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DISSERTATION ABSTRACT
Raina A. Krivina
Doctor of Philosophy
Department of Chemistry and Biochemistry
June 2022
Title: Development and Characterization of Advanced Materials for Energy Conversion
and Storage

Climate change dilemma forces researchers from all over the world to focus on
developing solutions for reducing fossil fuel consumption and overall energy use. In this
dissertation, several advanced materials for energy consumption reduction and renewable
energy storage are explored. Chapter I introduces the materials and studies completed.
One promising material that can reduce the heating and cooling energy demands in
buildings is tin-doped indium oxide (ITO). ITO can block incoming heat radiation. The
ITO coatings are currently produced by wasteful sputter deposition methods. Chapter Il
describes solution processing of ITO nanomaterial. Solution processing of these materials
allows to reduce waste during deposition while using nanomaterial instead of bulk
enables to combine the optical properties of ITO with different dopant levels in a single
thin film.

The bottleneck of large-scale implementation of renewable energy is the lack of
storage technologies. A key technology that has potential to connect renewable energy
production and end user is water electrolysis. Water electrolysis allows to direct the
energy produced by wind turbines or solar panels to split water and produce H: that can

be stored and transported safely. Chapter I11 introduces a novel catalyst for the anodic

iv



half-reaction in acid synthesized from a molecular precursor that aims to maximize the
intrinsic activity of every active site while minimizing the overall catalyst loading. In
Chapter IV, the degradation routes for complex polymers used in water splitting devices
are investigated. The potential-induced polymer oxidation in the presence of several
widely-used supporting electrolytes is discussed. The final two chapters give an overview
of the challenges of using non-platinum-group-metal catalysts in water electrolyzers and
unveils the numerous degradation modes possible for these catalysts in a zero-gap
system. This work benefits the electrolysis field by providing new insight into the
complex processes occurring during electrolyzer operation understanding of which is
essential for designing robust stable materials for water electrolyzers.

This dissertation contains previously published and unpublished co-authored

materials.
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CHAPTER I

INTRODUCTION

Section “Tunable Optical Properties in Doped Semiconductor Nanomaterials”
contains co-authored material previously published as Chem. Mater. 2020, 32 (19) 8683—
8693 reproduced with permission. Copyright 2020 American Chemical Society. Prof.
Hutchison, Prof. Boettcher, and I conceived of the project. Tawney Knecht and |
performed the experiments and analyzed data with assistance from Brandon Crockett.
Tawney Knecht and | wrote the paper with editorial help of Brandon Crockett, Prof.

Hutchison, and Prof. Boettcher.

Section “Oxygen Evolution Electrocatalysts from Molecular Precursors” contains
co-authored unpublished material. Prof. Boettcher and | conceived of the project. Matej
Zlatar and | performed the experiments and analyzed data with assistance from Nathan
Stovall, Grace Lindquist, Daniel Escalera-Lopez, Amanda Cook. Matej Zlatar and |
wrote the paper with editorial assistance from all the authors. It is prepared in the format
of the ACS Catalysis.

Section “Anion-Exchange Polymer Degradation due to Anion Effect” contains
co-authored material previously published as ACS Appl. Mater. Interfaces 2022, DOI:
10.1021/acsami.1c22472 and is reproduced with permission. Copyright 2022 American
Chemical Society. Prof. Bottcher and | conceived of the project. | performed the
experiments, collected and analyzed data. Prof. Hutchison assisted with data
interpretation. Prof. Hendon and Min Chieh Yang performed computational work. I wrote
the paper with editorial assistance of Amanda Cook, Katherine Ayers, Chistopher

Capuano, Andrew Motz, Grace Lindquist, Prof. Hutchison, and Prof. Boettcher.

Section “Non-Platinum-Group-Metal Catalysis: Fundamentals and Outlook”
contains co-authored materials previously published as Acc. Mater. Res. 2021, 2 (7),
548-558 reproduced with permission. Copyright 2021 Accounts of Materials Research.

Prof. Boettcher and | conceived of the project. | wrote the paper with assistance from
1



Yingqging Ou, Quicheng Xu, Liam Twight, and Nathan Stovall. Prof. Boettcher provided
editorial assistance.

Section “Non-Platinum-Group-Metal Catalysts Stability for Membrane
Electrolysis” contains co-authored unpublished material recently submitted to Advanced
Materials. Prof. Boettcher, Grace Lindquist, and | conceived of the project. Grace
Lindquist and I collected experimental data with assistance from Nathan Stovall, Sarah
Beaudoin, Willow Thompson, and Kevin Fabrizio. Prof. Hutchison and Prof. Boettcher
assisted with data interpretation. Grace Lindquist and | wrote the manuscript with
editorial assistance from Prof. Hutchison and Prof. Boettcher. It is prepared in the format

of the journal Advanced Materials.

Tunable Optical Properties in Doped Semiconductor Nanomaterials

Plasmonic band-stop filters with tunable optical absorbance in the near- and mid-
IR are important for wireless communications, bioimaging, and filtering applications.
However, their design is constrained by the limited tunability of individual components
and complex fabrication techniques. In Chapter 11, we demonstrate a method to overcome
these limitations that employs mixtures of nanocrystals to predictably sculpt the
combined localized surface plasmon resonance (LSPR) for band-stop filters. The
additive nature of the LSPR optical absorbances of tin-doped In203 (ITO) nanocrystals
was used to control the combined absorbance in a nanocrystal thin film. The optical
properties of the nanocrystals were modulated via a low-temperature esterification
synthesis and an inexpensive solution-processing fabrication method, spin-coating, was
used to produce the films. Because of the additive nature of the LSPR absorbance of the
nanocrystals, the absorption of the films can be easily predicted and designed by
summing the spectra of the individual components over the range of 6,000 — 1,000 cm™.
By design and synthesis of individual nanocrystals with tailored optical properties, and
selecting the right combinations of nanocrystals to incorporate into films, both wide and
narrow band-stop filters were easily constructed (the schematic illustration of the

approach is depicted in Figure 1.1).



Engineered Solution Tunable Optical
Nanocrystals Processing Filters
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Figure 1.1. Schematic illustration of the solution-processing approach to obtaining ITO
thin films with additive optical properties.

Chapter Il contains co-authored materials previously published as Chem. Mater.
2020, 32 (19) 86838693 reproduced with permission. Copyright 2020 American
Chemical Society. Prof. Hutchison, Prof. Boettcher, and | conceived of the project.
Tawney Knecht and | performed the experiments and analyzed data with assistance from
Brandon Crockett. Tawney Knecht and | wrote the paper with editorial help of Brandon

Crockett, Prof. Hutchison, and Prof. Boettcher.

Oxygen Evolution Electrocatalysts from Molecular Precursors

Water electrolysis is a leading route for renewable energy storage on a large scale.
One of the most-successful water-electrolyzer technologies, proton-exchange-membrane
water electrolyzers (PEMWES), produces high purity Hz, can withstand fluctuations in
applied load, and operates with a pure-water feed. However, the acidic environment
within the electrolyzer requires the use of platinum-group-metal catalysts for durability,
such as IrOz and Pt. At the anode, the slow oxygen evolution reaction (OER) requires
high overpotential to achieve industry-relevant current densities even with a high loading
of 1rO2. Efforts have been devoted to improving the intrinsic activity of IrO2 to decrease
the loading without sacrificing activity. Using simple commercially-available precursors
we synthesized sub-monolayer-thick IrOx on the surfaces of conductive metal oxides, in

attempt to make every Ir atom available for catalysis. In Chapter 111, we demonstrate that



the catalyst loading can be controlled on several key metal-oxide surfaces through a
surface-limited reaction. Using this system, we further study the catalyst/protective layer
interactions of IrOx with TiOz, an acid-stable metal oxide that that is also known to
improve OER activity (schematic of synthesis approach is shown in Figure 1.2). Addition
of TiOz2 by two atomic layer deposition cycles indeed enhances Ir activity but triggered
high catalyst dissolution in strong acid. The effects of TiO2 on the catalyst’s performance
were assessed by ICP-MS coupled in situ with an electrochemical flow cell and X-ray
photoelectron spectroscopy. We show the interplay between the
support/catalyst/protective layer dissolution and investigate the effects of annealing on
the stability of our catalysts. These ultrathin Ir-based catalysts may be of utility for
advanced spectroscopic investigations of the OER mechanism and be employed in

PEMWEs in a nanopowder form with further development.
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Figure 1.2. Schematic of creating an ultrathin 1rOx catalyst layer on a conductive support
and protecting it with TiOs.

Chapter I11 contains co-authored unpublished material. Prof. Boettcher and |
conceived of the project. Matej Zlatar and | performed the experiments and analyzed
data with assistance from Nathan Stovall, Grace Lindquist, Daniel Escalera-Lopez,
Amanda Cook. Matej Zlatar and | wrote the paper with editorial assistance from all the

authors. It is prepared in the format of the ACS Catalysis.



Anion-Exchange Polymer Degradation due to Anion Effect

Among existing water electrolysis (WE) technologies, anion-exchange-membrane
water electrolyzers (AEMWES) show promise for low-cost operation enabled by the
basic solid-polymer electrolyte used to conduct hydroxide ions. The basic environment
within the electrolyzer in principle allows the use of non-platinum-group metal catalysts
and less-expensive cell components compared to acidic-membrane systems.
Nevertheless, AEMWEs are still underdeveloped, and the degradation and failure modes
are not well understood. To improve performance and durability, supporting electrolytes
such as KOH and K2COs are often added to the water feed. The effect of the anion
interactions with the ionomer membrane (particularly other than OH"), however, remains
poorly understood. In Chapter IV, we studied three commercial anion-exchange ionomers
(Aemion, Sustainion and PiperlON) during oxygen evolution (OER) at oxidizing
potentials in several supporting electrolytes and characterized their chemical stability
with surface-sensitive techniques. We analyzed factors including the ionomer
conductivity, redox potential, and pH tolerance to determine what governs ionomer
stability during OER. Specifically, we discovered that oxidation of Aemion at the
electrode surface is favored in the presence of CO3?>/HCOs" anions perhaps due to the
poor conductivity of that ionomer in the carbonate/bicarbonate form. Sustainion tends to
lose its charge-carrying groups as a result of electrochemical degradation favored in basic
electrolytes. PiperlON seems to be similarly negatively affected by a pH drop and low
carbonate/bicarbonate conductivity under the applied oxidizing potential. The insight into
the interactions of the supporting electrolyte anions with the ionomer/membrane helps
shed light on some of the degradation pathways possible inside of the AEMWE and
enable informed design of materials for water electrolysis.

