy is dependent on the cheap and
efficient production of H> gas; however, economically viable technologies for H, generation tend
to impart impurities that compromise downstream energy conversion operations or pollute the
environment.[176,177] Electrolysis of water is a known route to high-purity H», but remains one
of the most expensive of the available techniques.[178,179] This is due in part to energy losses

associated with the overpotential (#) required to drive the hydrogen evolution reaction (HER) on
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commercially viable substrates at a competitive rate (typically at least 300 mV).[165,180,181]
Current research to reduce these energy losses focuses strongly on improving electron transfer to
reactants through nanostructured materials and catalysts[19,182], but on larger length scales,
mass transport of the reactants has an important influence on overall system efficiency.[183—

186]

Electrodes are often configured in a porous structure to increase available surface area over
which to carry out an electrochemical reaction.[14] Electrodes derived from powder metallurgy
or felted materials are convenient to manufacture on an industrial scale and satisfy the
requirement for increased surface area;[28] however, during gas evolution, the product bubbles
can present unique impediments to efficient operation. Similar to how connections in the solid
phase can promote charge distribution and homogenize current density, a well-connected pore
phase is expected to enhance electrolyte transport across the catalytically active surface, serving
to both replenish reactants and improve release of the product gas.[187] In addition to
compromised electrolyte conductivity,[188,189] bubbles adsorbed to the interface reduce the
amount of electrochemically available surface area.[184] Together, these phenomena increase
activation overpotential and decrease energy storage efficiency.[190] Surfactants,[191]
convection,[ 192] and surface texture[ 187] have been proposed to mitigate these issues and offer
strategies to compliment a fundamental understanding of the microstructural contribution to
these challenges.[17,19,186,187] Recently reported microstructures include urchin-like,[19]
honeycomb-like,[ 193] and bubble-templated morphologies;[ 194] however, these approaches fail
to address simultaneously all of the processes that benefit from microstructural design. Such
attributes are uniquely realized in electrodes derived from spinodal decomposition due to the

inherently bicontinuous and uniform morphologies that spontaneously emerge during this form
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of demixing.[195-197] We hypothesize that these qualities will work in concert to limit kinetic
impediments during electrochemically driven gas evolution imposed by the microstructure,
including dead ends, constrictions, tortuosity, and closed porosity as illustrated in Figure

5-1.[187]

b) b) b)

Figure 5-1: Schematic of bubbles moving from reaction sites (a) to the electrode exterior (b)
through spinodal-like (I) and stochastic (Il) structures. Non-idealities illustrated in (Il) include
dead-ends (c), constrictions (d), tortuosity (e), and closed porosity (f).

Bijels (bicontinuous interfacially jammed emulsion gels) provide a processing route toward
porous materials with spinodal-like microstructure.[195] These emulsions are created by
adsorbing particles to the interface of partially miscible fluids during spinodal decomposition. As
the microstructure matures during this demixing, the interfacial area between the fluids is
decreased until the particles come into contact and halt the coarsening.[195,198,199] Through a
variety of templating techniques, this unique structure can be conferred to porous and composite
materials with enhanced functional properties.[153] Electrodes previously synthesized via this
process have been shown to benefit from availability of active material and high connectivity
within the solid and void phases.[200,201] Together, these qualities encourage a homogenous
distribution of reactants throughout the structure, which promotes uniform activity throughout
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the volume. In the following study, we show that these qualities are active during operation as a
hydrogen evolving cathode and serve to expel gas about twice as fast in bijel-templated
electrodes than in electrodes with stochastically generated porosity. In addition to this,
overpotential required to drive the HER is up to 25% lower in bijel-derived electrodes,

suggesting a reduction in energy losses during gas evolution.