Chapter IV contains co-authored material previously published as ACS Appl.
Mater. Interfaces 2022, DOI: 10.1021/acsami.1c22472 and is reproduced with
permission. Copyright 2022 American Chemical Society. Prof. Bottcher and | conceived
of the project. | performed the experiments, collected and analyzed data. Prof. Hutchison
assisted with data interpretation. Prof. Hendon and Min Chieh Yang performed

computational work. | wrote the paper with editorial assistance of Amanda Cook,



Katherine Ayers, Chistopher Capuano, Andrew Motz, Grace Lindquist, Prof. Hutchison,
and Prof. Boettcher.

Non-Platinum-Group Metal Catalysis: Fundamentals and Outlook

Catalyzing the oxygen evolution reaction (OER) is important for key energy
storage technologies, particularly water electrolysis and photoelectrolysis for hydrogen
fuel production. In neutral-to-alkaline conditions, first-row transition-metal
oxides/(oxy)hydroxides are the fastest-known OER catalysts and have been the subject of
intense study for the past decade. Critical to their high performance is the intentional or
accidental addition of Fe to Ni/Co oxides that convert to layered (oxy)hydroxide
structures during the OER. Unraveling the role Fe plays in the catalysis and the molecular
identity of the true “active site” has proved challenging, however, due to the dynamics of
the host structure and absorbed Fe sites, as well as the diversity of local structures in
these disordered active phases. In Chapter V, we highlight our work to understand the
role of Fe in Ni/Co (oxy)hydroxide OER catalysts. We first discuss how we characterize
the intrinsic activity of the first-row transition-metal (oxy)hydroxide catalysts as thin
films by accurately accounting for the contributions of the catalyst-layer thickness (mass
loading), electrical conductivity, the underlying substrate’s chemical interactions with the
catalyst, and the presence of Fe species in the electrolyte. We show how Fe-doped Ni/Co
(oxy)hydroxides restructure during catalysis, absorb/desorb Fe, and in some cases
degrade or regenerate their activity during electrochemical testing. Along the way, we
highlight the relevant techniques and procedures that allowed us to better understand the
role of Fe in activating other first-row transition metals for OER. We find several modes
of Fe incorporation in Ni/Co (oxy)hydroxides and show how those modes correlate with
activity and durability. We summarize the evidence for the identity of the active site in
single-metal and mixed-metal catalysts (Figure 1.3). We also discuss how this
understanding informs the incorporation of earth-abundant transition-metal OER catalysts
in anion-exchange-membrane water electrolyzers (AEMWE) that provide a locally basic
anode environment but run on pure water and have advantages over the more-developed

proton-exchange-membrane water electrolyzers (PEMWE) that require platinum-group-



metal (PGM) catalysts. We outline the key issues of introducing Fe-doped Ni/Co
(oxy)hydroxide catalysts at the anode of the AEMWE, such as the oxidative processes
triggered by Fe species traveling through the polymer membrane, pH gradient effects on
the catalyst stability, and potentially limited catalyst utilization in the compressed stack
configuration. We also suggest possible mitigation strategies for these issues. Finally, we
summarize remaining challenges including long-term stability of Fe-doped Ni/Co
(oxy)hydroxides under OER conditions and the lack of accurate models to visualize the
dynamic active surface that hinder our understanding of, and thus ability to design, these

catalysts.
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Figure 1.3. The change in metal-oxygen bond length during OER suggests that in mixed-
metal catalysts such as Ni/Fe and Co/Fe oxides, the active site is Fe.

Chapter V contains co-authored materials previously published as Acc. Mater.
Res. 2021, 2 (7), 548-558 reproduced with permission. Copyright 2021 Accounts of
Materials Research. Prof, Boettcher and | conceived of the project. | wrote the paper with
assistance from Yingging Ou, Quicheng Xu, Liam Twight, and Nathan Stovall. Prof.

Boettcher provided editorial assistance.



Non-Platinum-Group Metal Catalysts Stability for Membrane Electrolysis

Anion-exchange-membrane water electrolyzers (AEMWES) in principle operate
without soluble electrolyte using earth-abundant catalysts and cell materials and thus
lower the cost of green Hz. Current systems lack competitive performance and durability
needed for commercialization. One critical issue is a poor understanding of catalyst-
specific degradation processes in the electrolyzer. While non-platinum-group-metal
(PGM) oxygen-evolution catalysts show excellent performance and durability in strongly
alkaline electrolyte, such performance has not transferred directly to pure-water
AEMWEs. In Chapter VI, the AEMWEs with five common non-PGM anode catalysts are
built and the catalysts’ structural stability and interactions with the alkaline ionomer are
characterized during electrolyzer operation and post-mortem. The results show catalyst
electrical conductivity is key to obtaining high-performing systems and many non-PGM
catalysts restructure and leach during operation. Dynamic Fe sites correlate with
enhanced degradation rates, as does the addition of soluble Fe impurities. In contrast,
electronically conductive and Fe-free CosO4 nanoparticles yield AEMWEs from simple,
industry-standard preparation methods, with performance and stability comparable to
IrO2. These results reveal the fundamental dynamic catalytic processes resulting in
AEMWE device failure under relevant conditions, demonstrate a viable non-PGM
catalysts for AEMWE, and illustrate underlying design rules for engineering anode
catalyst/ionomer layers with higher performance and durability.

Chapter VI contains co-authored unpublished material that was submitted to
Advanced Materials. Prof. Boettcher, Grace Lindquist, and I conceived of the project.
Grace Lindquist and | collected experimental data with assistance from Nathan Stovall,
Sarah Beaudoin, Willow Thompson, and Kevin Fabrizio. Prof. Hutchison and Prof.
Boettcher assisted with data interpretation. Grace Lindquist and | wrote the manuscript
with editorial assistance from Prof. Hutchison and Prof. Boettcher. It is prepared in the

format of the journal Advanced Materials.



Bridge

All projects discussed in this Dissertation are dedicated to investigation of ways to
reduce energy consumption and develop energy storage solutions applicable to
intermittent renewable energy. Chapter | introduced all the topics covered in this
Dissertation. Chapter Il discusses the use of nanoparticle thin films with additive
plasmonic properties for blocking specific energy ranges of light. Chapter 111 introduces a
new catalyst for water electrolysis in acid that allows to significantly reduce the loading
making the process more cost-efficient. Chapter IV focuses on anion-exchange-
membrane electrolysis that uses a solid polymer electrolyte. The stability of the polymer
in contact with various anions under applied potential is discussed. Chapter V
summarizes our understanding of the oxygen evolution reaction in basic conditions with
non-platinum-group-metal catalysts and predicts the challenges of translating that
knowledge into zero-gap electrolyzer systems. Chapter VI discusses the performance of a
range of non-platinum-group-metal catalysts in a zero-gap electrolyzer. This dissertation
concludes by discussing the importance of enhancing our understanding of the failure
modes during water electrolysis and provides insight into the current state of low-

temperature electrolysis.



CHAPTER Il

SCULPTING OPTICAL PROPERTIES OF THIN FILM IR FILTERS
THROUGH NANOCRYSTAL SYNTHESIS AND ADDITIVE,
SOLUTION PROCESSING

Chapter Il contains co-authored materials previously published as Chem. Mater.
2020, 32 (19) 8683-8693 reproduced with permission. Copyright 2020 American
Chemical Society. Prof. Hutchison, Prof. Boettcher, and | conceived of the project.
Tawney Knecht and | performed the experiments and analyzed data with assistance from
Brandon Crockett. Tawney Knecht and | wrote the paper with editorial help of Brandon
Crockett, Prof. Hutchison, and Prof. Boettcher.

Introduction

Band-pass/band-stop filters with tunable wavelengths and compact structures are
desirable for manipulating the optical properties of light sources used in wireless
communication, biological imaging, and sensors.* Traditionally, band-stop filters are
composed of several dielectric layers with alternating low and high refractive indices in
order to control light absorption in the region of interest.3*>*® The materials comprising
the filter stack are chosen based on their optical characteristics in the energy range of
interest. Such filters typically operate under the multiplication rule of probability, where
the amount of light that passes through the filter is determined by the intersection of the
passhands.® The incident light is absorbed in the regions with no passband overlap and
transmitted in the region of an overlap. Thus, resulting spectra are not the sum, but rather
the product, of the spectra resulting from each individual layer in the stack. This renders
it challenging to create multi-pass band filters with predictable optical spectra from the
preexisting single-pass band filters.® Additionally, the stacking of different materials to

achieve the desired performance leads to the total thickness of the stack being greater
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than the target wavelengths.® Furthermore, fabrication of the filter geometries often
requires processing techniques such as photolithography, sputtering, and pulsed laser
ablation, which places practical limits on the scale of application.®

Plasmonic nanomaterials can block certain wavelengths of light making them
attractive for use in electrochromic windows’-?? and optical band-pass and band-stop
filters.3>1° Optical filters that are based upon plasmonic materials operate under the
addition, as opposed to multiplication, rule of probability where the final transmission
through the stack is a sum of the individual probabilities and is determined by the
bandwidth of each layer.® For the localized surface plasmon resonance (LSPR)-facilitated
absorbance to be additive, the filter stack must consist of materials with linear optical
properties and have a thickness below the target wavelength similar to the traditional
filter stacks. In addition, such configurations typically need to be paired with a complex
grating composed of plasmonic noble metals such as Au, and require lithographic
fabrication techniques.?*

The ability to tune the plasmonic response is an important attribute that, despite
much effort to improve, still suffers from several limitations. The most widely studied
plasmonic materials are noble metals (e.g. Au, Ag, Cu). The high concentration of the
free carriers set by the identity of those metals places the LSPR in the UV and visible
range. 228 The inability to change the number of free carriers places limits on the
potential to tune the LSPR energy and peak shape in metal nanomaterials. Successful
strategies include changing the shape and size, or adding “shells” of materials with
complementary properties, however, these structures are not always easy to access
through synthesis.?>-28 Even when these structural parameters can be controlled to shift
the LSPR, optical absorption typically occurs only from the UV-vis to the onset of the
near-infrared (near-IR). Thus, the LSPR energies accessible using noble metals are
insufficient for the applications that require tunable optical properties in the near-IR and
mid-infrared (mid-IR) ranges of the electromagnetic spectrum, such as electrochromic
windows, optical band-stop filters necessary for biological sensing and imaging, and free-

space communication.®2%-3!
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Doped metal-oxide nanomaterials are a promising class of materials that have also
demonstrated LSPR.32-3 These materials are more earth-abundant and offer a variety of
advantages that complement the attributes of plasmonic noble metals. The LSPR energy
of doped metal-oxides is significantly lower than that of the noble metals due to a lower
concentration of the charge carriers, which makes it possible to access the energy range
from the near-IR into the mid-IR. Given that the carrier concentration is tuned through
the dopant concentration, the optical properties of doped metal-oxides can be more easily
tuned than the metals. Varying the doping concentration'’2°32 and distribution?® in these
materials shifts the LSPR maximum to higher or lower energies and can be used to adjust
the LSPR peak width and intensity. The doped metal-oxides are thus promising materials
for plasmonic band-stop filters.