5.3. Materials and Methods

All materials were purchased from Sigma-Aldrich of St. Louis, MO unless otherwise noted.
All water was purified to >18M(Q resistance (Millipore, Burlington MA). The methods to create

the porous electrodes used in this study are illustrated schematically in Figure 5-2and described
in detail below. Briefly, samples with randomly arranged pores were generated by blending Ni
powder (<150 uym) with a variety of combustible starch-based pore formers and pressing
uniaxially at 70 MPa in a custom steel die. Spinodal-like materials were synthesized by
electroless deposition of a polymeric scaffold templated from a water-lutidine emulsion, similar
to previous reports.[200] Electrodes were heat treated to remove the polymeric template and

densify the metallic structure.
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Figure 5-2: Processing routes to create powder-derived (I)
and bijel-derived (1) porous nickel scaffolds

5.3.1. Powder-Derived Nickel Scaffolds
As shown in Figure 5-2 I, samples with randomly arranged pores were generated by blending

99.9% Ni powder (CAS# 7440-02-0, Sigma Aldrich, <150 um) with combustible starch-based

pore formers at 50 volume% and pressing uniaxially at 70 MPa in a custom steel die. Starches

derived from corn, potato, and arrowroot were used in the combustible phase to provide a range

of pore sizes.

The compacted powders were heat treated in an atmosphere-controlled quartz tube furnace in

air with two 3 h steps at 300 °C and 500 °C to remove the combustible materials, followed by an

8 h reduction / sintering process under 10% H2 / 90% Ar at 800 °C to produce metallic Ni

compacts. A Ni wire current collector was attached to the compact with tin solder paste (Iso-Tip,

Altoona WI) and shielded from the electrochemical experiment with polymeric epoxy (Epofix,

Streuers, Cleveland, OH). Prior to electrochemical testing, unshielded solder and organics from

processing were removed from the surfaces via 1 M HCI (CAS# 7647-01-0, ThermoFisher

Scientific, Waltham MA).
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5.3.2. Bijel-Derived Nickel Scaffolds

5.3.2.1.  Synthesis of Silica Particles

Spherical silica particles (average diameter of 440 + 20 nm) were synthesized via a modified
Stober process described in previously.[195,202] Briefly, 4180 uL of tetraethylorthosilicate

(CAS# 78-10-4) was hydrated and polymerized in 44 g anhydrous ethanol (EtOH, CAS# 64-17-
5, Gold Shield Distributors, Hayward CA), with added strong ammonia (~15 M NH4sOH, CAS#
1336-21-6, ThermoFisher Scientific, Waltham MA) to both catalyze the reaction and provide
water for hydrolysis. A fluorescent dye was incorporated into the silica matrix by conjugating

12.5 mg rhodamine B isothiocyanate (CAS# 36877-69-7) with 26.2 pL

aminopropyltriethoxysilane (CAS# 919-30-2, TCI America, Portland OR) in 10 mL EtOH for 24
h and mixing 5 mL of this solution into the alcohol/ammonia Stéber bath. After 24 h of growth
and nucleation, the silica particles were rinsed in water five times via centrifuge and dried under

vacuum (~25 in Hg) at 135°C until they reach neutrally wetting conditions with respect to a

water and 2,6-lutidine (CAS# 108-48-5).

5.3.2.2.  Bijel-Templated Polymer Scaffolds

The characteristic domain size for a bijel emulsion is inversely proportional to particle
loading in the initial suspension[198]. The pore size in the Ni electrodes derived from bijel
processing is related to the domain size of the template emulsion, allowing us to tailor the
structures to match those created through the stochastic (power-derived) process. To create these
emulsions, silica was first dispersed in a critical point mixture of water and 2-6 lutidine (69:31
by volume) at approximately 1.5, 3.0, and 6.0 volume% for target domain sizes of 60, 30, and 15
um respectively (Figure 5-2, ITa). 205 uL of this suspension was dispensed into custom vials (5

mm inner diameter cylindrical glass tubes) and heated above the lower critical solution
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temperature (LCST) of 34 °C with 10 s of microwave radiation at 300 W in order to quickly and
homogeneously induce spinodal decomposition (Figure 5-2, IIb). After demixing, 35 puL
oligomer solution comprising polyethylene glycol diacrylate of molecular weight = 250
(PEGDA, CAS# 26570-48-9) and 1 volume% 2-hydroxy-2-methylpropiophenone (Darocur®
1173, CAS# 7473-98-5, Ciba Specialty Chemicals, Basel Switzerland) photo initiator was placed
on the top of each sample and allowed to selectively diffuse into the lutidine-rich phase for 4 h.
During this diffusion process, the temperature of the bijels were maintained at 70 °C (above the
mixture’s LCST) to prevent remixing. The lutidine-rich phase was then photopolymerized via
100 W UV for 100 s (Model S1000, EXFO, Quebec Canada) and the water-rich phase drained.
After polymerization, the silica particles were etched from internal surfaces of the PEGDA with
an 8 h treatment in 6 M hydrofluoric acid (CAS# 7664-39-3). The resulting scaffold was free
standing and stable at room temperature and was subsequently used as a template onto which Ni

can be deposited (Figure 5-2, Ilc).

5.3.2.3.  Metallization via Electroless Nickel Deposition

Ni precursors were deposited via electroless deposition on the polymer scaffolds. PEGDA
was first saturated with a 0.1 M PdCl> (CAS# 7647-10-1) catalyst solution in 1:1 EtOH:water
and allowed to dry before rinsing in isopropanol (IPA, CAS# 67-63-0, ThermoFisher Scientific,
Waltham MA) to remove excess catalyst. A bath of 10 mL water with 1 volume% 1-propanol
(CAS# 71-23-8, ThermoFisher Scientific, Waltham MA) was adjusted to pH 10 with NaOH
(CAS# 1310-73-2, ThermoFisher Scientific, Waltham MA) and heated in an ultrasonic bath to
60 °C. The catalyst treated PEGDA scaffolds were added to the bath before dropwise addition of
a 20 mL precursor solution comprising 0.02 M NiCl, (CAS# 7791-20-1, ThermoFisher

Scientific, Waltham MA), 0.02 M Na-tartrate (CAS# 6106-24-7), and 1 M N,H4 (CAS# 10217-
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52-4). After complete addition of the precursor solution, the Ni was allowed to deposit for an
additional 48 h. The samples subsequently turned black and were reactive to magnetic stirring,
indicating a successful metallization. Samples were removed from the plating bath, rinsed with
IPA, and dried in an oven at 70 °C before heat treatment to remove the template and sinter the

metal into a mechanically robust structure.

The heat treatment process described previously was used for bijel-derived samples as well.
Heat treatment steps at 300 °C (3 h) and 500 °C (3 h) removed the PEGDA, followed by an 8 h
reduction / sintering step under 10% Hz / 90% Ar at 800 °C. A Ni wire current collector was
attached to the metal scaffold with tin solder and shielded with epoxy. Prior to electrochemical
testing, samples were cleaned in 1 M HCI to dissolve unshielded solder and remove organics

from the surface.

5.3.3. Planar Samples

To test the intrinsic catalytic properties of the different starting materials and the effects of
sub-micron texture under our testing conditions,[ 187,203] planar electrodes were created from
the powder stock used in creating porous samples, electroless Ni, and a 99.99% Pure nickel
extrudate (Goodfellow, Coraopolis PA). The planar powder-derived sample was created via 9
hours of hot pressing at 50 MPa and 1000 °C and sectioned to present a rectangular planar region
to the electrochemical experiment. The electroless Ni was pressed uniaxially at 50 MPa into a
planar configuration and heat treated alongside the porous samples in the process described
above. Four identical sections of the high purity Ni standard were polished to a mirror finish with

<0.1 pm diamond media (Buehler, Lake Bluff IL) and scratches were controllably reintroduced

to three of the surfaces via diamond impregnated lapping films (0.5, 1.0, and 3.0 um media).
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5.3.4. Characterization

5.3.4.1.  Microscopy
Scanning electron microscopy (SEM) was performed on a FEI Magellan (Model 400
ThermoFisher Scientific, Waltham MA) microscope equipped with a field emission electron
source. All images were collected using an accelerating potential of 10 kV and a current of 0.10
nA. Conductive coatings were not necessary because the intrisic conductity of the Ni samples
was sufficient to mitigate charging during the experiments. Brightness and contrast settings were

adjusted independently in each image based on the contributions from local topology.