In Chapter I1, we present a simple fabrication process to make tunable filters for
the energy range between 6,000 and 1,000 cm™ that takes advantage of the additive
nature of the absorbance response when employing precisely constructed tin-doped
indium oxide (ITO) nanocrystals synthesized through a slow-injection route.®3 The
LSPR energy of ITO nanocrystals can be shifted from the near-IR to mid-IR range of the
spectrum by controlling the size, doping level and dopant placement using the slow-
injection synthesis, producing ITO nanocrystals desirable for designing near- or mid-IR
filters. Because no single composition of ITO nanocrystal is capable of blocking a wide
region (Figure 2.1a) or multiple distinct narrow regions (Figure 2.1b) of the
electromagnetic spectrum, construction of a tunable band-stop filter requires a
combination of individual optical responses from several nanocrystals. We report the
optical properties of layered and homogeneously mixed films of ITO nanocrystals
prepared by quick and simple solution processing (see Appendix A for all figures). We
show that the additive nature of the absorbance allows us to sculpt the resulting
absorbance spectra to produce wide and narrow band-stop filters in nanocrystal films
without the necessity of a thick filter stack, complex grating, and/or restricting processing

techniques.
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Figure 2.1. Schematic of targeted LSPR responses. (a) A wide band-stop filter that
blocks a wide range of wavelengths in the near- and mid-IR regions and (b) a narrow
band-stop filter that selectively blocks narrow regions of the near- and mid-IR regions.

Experimental

Materials and Methods. Indium(l11) acetate, tin(IV) acetate, and oleic acid (90%
technical grade) were used as received from Sigma-Aldrich. Oleyl alcohol (85% technical
grade) was used as received from Alfa Aesar.

Synthesis of ITO and ITO/In203 Core/Shell Nanocrystals. Syntheses were performed in
accordance with previously published results.3*® For homogeneously-doped ITO
nanocrystals, indium(I11) acetate and tin(IV) acetate were mixed in a 20-mL scintillation
vial with 4 mL of oleic acid in the desired In/Sn molar ratio to add up to 2 mmol total
metal acetate (1.99:0.01, 1.98:0.02, 1.95:0.05, 1.90:0.10, and 1.80:0.20 mmol In:Sn for
the 0.6, 1.2, 3.3, 6.8, and 16% doped ITO, respectively). Each precursor solution was
heated to 150°C under N2 flow with constant stirring for several hours. ITO nanocrystals
were then formed by injecting the mixed In/Sn-oleate precursor into 13 mL of oleyl
alcohol at 290°C under flowing N2 via a syringe pump at a rate of 18 mL hr.,
Nanocrystals were washed in acetone and redispersed in toluene.

ITO/IN203 core/shell nanocrystals were synthesized following a similar procedure
as described above. The core and shell precursor solutions were prepared separately. The
core precursor solution containing the mixed In/Sn-oleate in the ratios desired for the
core doping (0.66:0.01, 0.65:0.02, 0.95:0.05, 0.59:0.07, and 1.67:0.20 mmol In:Sn for the
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cores of 1.5%, 3%, 5%, 10%, and 16% Sn, respectively) was injected first at a rate of 18
mL hr?! via a syringe pump into 13 mL of oleyl alcohol at 290°C under flowing N2. An
aliquot of this solution was taken in order to determine the core size and doping
concentration. Then In-oleate solution was injected at the same rate in the quantity
necessary to bring the total amount of metal-oleate in the flask to 2 mmol. For the ITO
samples used for the narrow band-stop filter we synthesized a 2 mmol doped core
(1.80:0.20 and 1.99:0.01 mmol In:Sn for the 12% ITO core and 0.4% ITO core with thin
In203 shells, respectively) and injected 0.3 mmol In-oleate to obtain an ultra-thin shell.
Characterization of ITO and ITO/In203 Core/Shell Nanocrystals. Elemental
compositions of ITO nanocrystals with doping levels above 2% were determined using a
Thermo Scientific ESCALAB 250 X-ray photoelectron spectrometer (XPS). Tin:indium
content was determined by integrating the tin 3ds2 peak and comparing the intensity to
that of the indium 3ds/2 peak. Peak binding energies were referenced to the C1s
hydrocarbon peak at 284.8 eV. Samples were prepared by drop-casting solutions of
nanocrystals dispersed in toluene onto silicon wafers and allowing them to dry.

Elemental compositions of ITO nanocrystals with doping levels below 2% were
determined by inductively coupled plasma optical emission spectrometry (ICP-OES). A
Teledyne Leeman Laboratories (Hudson, NH) Prodigy High Dispersion ICP-OES system
was used. Samples were prepared by digesting dried nanocrystals in concentrated HCI for
48 h before being diluted with 2% v/v HNOs for analysis.

Transmission electron microscopy (TEM) micrographs were acquired on a FEI
Tecnai Spirit TEM (Hillsboro, OR) operating at 120 kV. Lacey carbon grids supported on
copper from Ted Pella (Redding, CA) were used to image the nanocrystals. TEM grids
were prepared by submerging in ~0.5 mg/ml solutions of nanocrystals in toluene.

Size and polydispersity of the nanocrystals were determined using a lab-scale
small-angle X-ray scattering (SAXS) instrument (SAXSess, Anton Paar, Austria). The
system is equipped with a Cu ka (A = 0.154 nm) X-ray source that was operated at 40 kV
and 50 mA. A charge-coupled device detector (Roper Scientific, Germany) was used to
detect scattered X-rays. An average of 50 individual scattering curves was acquired for

various acquisition times (0.1-3 s) to maximize signal to noise. Raw data was processed
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with SAXSquant software (version 2.0) and curve fitting was done using Irena macros for
IGOR (V. 6.3.7.2).%3" A spherical form factor was used for curve fitting, supported by
morphology visualized by TEM.

Preparation and Characterization of Thin Films. Thin films of ITO nanocrystals were
prepared by spin-coating solutions of ~50 mg/mL nanocrystals in toluene onto UV-grade
CaF2 substrates (2.54 cm diameter x 1 mm thick, UQG Optics, Cambridge, England).
Substrates were first cleaned by sonication in toluene for 10 min then isopropanol for 10
min. A Laurell WS-400-6NPP-LITE Manual Spin Processor was used at a rotation rate of
3000 RPM for 30 s. Solvent was allowed to evaporate in air before characterization. For
multilayered samples, each layer was annealed in air at 150°C for 10 minutes prior to the
deposition of the next layer.

UV-vis spectra of thin films were collected on a PerkinElmer (Waltham, MA)
Lambda 1050 spectrometer from wavelengths of 250 — 3,300 nm (40,000 — 3,030 cm™)
with a scan resolution of 1 nm. Fourier Transform Infrared (FTIR) spectra were collected
on a Thermo Fisher Nicolet 6700 spectrometer from wavelengths of 2,500 — 25,000 nm
(4,000 — 400 cm™). To visualize the LSPR of the thin films with different doping levels in
the same plot, we joined the spectra obtained from UV-vis and IR spectrometers at 3,500
cm. FWHM was calculated by manually finding the middle of the LSPR peak in
OriginPro 9 software.

Scanning electron microscopy (SEM) was performed to characterize the
homogeneously-mixed and multilayered films of the homogeneously-doped ITO
nanocrystals using an FEI Helios Nanolab 600i FIB-SEM with a Through-Lens detector.
The homogeneously mixed film was prepared by first diluting the solutions 0of 0.7, 1, 3, 7,
and 16% Sn-doped indium oxide nanocrystals such that their optical absorbance when
spin-coated into a film would be ~0.1. These solutions were then mixed together such
that the final concentration was 50 mg/mL, and this solution was then spin-coated onto a
silicon substrate. For the multilayered films, the diluted solutions were spin-coated onto a
silicon substrate from lowest to highest doping and vice versa, as illustrated in Figure 4a
and S1, annealing the substrate at 150°C for 10 minutes in between the layer additions.

Oleate ligands in these samples were removed in order to reduce charging during image
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acquisition. To remove the oleate ligands, the substrates with the films were soaked in a
solution of 1 M formic acid in acetonitrile for one hour, and then annealed at 300°C under
air for one hour, following a previously established procedure.*’ Top-down images were
acquired using an accelerating voltage of 5 kV and a beam current between 86 — 1,400
pA. To obtain cross section images of the ITO nanocrystal films, a layer of carbon was
first deposited. The sample was then milled using a commercial gallium focused ion
beam operating at 30 kV using an ion current of 2.5 nA for the initial milling, and then an
ion current of 0.79 nA to polish the edge for subsequent imaging. Cross-section images
were then acquired using an accelerating voltage of 2 kV and a beam current of 86 pA.

SEM images are shown in Figure A.1.

Results and Discussion

To investigate tunable optical filters based upon thin films of plasmonic
nanocrystals we need access to a variety of nanocrystals with defined optical features
from which we can form uniform films. Further, we need to understand how the optical
properties of these films depend upon the type and spatial distribution (layered vs. mixed,
for example) of the nanocrystal building blocks. Here we describe the synthesis of 12
different compositions of ITO nanocrystals that allow the systematic variation of optical
absorption from ~ 6,000 — 1,000 cm™, report the optical properties of films formed from
mixtures of these nanocrystals, and describe how specific mixtures can be used to

produce optical filters with desired characteristics.

Synthesis of a Library of Materials. The LSPR response of metal-oxide nanocrystals can
be tuned by altering nanocrystal size, the identity and concentration of the dopant(s),
where those dopants are localized in the nanocrystal, and defect concentration.?*3438 To
have a predictable effect on the optical properties of the designed material, each these
parameters must be controlled during synthesis. Unfortunately, these parameters have
been historically difficult to manage through synthesis. A number of nanocrystal
syntheses exist for ITO, but it was difficult to systematically adjust the structural features

that influence their properties. The resulting nanocrystals often exhibit significant size
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dispersity and poorly controlled dopant placement and doping levels. Because of
differences in defect levels and radial dopant placement, the properties of ITO
nanocrystals of the same size and doping level made by different syntheses differ
substantially.?* The energy, shape, and intensity of the LSPR in plasmonic nanoparticles
are highly sensitive to doping concentration and radial distribution, as well as to the
presence of crystal defects, and thus precise control over these properties is necessary in
order to predictably shape the optical response.6#