534.2. uCT
To evaluate porosity of representative samples, X-ray Computed Tomography (pCT) was
performed on a Xradia VersaXRM™ (Model 410, Zeiss Microscopy, Jena Germany). 3-
Dimensional reconstructions of the raw data were created from DICOM stacks in the ScanIP®
module of Simpleware® (Synopsis, Mountain View CA). Ni provides sufficient X-ray scattering
length and the volume of the solid phase can be reliably distinguished from the pore phase for

comparison on a volumetric basis.

5.3.4.3.  Analysis of Degassing Rates via Image Analysis

Measuring latency of gas escape from the electrode during the HER provides a rudimentary
indicator of the residence time of product and efficiency of mass transport through the pore
phase. To directly quantify this, samples were mounted in optical cuvettes and imaged before,
during, and after steady-state operation as a Hz-evolving cathode. Images were captured with a
DSLR (Rebel EOS Ti3, Canon, Tokyo Japan) and telephoto macro lens (K2 DistaMax™,

Infinity Optics, Denver CO). This setup is illustrated schematically in Figure 5-3.
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Figure 5-3: Schematic illustration of the imaging setup used to
quantify gas escape from the porous electrodes.

The amount of gas in each frame was quantified by identifying a region of interest (1.85
megapixels) approximately 5 mm above the electrode and applying a threshold filter to binarize
the image. The areal fraction of black pixels in the frame is directly related to the amount of gas
being released by the electrode, verified by a calibration curve generated from a planar electrode
presenting no microstructural impediment to gas release. Galvanostatic experiments were carried
out between 0 and -300 pA for 20 m before steady state measurements. Turning this current off
and measuring the rate of bubbles escaping the electrode allows a quantitative comparison of the

transport kinetics between electrodes.

5.3.4.4. Electrochemical Testing
All electrochemical experiments took place in 1 M KOH with a Pt counter electrode. The
potential (£) was measured vs. a Ag/AgCl (1 M KCl) reference electrode. Cyclic voltammetry
(CV) experiments were performed with a Solatron CellTest System (Model 1470E, Ametek,
Berwyn PA), and the galvanostatic experiments were driven by a Keithley Sourcemeter (Model
2400, Tektronix, Beaverton OR) with E tracked by the Solartron instrument. This split
configuration decoupled £ measurements from the power supply to take advantage of the stable

current from the Keithley Sourcemeter and fast polling rate through the Solartron. The
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instruments were grounded together external to the experiment. This configuration is illustrated

schematically in Figure 5-4.
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Figure 5-4: Configuration of the electrochemical devices used to measure 1 in the study.

The electrochemically active surface area was calculated via CV by comparing the
magnitude of faradaic peaks corresponding to NiOOH < Ni(OH), to samples of known
surface area.[204] Peak currents were identified automatically by finding points that are zero in
dI/dE and non-zero in d?I/dE?. Electrochemically active surface area can also be measured by
comparing the pseudocapacitance associated with hydrogen adsorption/desorption during CV in
the non-faradaic region, however, this was inappropriate for our samples because activation

introduces roughness that influences these measurements Figure 5-5.
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Figure 5-5: EDL measurements on highly polished nickel samples before (top) and after
(bottom) electrochemical activation via cyclic voltammetry The samples were scratched to have

controlled feature size: From left to right: Unscratched (<0.5 um), 0.5 um, 1 pum, and 3 um
media

To measure 1 required by each of the electrodes under steady state galvanostatic operation,
experiments were performed at current densities (j) between -5 and -40 mA/cm? This range of
current densities span a range over which the relationship between 1) and j can be compared to

other studies [205,206]

5.4. Results and Discussion

5.4.1. Porosity and Morphology
Efficient diffusion of a species is expected to improve reaction kinetics and efficiency, but
characteristics of the pore phase can significantly impede mass transport.[207-209] Volumetric

porosity in samples for the current study is constant at 0.5, monitored throughout processing and
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verified via pCT to be within 5% on representative samples. Given this equivalency, differences
in the effective diffusivity can be attributed to tortuosity and constrictions in the transport
pathways.[210] Photomicrographs of the two types of materials are presented in Figure 5-6 and
show a qualitatively different structure between the samples and characteristics that are expected

to influence operation as a gas-evolving electrode.
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Figure 5-6: SEM images of bijel-derived (a - c¢) powder-derived (d - f) nickel electrodes.
Characteristic pore size increases from top to bottom.
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Specifically, pores in the spinodal-like electrodes are primarily on the length scale
corresponding to the bijel from which they are templated. Conversely, powder-derived electrodes
had porosity from both the combustible phase and interstitial spaces between elementary
particles. Consequently, permeability and exposure of the active material surface is
heterogeneous.[207] In addition, the bicontinuity inherent to spinodal decomposition encourages
open porosity in bijel-derived samples, while the stochastically generated analogs are expected to
suffer from dead ends or closed porosity.[153] This is supported by observations of the backs of
some pores in the SEM images (pores in the top row appear relatively shallow because of the
random pore morphology and associated tortuosity). These qualitative observations are
consistent with previous studies that have quantified the microstructure of bijel-derived porous

materials.[153,196]

We hypothesize that the well-connected porosity and uniform domain size characteristic of
bijel-derived structures is more amenable to convection induced by buoyant migration of gaseous
species. Convection through an electrode serves to quickly replenish electrolyte in the interior
and remove the product gas, decreasing fractional gas coverage over active material surface and
maintaining a homogeneous j during steady-state operation.[192] This effect is shown

quantitatively with observations of the product gas escaping the electrode.

5.4.2. Image Analysis
To establish a relationship between current and observable product (bubbles), Figure 5-7
reports a calibration curve generated from a planar sample, which has no pore structure to
impede transport of product gas. The results show a direct, near-linear relationship between the
fraction of pixels obfuscated by bubbles (here termed the black level in frame) and the applied

steady state current, confirming that the imaging configuration used successfully quantified
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product gas with a reasonable degree of confidence. Similar calibration curves for each porous

electrode are presented in Figure 5-8.
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Figure 5-7: Calibration curve demonstrating near-linear relationship between current into
an electrode and the quantification from thresholding given minimal impediment to escape of the
product gas. Insets: example images from steady state operation at (left to right) 50, 100, 150,
200, and 250 uA.
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Figure 5-8: Calibration curves from porous media used in the study.
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At currents above the boundaries established here, the electrode produced too much gas to be
quantified reliably with this technique. To minimize this error, the steady state currents used to
saturate the electrodes (and therefore representing the maximum in each experiment) was 100 or

250 A, slightly less than the highest current presented in Figure 5-7 and within the linear

relationship. Cutting electricity to the electrodes effectively stopped gas generation; however,
product on the interior is trapped until it can fully navigate the pore phase, including any
microstructural impediments. Quantification of the gas escaping porous electrodes during this

degassing process is presented in Figure 5-9.
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Figure 5-9: Data describing the decay kinetics from a steady state (indicated by the horizontal
black lines). Data are fit to the stretched exponential function and parameters reported in each

frame. Steady state currents from which the gas is generated were 1) 250 UA, 11) 100 uA and I1I)

50 UA. In general, powder derived electrodes (a-c) trapped gas longer than bijel-derived
electrodes (d-f).
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It is qualitatively obvious from observing the data that trapped gases take significantly longer
to escape from electrodes with small or stochastically arranged pores. To quantify these

observations, decay to zero black level is fit the stretched exponential function:

F©) = ay el @)

The time constant in the stretched exponential function (a2) indicates the characteristic time
required for the observed product gas to reach the fraction 1/e of the steady state measurements.
This parameter provides a basis with which the relative kinetics of mass transport can be
compared across the electrodes. For each pore size, the time constant is consistently larger in fits
to the data from stochastic electrodes. In addition to this microstructural contribution, the time
constant also increases with smaller characteristic pore size. The longest decay period was
observed in the powder-derived samples with the smallest pores - even after 20 m without

current, product gas was observed escaping from the electrode.

These observations support the hypothesis that gas escape from spinodal-like morphologies
can be more efficient than randomly generated porosity, but provides no information on the
energy efficiencies associated with this advantage. Results from a more rigorous
electrochemical investigation of the HER performed over the porous electrodes are described

below.