A low-temperature esterification synthesis previously developed by our group
enables unprecedented control over the properties of ITO nanocrystals.3-33° |t allows
layer-by-layer growth of metal-oxide nanocrystals that leads to superior control of
nanocrystal size and dopant concentration and placement. The synthesis grants access to
a large library of materials with a wide range of LSPR energies and shapes and has been
shown to work for a variety of binary oxides.>*® The desired modifications of the optical
properties can be easily accomplished by varying parameters such as the amount of
precursor added (size), ratio of the metals in the precursor (dopant identity and amount),
order of addition of metal precursors (radial dopant distribution), and dopant activation
and damping control (core/shell structuring) (Figure 2.2). Ligand-stabilized ITO
nanocrystals form dispersions that can be solution-processed to obtain nanocrystal thin

films with desired optical and electronic properties.*
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Figure 2.2. Slow-injection synthesis of ITO nanoparticles. Controlled addition of
metal oleate precursors into hot oleyl alcohol allows precise control over nanocrystal
size, dopant concentration and placement, and construction of core/shell structures
needed to sculpt the optical properties of ITO nanocrystals and resulting thin films.
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We started by synthesizing 10 nm ITO nanocrystals with different tin doping
levels (0.7, 1, 3, 7, and 16 metal %). Because the nanocrystal size can influence their
optical properties,*° all nanocrystal samples were prepared with the same core diameter
so that the effect of size would not need to be considered when comparing optical
properties between samples. A predictable shift in the LSPR energy of fabricated ITO
thin films towards higher energies was observed as the dopant concentration was
increased (Figure 2.3a). Nanocrystal size was kept constant by using the same amount (2
mmol) of metal-oleate precursor for each synthesis. Doping levels were varied by
changing the tin/indium oleate ratio in the precursor. Nanocrystals were first
characterized in solution. Small-angle X-ray scattering (SAXS) was performed to
characterize size and dispersity (Figures A.2-A.3); transmission electron microscopy
(TEM) was used to examine the morphology (Figure A.4); and X-ray photoelectron
spectroscopy (XPS) and inductively coupled plasma optical emission spectroscopy (ICP-
OES) were performed to quantify the Sn content (Figure A.5). Nanoparticles were then
spin-coated to form thin films before their optical properties were characterized by
UV/Vis and Fourier transform infrared spectroscopy (FTIR) (Figure A.6).

The optical spectrum of the sample containing 0.7 Sn metal % (0.7% ITO) was
almost indistinguishable from the undoped indium oxide, thus it formed the lower limit
for the doping level. We chose 16% as an upper doping limit because the LSPR-
facilitated absorbance of films produced from more heavily doped nanocrystals begins to
broaden and red-shift due to increased scattering from the added dopants.3* The
continuous growth of the nanocrystals facilitated by a slow addition of the precursors
makes it possible to increase the doping level up to 20% without phase segregation, but
the shift in the LSPR peak induced by the additional dopants is counteracted by

increasing scattering.3*
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Figure 2.3. The influence of tin dopant concentration and spatial distribution on the
energy and shape of the LSPR signal in indium oxide nanocrystal films. (a)
Increasing the concentration of dopant, and thus free carriers, shifts the LSPR toward
higher energy in homogeneously-doped ITO nanocrystal thin films. Spectra for
nanocrystals containing 16%, 7%, 3%, 1%, and 0.7% Sn are displayed from left to right.
(b) Adding an undoped shell increases dopant activation and decreases damping,
resulting in narrower LSPR peaks (blue: 7% homogeneously-doped ITO; dark blue: 5%
ITO core with an In203 shell). (c) Manipulating the radial dopant distribution influences
the energy of the LSPR peak for nanocrystals.
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In addition to the overall doping level, the placement of dopant atoms provides an
alternative approach to modify the shape and energy of the optical spectrum across the
near- and mid-IR ranges.*! To demonstrate how dopant placement influences the optical
properties, we synthesized core/shell ITO/In203 nanocrystals over the same range of
overall dopant concentrations as the homogeneously-doped nanocrystals, but with the tin
atoms localized in the core. These core/shell structures have been shown to exhibit
narrower LSPR linewidths due to increased surface dopant activation and decreased
damping (Figure 2.3b).3* The core/shell approach can also be utilized to shift the LSPR to
higher energy without increasing the overall doping concentration (Figure 2.3c). By
manipulating the doping levels and radial placement we obtained a library of ~10 nm ITO
nanocrystals (Table 2.1) that could be easily fabricated into thin films with the

absorbance covering a wide range of energies (6,000-1,000 cm™) and a variety of shapes.

Multilayered ITO Films. We next investigated whether we could tap the properties of
these nanocrystals to fabricate band-stop filters with tunable absorption across the mid-IR
and near-IR. A common practice in the field involves the layering of materials
possessing different properties to tune the optical response of a filter.® Thus, our first
approach was to study the optical properties of filters produced by depositing layers of
different doped nanocrystals from the library in Table 2.1.

The size of the nanocrystals was intentionally kept constant to avoid size-related
property changes. ITO nanocrystals are known to have size-dependent properties. The
LSPR can change the energy and shape for the nanocrystals of the same composition but
different size. The size-dependent properties are not discussed in this work.
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Table 2.1. Library of ITO nanocrystals synthesized through a slow-injection
esterification synthesis.

LSPR

samples Diameter? Doping® (by XPS€ or Max (cmr FWHM
P (nm, by SAXS) ICP-OES?) N (cm™)
)
0.7% ITO 10.7+1.3 0.65 +0.01¢ 1,844 816
1% ITO 11.3+15 1.24 +0.01¢ 2,249 895
3% ITO 9.3+0.7 3.3+0.1°¢ 2,978 1,375
7% I1TO 10.3+1.0 6.8 +0.2° 3,737 1,793
16% ITO 105+1.3 16.0 £0.3¢ 4,509 1,534
1.5% ITO core with Coreonly: 7.2+1.0 d
In203 shell Core/shell: 10.3+1.2 0.58+0.01 2,389 978
3% ITO core with Coreonly: 9.0+ 1.2 d
In,03 shell Core/shell: 10.3+1.4 1.31+0.01 3,001 1,074
0 .
5% ITO core with 100+1.1 2.9+0.1° 3,037 1,125
In203 shell
0 .
10% ITO core with 97407 3.820.2° 4,080 1,140
In203 shell
16% ITO core with c
In,05 shell 9.9+1.3 13.0+0.1 4,411 1,876
0.4% ITO core with Coreonly:9.7+1.4 d
In203 shell Core/shell: 10.3 £ 1.3 0.35£0.01 1,740 872
12% ITO core with Coreonly:9.4+1.1 .
In203 shell Core/shell: 9.8 + 1.2 106+02 4,509 1512

aSAXS sizes for core/shell nanoparticles were measured twice: after addition of the doped core (“core
only” in the table), and after the undoped shell was added (“core/shell” in the table).

® Each doping percentage is represented as the Sn-to-In metal percent.

¢ Samples where Sn content was measured by XPS

dSamples where Sn content was measured by ICP-OES

For these studies, we utilized several of the homogeneously-doped ITO
nanocrystals described in Table 1 with the LSPR energies covering a wide energy range
starting in the mid-IR (1000 cm™) and ending in the near-IR (6,000 cm™). Each sample
was dissolved in toluene and diluted so that a spin-coated layer of that individual
nanocrystal had a measured maximum absorbance intensity of approximately 0.1.
Solutions of different nanocrystal types were sequentially spin-coated on a CaF2 substrate
starting with the lowest doped sample (0.7% ITO) and increasing the doping level in each
consecutive layer, ending with 16% ITO (Figure 2.4a). After each layer was deposited,
the substrate was annealed in air at 150°C for 10 minutes. Annealing at 150°C removes
solvent and prevents the ITO nanocrystal films from being removed by contact with the
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organic solvent used in subsequent deposition steps. We also made a film wherein the
order of deposition was reversed, starting with the highest doped sample, and finishing
with the lowest (Figure 2.4b) to determine if the order of the layers mattered. The
changes in the absorbance of the multilayered films were monitored with UV/Vis-NIR
(Figure 2.4c and d) after each subsequent layer was deposited.

The spectra in Figure 2.4 (c and d) suggest that the order of deposition of the
layers significantly influences the shape and intensities of the optical response of the
layered films. The spectra of the film demonstrated in Figure 2.4a show the absorbance
maximum shifting to higher energy with each layer along with an increase in the intensity
of the absorbance (Figure 2.4c). As layers containing nanocrystals with higher doping
levels are added, the contributions to the absorption due to the initially deposited layers
containing lower doped nanocrystals seem to diminish completely by the time the 16%
ITO layer is deposited. With the addition of the last layer, the shape and energy of the
overall absorbance spectrum closely resembles the optical response of a film made of
only 16% ITO nanocrystals. For the second film structure (Figure 2.4b) that has the
reversed order of layers, the intensity of the combined spectrum (Figure 2.4d) also
increases upon the addition of each layer but the absorbance maximum does not shift
significantly. Instead, the width of the absorbance increases upon the addition of
subsequent layers. Although the spectra reveal contributions from each of the individual
spectra, the higher doped layers appear to dominate the spectral response. Still, the
second layering approach does produce a filter that absorbs over a broader spectral range,

even though the response is not additive.
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Figure 2.4. Absorbance spectra of multilayered ITO films. Multilayered films
fabricated by spin-coating ITO nanocrystal solutions that were diluted to produce films
with an absorbance of approximately 0.1. The solutions were spin-coated starting with
the lowest doping concentration and proceeding to the highest in (a) and from the highest
to lowest in (b). The changes in the optical absorbance were monitored with the UV/Vis-
NIR after deposition of each consecutive layer and are shown in the bottom panel. Plot
(c) corresponds to the structure in (a). Plot (d) corresponds to the structure shown in (b).
The direction of the beam is shown by the arrows. The absorbance spectra were obtained
by measuring the transmittance of the films deposited on CaF2 and converting
transmission to absorbance (2-log(%T)). The collected absorbance was not corrected for
the absorbance of the substrate (See Figure A.7 for the absorbance of CaF2), because the
substrate did not absorb a significant amount of light in the LSPR region.

We were curious about why the ordering of the layers had such an influence on
the optical properties of the films given that composition and the interfaces between the
layers within the film are the same. Given the previously stated finding that all the layers
remain intact during the deposition process, we reasoned that the two samples in Figure 4
might produce a different combined optical spectrum due to differences in reflectivity
that arise from the order in which the beam encounters each layer. To test this hypothesis,
we took the UV-vis/NIR spectra of the samples in Figure 2.4, arranging the samples so
that the beam entered the sample from the opposite direction. The resulting spectra were
identical regardless of the incident beam direction (Figure A.8) apart from a small change

in the intensity of the signal likely caused by the inhomogeneity of the film thickness. We
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concluded that the loss of absorbance due to reflectance at each interface cannot be the
major cause of the observed differences in the absorbance of the different film structures.

The main difference between the samples with the opposite ordering of the layers
is the proximity of the highest and lowest-doped materials to either the substrate or air
interfaces. The layer directly in contact with CaF2 is exposed to a much higher dielectric
environment than that provided by the interface with air.*?*3 The shape and energy of
LSPR peaks are strongly influenced by the dielectric environment, 164447 shifting to lower
energy and broadening when placed in a high dielectric environment. Further, the ITO
nanoparticles with higher doping level have been shown to be less affected by the change
in the dielectric medium then the lower doped nanoparticles. 6482 Thus, the absorbance
contribution of the 0.7% ITO layer in the film shown in Figure 2.4a might be
underrepresented in the multilayered films because it is sandwiched between materials
with higher dielectric constants than air: the substrate and another ITO film. In the
sample shown in Figure 2.4b, the 16% ITO layer is sandwiched between the substrate and
the 7% ITO layer that both have relatively high dielectric constants. As more layers are
deposited, the environment surrounding the 16% ITO layer remains constant and its
contribution is not diminished from being in contact with a high dielectric medium.