5.4.3. Electrochemistry

54.3.1. Cyclic Voltammetry

Representative CV data for each sample type is shown in Figure 5-10.
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Figure 5-10: Representative cyclic voltammograms of the faradaic region in (a) planar, (b) bijel-
derived, and (c) powder-derived samples. Pore size in (b) and (c) is approximately equal at 15

um.

In addition to activating the surface through evolution of the catalytically functional
oxides,[211] CV provides important information on the electrochemically available surface
area[204] and diffusion of reactants in the electrode.[28] In every sample, cathodic and anodic
peaks were observed between 0 and 0.75 V vs. Ag/AgCl (1 M KCl). The E of the observed
maxima and minima were strongly dependent on sweep rate for the powder-derived electrodes,
and nearly independent for planar samples. Bijel-derived electrodes were an intermediate case,
where peak positions shifted only slightly. Additionally, the anodic NiO = NiO(OH) peaks were
still well resolvable from that associated with the oxygen evolution reaction (OER) at strongly
positive E (>0.65 V vs. Ag/AgCl). This observation is in agreement with previous measurements
made on bijel derived Ni electrodes and suggests better exposure of the active surface area to the

bulk electrolyte compared to stochastic materials.[200]

5.4.3.2.  Galvanostatic experiments
To compare the 7 required to drive the HER at a given j, galvanostatic experiments were

performed while measuring £ vs. a Ag/AgCl (1 M KCl) reference electrode. Driving the HER at
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a more aggressive j is expected to require a higher 7. The relationship between these two values
is frequently compared to evaluate the ability of a material to catalytically drive a
reaction.[28,187] The so-called Tafel slope reports the change in potential required to accelerate
a reaction by a factor of ten and is influenced by several underlying mechanisms, including
fundamentally, the energy required to transfer electrons between surface species and reactants.
This intrinsic value can be calculated with information about the reaction mechanism and is
generally accepted to be around 110 mV/decade.[28,212] The Tafel relationship does not
account for adsorbed gases and shielding of electrochemically active material, and a rigorous
derivation of how this influences the relationship is beyond the scope of the current study.

Nevertheless, the 1 - j relationship measured here is Tafel-like in nature, and qualitative trends

across the experiments are clearly observable from the data reported in Figure 5-11.
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Figure 5-11: Split plots of n for all samples in the study. n with respect to time is reported in the
left panels and values at t=20 s are projected onto the right axes to illustrate the relationship
with j. A line of best fit is drawn through the data to demonstrate a qualitative comparison
between slopes. a-d: flat samples with a range of scratch sizes. e-g: powder-derived (stochastic)
samples with pore size increasing to the planar analog (h). i-k: Bijel-derived samples with pore
size increasing to the planar analog (1).

Planar samples with variable surface texture (Figure 5-11 a-d) appear to have nearly the same
slope in the 7 - j relationship, establishing the relatively small contribution from surface texture
under these testing conditions. This relationship appears to be much more dependent on the pore
arrangement in the sample, with porous electrodes experiencing a generally steeper 77 - j. Across
these samples, the trend with pore size appears much stronger in powder-derived samples (Figure

5-11 e-g), with the steepest 77 - j relationship reported in panel e, corresponding to the smallest
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pore size in stochastically arranged materials. Even the largest pore size in this configuration
(Figure 5-11 g) has a noticeably steeper 77 - j curve than the corresponding planar electrode
(Figure 5-11 h). Conversely, the bijel-derived samples do not suffer the same effect with reduced
pore size. In other words, the 7 - j relationship for bijel-derived samples appears to be constant

regardless of the effective domain size.

During steady state operation as a hydrogen evolving cathode, some fraction of the
electrochemically available surface area is obfuscated by the adsorbed gases being produced and
is consequently unavailable to participate in the HER. j on surfaces free of this shielding are
artificially high, requiring more 1 to drive the reaction. We propose that this effect is more active
in microstructures with small or stochastically arranged porosity that are prone to trapping the

product. Surfaces with higher fractional coverage of gas require a higher 1 than surfaces with

good exposure to the electrolyte, which can quickly release product into the electrolyte bulk

and replenish reactants.