To test our hypothesis that the dielectric environment strongly affects the
combined optical spectrum of multilayered films, we designed a simpler system that
consisted of only two layers comprised of the 16% and 0.7% ITO nanocrystals. Two
films were constructed wherein we changed the order in which we spin-coated the ITO

solutions and the optical properties for each were analyzed (Figure 2.5a).
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Figure 2.5. The order of ITO layers determines the absorbance. (a) Bilayer films
fabricated to evaluate the influence of the surrounding dielectric medium on the
combined optical responses. The diagrams show the order in which the ITO solutions
were spin-coated. The solutions were diluted so that the measured absorbance was
approximately equal in intensity. The spectra were normalized to the intensity of the
optical absorbance peak at 4,509 cm™ contributed by the 16% Sn-doped film. (b) Raw
(non-normalized) absorbance of the two-layer films (same colors as in (a)) plotted with
the individual spectra of the 16% (green) and 0.7% (black) ITO films. The direction of
the beam is shown by the arrows.

When 16% ITO is layered over the 0.7% ITO layer on CaF2, the spectrum (Figure
2.5a) resembles that of the higher doped film alone. The contribution of the lower-doped
layer is underrepresented. The absorbance due to the 0.7% ITO film (at 1,822 cm™) has
lower intensity than was recorded for the lower-doped film alone (Figure 2.5b). When the

layering is reversed, absorption due to the 0.7% Sn-doped layer can be clearly identified.
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The intensities of the layers are not equal but are clearly discernable in the combined
optical spectrum. The raw optical spectra of the lower and higher-doped films by
themselves compared with the spectra of the two-layer films (Figure 2.5b) clearly show
the changes in the absorbance maxima positions and intensities. Layering the 0.7% Sn-
doped nanocrystals over the 16% Sn-doped layer intensifies the absorbance of the
individual contributions (red trace in Figure 2.5a and b) and red-shifts the 16% Sn-doped
layer contribution while blue-shifting the optical contribution of the lower doped layer.

The energy shifts observed in the combined spectra of the two-layer films are
consistent with the effects expected from changing the dielectric environment in the
vicinity of the film. Further, the attenuation and intensity enhancement of the optical
properties in the two-layer films follow the same trend as we found in the multilayered
films. The contribution of the 0.7% ITO layer sandwiched between the substrate and the
higher doped layer is diminished significantly from being in contact with a high dielectric
environment, whereas the reverse ordering does not lessen the optical contribution of the
16% ITO layer to the combined absorbance.

In both the two-layer and multilayered films, the changes in the spectral response
appear to be strongly influenced by the local dielectric environment of the layer. Films
with a lower doping concentration appear to be affected to a higher extent than the
samples with a higher doping level. As a consequence of these effects, spin-coating
consecutive layers of ITO films does not result in easily predictable combined
absorbance. Given our interests in developing a convenient approach to constructing
optical filters from nanocrystal building blocks, we did not investigate other possible
reasons for the observed phenomena in the multilayered films, but instead moved on to
evaluate the optical properties of homogeneously mixed nanocrystal films. We reasoned
that, if the sensitivity of the LSPR to the dielectric environment of the substrate and
neighboring layers has a strong influence on the combined optical response, we should be
able to fabricate films where the different nanocrystals are homogeneously distributed
throughout the film producing a uniform dielectric environment. This approach could

potentially lead to a more predictable optical response.
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Homogeneously Mixed ITO for Wide Band-Stop Filters. Provided that the ITO
nanocrystal films can be solution-processed, a uniform dielectric environment should be
achievable through simply combining the nanocrystal solutions of different doping
concentrations to attain a combined absorbance that is the sum of the absorbances of the
individual nanocrystals. Creating a homogeneous dielectric environment should then
allow us to predictably engineer a wide band-stop optical filter covering a range of
wavelengths from the mid-IR to the near-IR. Thus, we set out to investigate if mixing the
nanocrystal solutions and processing them into a thin film would enable us to absorb light
covering the range of 1,000 and 6,000 cm™ and avoid the unpredictable optical properties
observed for the multilayered films.

From the library of nanomaterials in Table 2.1, we selected the same
homogeneously-doped ITO nanocrystals that we used to design the multilayered films
and that had individual LSPR absorbance peaks in the range from the mid-IR (1,000
cm™) to the near-IR (6,000 cm™). The absorbance spectra of the selected nanocrystals are
shown in Figure 2.6a (dashed blue lines). Figure 6a shows the predicted absorbance
spectrum (solid red line) we obtained by summing the normalized absorbance data for the
five homogeneously-doped ITO nanocrystal components. The calculated spectrum
predicts a wide band absorbing light between 1,000-6,000 cm, encompassing the range
of wavelengths covered by the absorbances of the individual nanocrystal components.
Note that in the summed spectrum the intensity near 2,000 cm™ is lower than one might
intuitively predict from the component spectra. We attribute the decreased absorbance
intensity to decreased overlap between neighboring spectra. If mixing the component ITO
nanocrystals results in additive absorbance properties, then we would expect a spectrum
similar to the predicted spectrum where the absorbance intensity across 1,000 — 6,000
cm?is equal.

To test the hypothesis that mixing nanocrystals would result in predictable
additive optical properties, we mixed the ITO nanocrystal solutions (0.7, 1, 3, 7, and 16%
ITO) in concentrations such that the measured absorbance intensity of each nanocrystal
doping level would be equal when processed into a thin film. We spin-coated the

resulting mixture onto a CaF2 substrate and measured the optical absorbance by FTIR and
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UV/Vis spectroscopy. Figure 2.6b depicts the summed spectrum (red) from Figure 2.6a
overlaid with the experimentally measured absorbance spectrum resulting from a mix of

nanocrystals of different doping levels processed into a thin film (blue).
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Figure 2.6. Formulation and evaluation of a wide band-pass filter produced by
homogeneously mixing nanocrystals in a thin film. (a) Individual spectra (dashed
lines) of homogeneously-doped nanocrystals (0.7, 1, 3, 7, and 16% 1TO) were summed
to obtain the combined normalized spectrum (red) that establishes the predicted optical
response of the filter; (b) Comparison of the predicted (red) and measured (blue)
absorbance of homogeneously mixed ITO nanocrystal thin film. The interference in the
wavelength range of 4,500 to 3,000 cm™ is due to CH stretches and instrumental noise at
the end of the detector ranges where the traces from the UV/Vis and FTIR spectrometers
were combined.

The experimentally measured spectrum looks remarkably similar to the predicted
optical response. The absorbance onset starts at about 7,000 cm™ for both spectra. The
combined absorbance extends far into the mid-IR (~1,000 cm™) accounting for the
individual contributions of each nanocrystal component. Based on the measured

experimental spectrum, the optical properties of ITO used in the mixed film are not
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experiencing an unequal intensity enhancement or attenuation. Given that the same ITO
solutions were used to prepare the films with the optical responses shown in Figures 2.4c,
2.4d and Figure 2.6b, the exceptional match between the experimental spectrum and the
predicted spectrum in the homogeneously mixed solution films and the loss of the
contributions of individual components in the multilayered films clearly demonstrates the
superiority of using a solution processing method that renders a uniform dielectric
environment.

The close agreement between the measured and predicted spectra supports our
hypothesis that a predictable combined optical response is achievable by mixing
nanocrystals of different Sn doping concentrations in solution and subsequently spin-
coating the mixed solution into a film. The equal contributions of the individual
components in the experimental spectrum suggest that ITO nanoparticles of each doping
concentration are experiencing a dielectric medium created by a uniform mixture of the
other ITO nanocrystals which results in diminishing the effects of the dielectric medium
gradient at the air/film and film/substrate interfaces. The absorbance of the film covers a
wide energy range desired for a wide band-stop filter or as a coating for low-emissivity
windows. 515293457 These results indicate that both the range of absorbance as well as the
absorbance intensity are predictable and tunable through selection of different ITO
nanocrystals from the library of synthesized materials. The additive nature of the
absorbance demonstrated by the solution-processed films, combined with the tunability
of the ITO nanocrystal synthesis, enables a superior level of control over the optical
properties of the band-stop filters for the near-IR to the mid-IR region. The final
absorbance spectrum is easily predicted by looking at the LSPR energies and shapes of
the 1TO solutions prior to mixing. This level of tunability is important for a facile design

of band-stop filters and has not yet been demonstrated in solution-processed films.2849-51

Homogeneously Mixed Core/Shell ITO/In203 Nanocrystals. Having successfully
engineered a wide band-stop filter, we turned our attention to the construction of a
narrow band-stop filter to emphasize that we can selectively block wavelength ranges

while allowing some light to pass in the mid-IR. Our goal was to engineer a band-stop
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filter schematically illustrated in Figure 2.1b, where two distinct energies of light are
blocked, but all other energies of light are allowed to pass. To construct a narrow band-
stop filter, we wanted to produce a film from a mixture of two types of nanocrystals that
have widely separated peaks and narrow line widths. To do this, we adjusted both dopant
level and core/shell architectures to tune the peak positions and widths.

For the narrow band-stop filter, it is desirable to have a set of clearly separated
peaks which can be achieved via using a distinctly different doping concentrations and
decreased line widths. As a starting point, we considered the nanocrystals that led to the
highest and lowest energy peaks shown in Figure 2.3a (16% and 0.7% homogeneously-
doped ITO). The two films have a slight overlap in their optical spectra at around 3,000
cmL. In an attempt to separate the spectra even further, we used the synthesis
modification discussed above that leads to the LSPR energy shifts and narrowing of the
line width: the core/shell approach. We synthesized ITO nanoparticles with 12% Sn
doping concentration in the core and a thin 0.3 nm In203 shell so that the overall doping
level decreased to 11%. Although these core/shell nanocrystals have a lower doping level
(11 %) than the 16% ITO, the dopant activation introduced by an undoped shell shifts the
LSPR of the film to the same wavelength (4,509 cm™). The shell also reduces scattering,
thus decreasing the line width from 1,534 to 1,512 cm (Figure 2.7a).3* As we previously
mentioned, the lowest doping concentration at which we observed the LSPR in
homogeneously-doped nanoparticles was 0.7% (LSPR max at 1,844 cm™). In order to
shift the LSPR to an even lower energy to increase the peak separation from the higher
doped peak we aimed to further decrease the doping concentration, but through a
core/shell strategy. Using an undoped shell to activate surface dopants and decrease
scattering, we synthesized ITO nanoparticles with only 0.4% Sn doping at the core and
added an ultrathin 0.2 nm shell of In20s, lowering the overall doping to 0.35% Sn while
still supporting the LSPR in the sample. The resulting optical spectrum is shown in
Figure 2.7b. An ultrathin shell allowed for a distinguishable LSPR peak at incredibly low
doping concentration along with shifting the LSPR energy maximum to 1,740 cm™.

The top trace in Figure 2.7c shows the sum of the individual, normalized spectra

from each of the two individual nanocrystal components. This is the spectrum that one
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would predict if the absorbances are additive and it shows two energetically separated
peaks with absorbance maxima at approximately 4,400 cm™ and 1,800 cm™ of equal
absorbance intensity. To construct the filter, we mixed the two nanocrystal solutions in
concentrations such that the resulting absorbance intensity from the nanocrystal films
would equal approximately 0.1. After having mixed the solutions of the 12% Sn-doped
ITO and 0.4% ITO nanocrystals covered with thin In203 shells in the appropriate
concentrations, the nanocrystals were spin-coated into a thin film. The absorbance was
measured using FTIR and UV/Vis spectroscopy. The resulting spectrum is shown in

Figure 2.7c¢ (bottom) (Figure A.9 for non-normalized data).
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Figure 2.7. Optical properties of ITO nanocrystal building blocks and
formulation/evaluation of a narrow band-pass filter. (a) Comparison of the optical
spectra for nanocrystals containing 16% homogeneously-doped ITO (dark blue) and ITO
core/In20s3 shell containing 12% Sn (red trace). The spectra are normalized at the
absorption maximum. The ultrathin indium oxide shell (0.3 nm) activates the surface
dopants and decreases scattering. The two films have an identical LSPR energy max at
4,509 cm™ but the LSPR line width of the core/shell film is narrower (1,512 compared to
1,534 cm™); (b) Comparison of the absorbance spectra for 0.7% homogeneously-doped
ITO (darker blue) and 0.4% ITO with a thin In203 shell (light blue). Addition of an
ultrathin 0.2 nm undoped shell facilitated surface dopant activation and decreased
scattering which resulted in a distinguishable LSPR peak at only 0.4% Sn doping
concentration; (c) Predicted (top) and experimental (bottom) spectra of the
homogeneously mixed thin film produced from 0.4% and 12% Sn-doped ITO cores with
thin In203 shells, illustrating the properties of a narrow band-stop filter.
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The predicted spectrum, which is the sum of the individual spectra, and the
measured absorbance spectra are nearly identical. Both the predicted and measured
optical spectra show two distinct absorbance peaks of approximately equal intensity, with
one appearing at high energy and one appearing at low energy. Given that using the ITO
solutions of similar doping concentrations in the two-layer films (Figure 2.5a) resulted in
the attenuation of one of the components, the predictability of the optical response of the
narrow band-stop filter shown in Figure 2.7c is truly remarkable. This further supports
our hypothesis that homogeneously mixing nanocrystals in solution prior to spin-coating
leads to a more homogeneous dielectric environment.

Compared to the predicted absorbance spectrum (Figure 2.7c, top), the high
energy band peak is slightly blue-shifted and wider in the measured absorbance spectrum
(Figure 2.7c, bottom). We attribute the blue-shift of the high energy LSPR peak to the
higher dielectric environment that the 12% ITO with an In203 shell are embedded in
compared to air. ITO with any doping concentration has a higher dielectric constant than
air. ITO nanocrystals with high doping concentrations have higher LSPR peak intensities
compared to the nanocrystals with low doping level at the same film thicknesses. In order
to achieve similar absorbances for the two solutions we chose, we used a larger fraction
of the 0.4 % ITO with a thin In203 shell than of the 12% ITO with an undoped shell (80%
of the lower doped nanoparticles and 20% of the higher doped ones). Thus, the highly
doped component of the film is affected by the changes in the dielectric medium more
than the lower doped ITO given the film composition. The broadening of the high energy
band is attributed to the decreased ability of the 12% ITO with an undoped shell to couple
effectively, resulting in increased damping. Thus, when designing a filter consisting of
significantly unequal ratios of the components, we must take into consideration the
overall dielectric environment in the film and how it affects those components. The
combined optical response modulations produced by the created dielectric medium can
also be used as a lever to sculp the desired optical filter. These results clearly demonstrate
that homogeneously mixed films of specifically tailored ITO nanocrystals can be used to

produce a narrow band-stop filter.
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Conclusion

A library of 12 ITO nanocrystals with tin doping concentrations ranging from
0.4% to 16% and core/shell architectures with various degrees of dopant activation was
constructed using a slow-injection, esterification synthetic strategy. The synthetic
method allows one to tune the concentration and spatial distribution of dopant atoms in
order to sculpt the LSPR peak shape and energy in the near-IR and mid-IR. We used the
library of nanomaterials to produce layered and homogeneously mixed nanocrystal films
and studied how the film architecture influenced the optical properties of the films. Wide
and narrow band-stop filters were fabricated to evaluate the utility of this approach for
applications involving plasmonic band-stop filters.

For nanocrystal films comprised of layers of different nanocrystals, we found that
the combined optical properties were not easily predictable. The response was not
additive and depended upon the order of deposition of the layers. We attributed the
difference between the layered and the experimental LSPR spectra to the influence of
interfaces between the layers of nanocrystals that create dielectric gradients within the
final film. The optical response of the ITO nanocrystal layers within the film was either
attenuated or enhanced depending on the dielectric environment, which led to
unpredictable shifts in energy and broadening of individual absorbances. On the other
hand, homogenous mixing of ITO nanocrystals with different doping concentrations in a
single film produced optical responses that matched predictions from simple addition of
the component optical absorption spectra. These mixed nanocrystal films possess a
homogeneous dielectric environment and lack interlayer boundaries that may reflect or
scatter light in ways that are not simple to predict. Based upon these findings, it was
possible to design and produce nanocrystal ITO films from solution mixtures of precisely
doped nanoparticles that function as both wide and narrow band-pass filters in the near-
and mid-IR, enabling the use of tunable ITO nanocrystals for band-pass filter
applications. To our knowledge, this is the first demonstration of plasmonic wide and
narrow band-stop filters that rely on simple solution-processing fabrication scalable to

large areas and have predictable properties.
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The results suggest that the combination of nanocrystal synthesis, to control the
optical properties of the building blocks, and solution processing is a powerful approach
to designing thin film optical filters. Although demonstrated here only for ITO
nanocrystals, this strategy could also be applied to tuning the LSPR response of other
doped metal-oxides, such as cerium- and molybdenum-doped indium oxide,'>? In-doped
cadmium oxide, or aluminum-doped zinc oxide®! for a variety of applications beyond

optical filters, including electrochromic windows and sensing.%03153

Bridge

Chapter Il summarized my work with ITO nanocrystal films and showed that their
optical properties are highly tunable and additive. These materials have potential for
being implemented to reduce our energy consumption. The thin-film processing
techniques described in this chapter were used for the work described in Chapters 111, IV,
and VI. The next chapters focus on water electrolysis technologies and failure modes

analysis of the electrolyzer systems.
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CHAPTER I

OXYGEN EVOLUTION ELECTROCATALYSIS IN ACID: ATOMIC
TUNING OF STABILITY NUMBER FOR SUBMONOLAYER
IRIDIUM OXIDE ON CONDUCTIVE OXIDES FROM
MOLECULAR PRECURSORS

Chapter 111 contains co-authored unpublished material. Prof. Boettcher and |
conceived of the project. Matej Zlatar and | performed the experiments and analyzed
data with assistance from Nathan Stovall, Grace Lindquist, Daniel Escalera-Lopez, and
Amanda Cook. Matej Zlatar and | wrote the paper with editorial assistance from all the

authors. It is prepared in the format of the ACS Catalysis.

Introduction

Water electrolysis is a key source of clean, renewable H2.1"2 Powered by low-
carbon or renewable energy, water electrolysis enables decarbonization of many
economic sectors if capital costs are sufficiently low. Hz production by electrolysis is
rapidly becoming more cost-competitive with an 80% decrease in renewable electricity
prices since 2010.2 Alkaline and proton-exchange-membrane water electrolysis
(PEMWE) are the most-mature electrolysis technologies on the market today.> PEMWE
offers many benefits over alkaline electrolysis due to the use of a solid polymer
membrane (Nafion) instead of a liquid electrolyte which enables operation at high current
densities (>2 A-cm?at 1.7 V), load following, reduced product crossover, and the
collection of compressed H2.3* The acidic nature of Nafion, however, limits the catalyst
choice for PEM stacks to the platinum group metals (PGM) (mainly Ir and Pt) and
restricts the materials choice for the stack components to acid-stable titanium coated with
PGMs.3 ¢ Alternatives to the PEMWE that use ionomer membranes with basic character

are currently under development, but are still at an early stage.®1°
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While Pt at the cathode operates at a low overpotential, the oxygen evolution
reaction (OER) at the anode requires higher overpotentials even with the current
benchmark catalyst, IrO2.1* Currently catalyst cost is not the driving factor of the
electrolysis costs, but it will play a significant role once the reduction of other costs is
achieved and demand for precious metals increases.'? Decreasing the Ir loading at the
anode from 2-3 mg-cm to 0.4 mg-cm 2 would make the PEMWE more sustainable and
cost-effective.? Many non-PGM materials have been studied as a replacement for IrO2,
but reaching the activity of IrO2 requires high loadings and long-term stability remains an
issue.316 OER catalyst cost reduction is possible through increasing its lifetime or
maintaining high activity while decreasing the loading. The latter is usually accomplished
by dispersing IrO2 onto a conductive acid-stable support maximizing the exposed active
sites while taking advantage of the favorable metal-support interactions.t’-°

Regrettably, there are only a few known nominally stable support materials that
can withstand harsh OER conditions in an acidic environment. Among the most studied
are TiOz, fluorine-doped tin oxide (FTO), and antimony-doped tin oxide (ATO).}"-%
Crystalline forms of TiOz are acid-stable but this compound is a semiconductor. Thus,
when a mixed IrO2/TiOz2 catalyst is used, a sufficient amount of Ir must be incorporated
to create a conductive network.® However, experimental reports along with
computational work suggest activity and stability improvements with the addition of TiO2
to or on top of 1r02.1 2122 The enhancement is attributed to tuning the surface charge
density through favorable metal-support interactions.?! The addition of TiO2 has been
probed by dispersing IrO2 nanoparticles on TiO2 support, covering a layer of IrO2 with
TiO2, synthesizing core/shell IrO2/TiO2, and other methods.® 2% 2% Thin layers of TiO2 on
Pt or IrO2 has also been demonstrated to accelerate water dissociation for HER in acid
and base.?* Unlike TiO2, FTO and ATO are conductive, although their electrical
properties strongly depend on the synthesis method and dopant
concentration/distribution.>28 In a stability study under OER-relevant conditions FTO
showed higher stability than ATO, exhibiting no measurable dissolution -0.34 to 2.7 V
vs. RHE in acid. ATO degrades due to Sb>* solubility which leads to formation of an
SnO:z-rich surface layer that impedes electron transport.?® Decorating ATO or FTO high-

surface-area supports with IrO2 nanoparticles facilitates better catalyst dispersion,
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favorable metal-support interactions, and purportedly leads to reduction in loading in
three-electrode tests with liquid electrolytes.!” 3 The three-electrode cell test conditions,
however, differ from the stability/activity tests in a membrane-electrode assembly
(MEA).2 Compressed cell stacks suffer from limited catalyst utilization due to ion,
electron, or mass transfer effects; the catalyst at the interface with the membrane is the
major contributor to the observed current density.®! IrO2 dispersed on an inert support in
an MEA has even less catalyst in direct contact with the membrane. Thus, the field lacks
the knowledge of how to prepare systems where every Ir atom is electrochemically active
for catalysis and how to maximize the performance of such a catalyst.