Electrode deactivation via bubble adsorption is especially damaging during electrolytic
production of Al metal (termed the ‘anode effect’ in this context).[213] During the Hall-Héroult
process, Al is separated electrocatalytically from a molten combination of Bayer process alumina
and synthetic cryolite.[214] The metal is separated via siphon from the cathode, and the carbon
anode reacts with O to create byproduct CO; gas. This gas can be trapped against the electrode
surface, resulting in the well-documented anode effect in which previously active surfaces are no
longer in contact with the molten electrolyte and cannot participate in the reaction.[183,215]

Non-uniform currents cause uneven wear and more frequent anode replacement in addition to
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locally high n at sites unimpeded by adsorbed gases, which cause undesirable side-reaction and

production of the potent greenhouse gases COF; and CF4.[214,215]

5.5. Conclusions

Results from image analysis suggest improved transport of gaseous bubbles through porous
media if the void phase is configured to reduce constrictions, dead ends, and tortuosity. The
electrochemical results show clearly that porosity can increase the overpotential required to drive
a reaction at a given rate and that this effect can be mitigated with a spinodal-like arrangement of
pores in an electrode. Together, these results support the hypothesis that bijel-derived electrodes
represent a unique configuration of active surface area and offer advantages to mass transport
and electronic conductivity over similar powder-derived materials. These advantages are likely
derived from uniformly sized features and good connectivity within the constituent phases,
which together are expected to improve reactant transport, and distribute electrochemical activity
homogeneously throughout the electrode volume. Understanding the contribution of the bubble
effect to hydrogen generation is important to maximize efficiency in this specific application, but
any process requiring transport of reactants in a gas phase (e.g. Al production or electrocatalytic

CO2 reduction) will benefit from minimizing this deactivation.
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6. Summary and Future Work

This dissertation describes how bicontinuous interfacially jammed emulsion gels (bijels) can
be used to stabilize a spinodal-like microstructure for functionalization as an electrochemical
device, and how these electrodes are robust against deactivation vs. those with stochastically
porous microstructures. Chapters 2 and 3 discuss the processing of bijel emulsions and the
unique microstructural characteristics that are transferred to their derivatives. In general, these
qualities are expected to homogenize electrochemical activity throughout the volume of an
electrode and ultimately mitigate deactivation of an electrode by maintaining transport pathways
for electronic and mass transport. Two specific applications described in Chapters 4 and 5
demonstrate this advantage by comparing bijel-derived electrodes to those built with stochastic

porosity.

In Chapter 4, bijel templates were converted to Zn/ZnO electrodes that can be cycled
between oxidized and metallic states to store energy electrochemically. As the oxidation
(discharge) reaction proceeded from the electrode-electrolyte interface toward the interior of the
solid phase, electronic conduction pathways were cut off, increasing resistance in the electrode.
This resulted in locally high current densities and aggressive cycling, marked by dramatic
morphological reconfiguration of the active material. Bijel-derived electrodes were shown to
mitigate this effect and improve cyclability twofold. Simulations of this effect suggest this is due

to the domain size and curvature uniformity that is characteristic of spinodal-like materials.

This homogeneity is mirrored in the pore phase, which plays an important role in the
application Chapter 5. During operation as a gas-evolving electrode, product gas can become
trapped in the pore structure and prevent some surfaces from participating in the
electrochemically driven reaction, exacerbating energy losses. To explore this effect
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experimentally, cathodic hydrogen evolution was performed using nickel electrodes in spinodal-
like and stochastically porous configurations. Bijel-derived electrodes are observed to expel
trapped gas about twice as fast as those with random porosity suggesting an advantage in mass
transport derived from the uniform and well-connected porosity. This translates to a lower

overpotential and improved efficiency associated with the reaction.

The templating described in the above chapters can be adapted to other electrochemical
systems expected to benefit from robust transport, including energy storage devices like alkali-
ion batteries (Na, K, Li),[2,7,9,216] carbon sequestration,[217] and catalytically active materials.

[218]
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