The exposure of every Ir atom seems possible only through having a monolayer-
thick catalyst layer on a support. During OER, the catalyst can undergo
dissolution/redeposition processes that ultimately lead to the loss of the catalyst in a
three-electrode cell setup with a liquid electrolyte but might be mitigated by the presence
of a solid membrane impeding the migration of the Ir species away from the anode.*?
Another strategy to improve the stability of an ultrathin catalyst would be an addition of a
protective layer that can prevent Ir dissolution. An attempt to create a sub-monolayer-
thick catalyst has been made using a molecular catalyst [Ir(pyalc)(H20)2(u-0)]22* that
binds to metal-oxide surfaces and remains stable for OER at pH 2.6 on nanolTO
electrode for several hours.® The proposed molecular catalyst, however, did not
withstand stronger acids and transformed into an amorphous IrOx.3* To improve
performance, the metal-oxide supports with [Ir(pyalc)(H20)2(u-0)]2%* bound to their
surface were annealed to remove the ligands and form an ultrathin layer of IrO2z on the
surface.®* The supports were soaked in the precursor solution multiple times between the
annealing steps to grow thicker IrO2 layers. This type of solution-based atomic layer
deposition (ALD) improved stability compared to the initial molecular Ir complex, but
long-term durability was not achieved. In addition, [Ir(pyalc)(H20)2(u-0)]22* is not
commercially available which complicates further study and scaling.

Inspired by the reported influence of the nature of the metal oxide and the amount
of bound Ir on activity, we report in Chapter Il1 an approach to create, and fundamentally
study, oxide-supported Ir leveraging a simple and commercial 1,5-cyclooctadiene iridium

chloride dimer, [(COD)IrCl]2. We show that [(COD)IrCl]2 adheres to the surface of metal
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oxides in a simple soaking procedure and upon annealing forms a sub-monolayer-thick
IrOx catalyst. We study the OER performance of the sub-monolayer-thick 1rOx of
different loadings in acid on ATO nanoparticles and planar FTO substrates, discovering
that the increase of Ir loading not only improves activity but also enhances stability of
these catalyst. By adding an ultrathin protective TiO2 layer by ALD, we further increase
IrOx intrinsic activity but trigger high dissolution, as demonstrated by changes to the
stability number (the number of O2 molecules evolved per atom of iridium lost)®
measured via in situ electrochemical measurements coupled with inductively-coupled
plasma mass spectrometry (ICP-MS). The changes to the catalyst chemical structure are
tracked with X-ray photoelectron spectroscopy (XPS) that shows downshifts in Ir 4f
binding energy upon TiO2 addition. We hypothesize that in this new system most iridium
atoms are active during OER, and the surface characterization results are not obscured by
the contribution from the bulk of the catalyst. This approach allows us to access the
impact of the binding environment on the intrinsic activity of iridium atoms and develop

strategies for engineering better OER catalysts.

Experimental

Materials. Chloro(1,5-cyclooctadiene)iridium(l) dimer ([(COD)IrCl]2) was purchased
from TCI. Antimony-doped tin-oxide (ATO) nanoparticles (~50 nm) were ordered from
Sigma Aldrich. HPLC grade solvents used in synthesis (acetonitrile and toluene) were
purchased from Fisher Chemical. Isopropanol (IPA) and toluene used in washing the
synthesized material and electrode ink preparation were purchased from Sigma Aldrich
and used as received. Fluorine-doped tin oxide (FTO) coated glass slides (surface
resistivity ~ 13 /sq) were obtained from Sigma Aldrich.

Synthesis of Ir-Functionalized Metal-Oxides. ATO nanoparticles were vacuum dried at
80 °C overnight on the Schlenk line before bringing them into the glovebox under Na.
Acetonitrile and toluene used in synthesis (Fisher Chemical, HPLC grade) were
dispensed under N2 from an LC Technology SP-1 solvent system and transferred to the
glovebox in an air-free flask. The 3.9 mM solutions of [(COD)IrCl]2 in toluene and
acetonitrile were prepared in the glovebox. Sixty milligrams of dried ATO nanoparticles

were added to 4 vials: two with 3 mL of [(COD)IrCl]z in toluene; and two with 3 mL of
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[(COD)IrCl]2 in acetonitrile. Each vial was capped with a Teflon-lined lid. The mixtures
were left to stir overnight; one reaction for each solvent was kept at 100°C, the other at
room temperature. Then the particles were transferred to a centrifuge vial and washed
with toluene or acetonitrile (depending on the solvent used in synthesis) twice to remove
the remaining unreacted [(COD)IrCl]z.

Planar 1 cm x 1 cm FTO substrates were sonicated in IPA, cleaned with O2
plasma, and heated on a hot plate to 100 °C before being transferred to the glovebox. The
substrates were placed into glass vials with Teflon-lined lids. A small amount of the 3.9
mM solution of [(COD)IrCl]z in toluene (just sufficient to cover the surfaces of the FTO
substrates) was added into each vial with a small stir bar. The substrates were left to react
overnight at 100 °C. Then the substrates were taken out of the glovebox and sonicated in
toluene to remove any unreacted Ir dimer.

Characterization of Ir-Functionalized Nanoparticles and Planar Substrates. Elemental
compositions of Ir-functionalized ATO nanoparticles and FTO substrates were
determined with a Thermo Scientific ESCALAB 250 X-ray photoelectron spectrometer
(XPS) using an Al Ka monochromated (20 eV pass energy, 500 pum spot size) source.
The samples were charge-neutralized using an in-lens electron source. Spectra were
analyzed using ThermoScientific Avantage 4.88 software. Peak binding energies were
referenced to the C1s hydrocarbon peak at 284.8 eV. Powder samples were prepared by
drop-casting solutions of nanoparticles dispersed in IPA onto silicon wafers and allowing
them to dry.

The amount of Ir on Ir-functionalized ATO nanoparticles was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES). A Teledyne
Leeman Laboratories (Hudson, NH) Prodigy High Dispersion ICP-OES system was used.
We were unable to remove Ir off the ATO nanoparticles once they were annealed, which
is a crucial step to grow a thicker layer of IrOx on the surface. Instead, we analyzed the
precursor solution of [(COD)IrCl]. before and after reacting it with a known amount of
ATO nanoparticles. A 0.1 mL aliquot was taken from the precursor solution before and
after the reaction with the nanoparticles. The solvent was allowed to evaporate and the

precipitated [(COD)IrCl]2 was digested in concentrated HCI overnight at room
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temperature. The resulting solution was passed through a 0.1pum syringe filter and diluted
with 2% v/v HNOs for analysis. This procedure was repeated after each consecutive soak.

To track the dimer attachment to the surface of ATO nanoparticles in each
solvent, optical measurements were collected on Perkin EImer Lambda-1050
UV/Vis/NIR spectrophotometer. Small aliquots (0.25 mL) of the [(COD)IrCl]2 solutions
were taken before adding ATO nanoparticles and at different time intervals during
synthesis, diluted to 2.5 mL and analyzed from 250 to 800 nm with a scan resolution of 1
nm.

NMR spectra were collected on Bruker Avance I11-HD 600 MHz NMR
spectrometer. The 3.9 mM [(COD)IrCl]2 solutions were prepared with toluene-ds and
acetonitrile-ds (Cambridge Isotope Labs) and were analyzed before and after reacting
with ATO nanoparticles for 5 h without further dilutions.

Triphenyl silanol (TPS) and tris(tert-butoxy) silanol (TBS) were dissolved
separately in toluene-ds in the glovebox under inert atmosphere. *H NMR spectra of the
initial solutions were recorded. To the 1mL solutions of TBS and TPS, 2 mL of 3.9 mM
[(COD)IrCl]2 solution in toluene-ds was added. The mixed solutions were set on a hot
plate at 100 °C with stirring for 1 h. 'H NMR spectra of the solutions after 1 h of mixing
were recorded.

The electron microscopy and chemical composition images of Ir-functionalized
nanoparticles were collected on a Titan 80-200 TEM equipped with an EDX detector
(accelerating voltage of 200 kV). The samples for analysis were prepared by drop-casting
dilute solutions of ATO and Ir-functionalized ATO nanoparticles in IPA on Cu grids and
allowing them to dry.

Iridium Layer Growth on Metal-Oxide Substrates. [(COD)IrCl]2 (~60 mg, 0.09 mmol)
was dissolved in 20 mL of anhydrous toluene in the glovebox. The solution was filtered
through a syringe filter and 400 mg of ATO were added. The nanopowder was allowed to
react in the Ir-containing solution overnight at 100 °C. The reacted powder was washed in
toluene twice via centrifugation and annealed in the box furnace at 350 °C for 3 h. The
annealed powder was ground, then dried in the oven overnight at 100 °C before being
transferred to the glovebox. The powder was reacted with [(COD)IrCl]z solution in

toluene for a second time. At the end of the second overnight reaction the powder was
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again washed, annealed, and placed back in the glovebox to react with [(COD)IrCl]z a
third time. After the third soak the nanopowder was again washed in toluene and
annealed at 350 °C before being used for electrochemical testing. The catalyst shell
growth on a planar FTO substrate was accomplished in the same manner. The powder
samples and the planar substrates were analyzed with XPS after each soak.
Thermogravimetric Analysis of [(COD)IrCl]2. A 10 mg sample of [(COD)IrCl]2 was
placed in an Al pan and loaded into TA Instruments Thermogravimetric Analyzer (TGA
Q500). The sample was heated from room temperature to 600 °C at 5 °C/min in air
(Figure B.3).

Atomic-Layer Deposition (ALD) of TiO2. ATO nanopowder after one and three soaks in Ir
dimer precursor solution in toluene annealed at 350 °C for 3 h was placed in the ALD
vacuum chamber on a piece of Al foil with raised edges. A fine metal mesh was placed
over the foil to prevent the powder loss during the deposition process. The powder was
decorated with TiO2 via 5 ALD cycles. The deposition was carried out at 250 °C using
tetrakis(dimethylamido)titanium (TDMAT) and water as TiO2 precursors. The precursors
were alternating with a 0.05 s pulse of water and a 0.5 s pulse for TDMAT allowing a 60
S purge between each precursor.

Ir-functionalized FTO substrates (1 cm x 1 cm) after one and three soaks in the Ir
dimer solution in toluene and a 3-hour anneal at 350 °C were placed in the ALD vacuum
chamber and reacted with the same precursors as the nanopowder but at 150 °C witha 1 s
water pulse, 0.25 second TDMAT pulse, and a 15 s purge between the precursors. After
deposition some of the substrates were additionally annealed at 400 °C for 1 h.

The thickness of the resulting TiO2 protective layers was measured on a Si
witness wafer with a Woollam M44 Spectroscopic Ellipsometer. Measurements were
collected at the incident angles of 45°, 50°, 55°, 60°, 65°, 70°, 75° in the range 240 -
1688 nm. The analysis is based on least-squares regression analysis. The deviation is
represented by the mean square error (MSE).

Electrochemical Measurements in a Three-Electrode Cell. The annealed Ir-functionalized
nanopowder was mixed with IPA to prepare a 60 mg/mL catalyst ink. IPA and Oz plasma
cleaned FTO substrates (1 cm x 1 cm) were spin-coated with the ink at 3000 rpm (Laurell

WS-400-6NPP-LITE) and annealed at 350 °C for 1 h. Ir-functionalized planar FTO
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substrates were used after the 3-h 350 °C annealing. The substrates were fabricated into
electrodes by making an ohmic contact to the FTO surface with a Sn/Cu coil wire and Ag
paint. The coil was then fixed in a five-inch glass tube. The contact and the tube were
insulated by epoxy (Loctite 9460) and cured in the oven. A BioLogic SP300 potentiostat
was used in three-electrode mode for electrochemical measurements. The electrodes were
tested in 0.1 M HCIO4 with a Pt wire as the counter electrode and a saturated calomel
electrode (SCE; 0.241 V vs SHE in saturated KCI) as a reference electrode. To determine
the catalyst activity towards OER, three CVs (0.5 V — 1.5V vs SCE) were collected.
Electrochemical data were corrected for uncompensated series resistance Ru, which was
determined by equating Ru to the minimum total impedance in the frequency regime
between 100 mHz to 1 MHz where the capacitive and inductive impedances are
negligible, and the phase angle was near zero.

Preparation of Electrodes for SFC-ICP-MS Measurements. Working electrodes used in
coupled electrochemical measurements were prepared by drop-casting catalyst spots from
previously prepared inks. To achieve a predefined ink concentration of 6.6 mg/mL, the
corresponding amount of powder sample was weighed and dissolved in ultrapure H20
(Merck Milli-Q, 18 MQ, total organic carbon <3 ppb) and isopropanol in a 7:1 ratio.
After dissolving the samples, perfluorinated Nafion ionomer solution (Sigma Aldrich, 5
wt %) was added as a binder in a 4:1 catalyst-to-ionomer weight ratio. Inks were then
sonicated for 10 min with 4-s/2-s on/off pulses using a probe sonicator (Branson
Ultrasonics SFX150) to achieve homogenous dispersion. The pH of the prepared inks
was adjusted to ~11 with 1 M ag. KOH, followed by drop-casting of 0.2 uL aliquots on
Au foil plates (25 x 25 mm, 99.95 %, Alfa Aesar) mirror polished with alumina
suspensions (sequentially from 1 to 0.5 and finally 0.03 um particle diameter). Each
catalyst spot had a diameter of approximately 1.3 mm, measured on the Keyence VK-
X250 profilometer.

SFC-1CP-MS Electrochemical Experiments. To estimate the corrosion stability of Ir on
planar FTO substrates and ATO nanoparticles, an inductively coupled plasma mass
spectrometer (ICP-MS, Perkin Elmer, NexION 300x and 350x) was connected to custom
electrochemical scanning flow cell (SFC). The setup enabled the downstream detection of

dissolved species during electrochemical measurements. The SFC setup approaches the
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samples from above by an XYZ-translation stage (Physik Instrumente) with a force of
~850 mN (measured by force sensor, ME-MeRsysteme). In one case, the working
electrode consisted of Ir-functionalized ATO, drop-casted on Au foil, while in the other
case, of Ir-FTO substrates. On the inlet tube of the SFC, a graphite rod (Sigma Aldrich,
99.995% trace metal basis) encased in a glass compartment was connected as a counter
electrode, while on the outlet side of the cell, the capillary channel was connected to a
reference Ag/AgCl electrode (Metrohm, 3 M KCI). This channel ends close to the surface
of the working electrode, thus minimizing the uncompensated ohmic resistance. All
electrodes were connected to a Gamry Reference 600 potentiostat, and the whole setup
was controlled by a custom-developed LabVIEW software. The Ar-purged 0.1 M HCIO4
used as an electrolyte was prepared by diluting HCIO4 (Suprapur 70%, Merck) with
ultrapure water. Electrode potentials are referenced to the reversible hydrogen electrode
(RHE) scale, calibrated daily against H*/H2 on polycrystalline Pt foil. The catalyst
dissolution rate was measured at an electrolyte flow rate of ~3.2 pL s, determined by the
ICP-MS peristaltic pump. To ensure optimal working conditions, ICP-MS was optimized
daily using NexION Setup Solution (PerkinElmer) and calibrated for all investigated
metals by three-point calibration. Calibration solutions of 0.5, 1, and 5 ppb concentrations
(Certipur ICP-MS Standard, Merck) were prepared daily. The drift and performance of
the system throughout the measurements were monitored by several internal standard
solutions (Re, Rh, Te, Sc, conc. 10 pg L), chosen based on similar first ionization
potential and mass (Certipur ICP-MS Standard, Merck).

To assess activity-stability properties, the electrodes were held at 0 mA cm for
180 s, followed by 0.5 mA cm for 300 s, and again at 0 mA cm for 180 s. Obtained
analyte signal was recalculated to concentration using the calibration curve and
normalized by the flow rate and geometric area of the working electrode. For a full
description of the whole setup, please refer to our previous publications.®*28 Lastly, all
measurements were replicated three times to ensure reproducibility. The working
electrodes prepared for the three-electrode cell testing were subjected to the same

potential holds, rinsed, dried, and analyzed with XPS.
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Results and Discussion
Synthesis and Characterization of Ir-Functionalized Metal Oxides.

Determining Conditions for Metal-Oxide Surface Functionalization. The
synthesis described in this work was developed using only simple commercial precursors.
[(COD)IrCl]2 was chosen as the Ir precursor for its commercial availability, low cost, and
solubility in several common organic solvents. Due to the presence of COD and ClI
ligands, [(COD)IrCl]2 dissolves well in polar and non-polar solvents. The solution of
[(COD)IrCl]2 is, however, unstable in air and upon contact with water, so the synthesis
was carried out in the glovebox under Na.

FTO films on glass and ATO nanoparticles, both conductive and acid-stable, were
selected to test whether [(COD)IrCl]2 would adhere to metal oxide surfaces. 2% 2% 3 To
determine the optimal conditions for the reaction, polar and nonpolar solvents,
acetonitrile and toluene, were tested. The stability of [(COD)IrCl]z in toluene and
acetonitrile (ACN) at room temperature and at 100 °C was confirmed by analyzing the
UV-vis spectra of the dimer solutions after 25 h in the glovebox. No changes to the
spectra were observed. Then ATO nanoparticles were added to the Ir precursor solutions.
The nanoparticles were chosen for the high surface area (47 m?/g) to make the
concentration change in the precursor solution noticeable. The nanoparticles were stirred
in the [(COD)IrCl]2 solutions for 25 h with aliquots taken every few hours for UV-vis
analysis. One reaction for each solvent was kept at room temperature, one at 100 °C.

Figure 3.1a shows the UV-visible spectra of freshly made [(COD)IrCl]z solutions
in toluene and ACN (see Appendix B for all figures). The spectra in the two solvents look
different with the Amax in toluene at 454 nm and in ACN at 413 nm. The difference might
be due to interactions of strongly coordinating ACN ligands with the metal centers of the

dimer compared to the lack of thereof in weak interaction with toluene.
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Figure 3.1. UV-vis analysis suggests more [(COD)IrCl]. adhesion in toluene. a)
Normalized UV-vis spectra of [(COD)IrCl]2 taken in acetonitrile (black) and toluene
(red). b) The change in concentration of the [(COD)IrCl]2 stock solutions in acetonitrile
and toluene during the reaction with ATO nanoparticles at room temperature and at 100
°C.

The absorbance at Amax was used to calculate the change in concentration over
time (Cv/Co; Figure 3.1b). Notably, the spectra of [(COD)IrCl]zin toluene and ACN do
not change their shapes as the reactions progress, just the intensity, suggesting that the
dimer preserves its initial structure in the solutions (Figure B.1). No change in
[(COD)IrCl]2 concentration was observed for the reaction carried out in ACN at room
temperature. However, when the solution was heated to 100 °C, ~15% of [(COD)IrCl]2
attached to the nanoparticles. In toluene, the change in concentration was observed for
the reaction carried out at room temperature and at 100 °C. At room temperature, ~25%
of [(COD)IrCl]2 attached to ATO; at 100 °C, 60%. The nanoparticles reacted with

[(COD)IrCl]2 in ACN and the toluene solution changed color from light blue to dark
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green (Figure B.2). The attachment of [(COD)IrCl]2to ATO nanoparticles happens
during the first 5-7 h of the reaction. Afterwards the concentration of [(COD)IrCl]zin the
solutions remains unchanged. The lack of continuous dimer loss from the solution up
until the end of the reaction suggests that the adhesion reaction is surface-limited.

The difference in the amount of the dimer adhered to ATO in ACN and toluene is
likely due to the difference in the interactions between [(COD)IrCl]2 and the solvent
molecules. Polar ACN might arrange itself at the surface of the metal-oxide nanoparticles
preventing the dimer from interacting with the surface. ACN might also replace the
ligands on the Ir centers modifying the affinity of the new structure for the metal oxide
surface. Toluene being nonpolar and non-coordinating should not introduce substantial
activation barriers for [(COD)IrCl]2 to access the surface of ATO. The surface
adsorption/reaction rate increases with temperature as with any other kinetically-
controlled process. The significant difference in the amount of [(COD)IrCl]2 adhered to
ATO in toluene and ACN also suggests a different mechanism of attachment.

The reactions of ATO nanoparticles and [(COD)IrCl]z2at 100 °C were repeated in
deuterated toluene (toluene-ds) and ACN (ACN-ds) and monitored with *H NMR. No
substantial changes to the Ir dimer structure were observed during the reactions consistent
with [(COD)IrCl]2 adhesion to ATO without the loss of ligands (Figure B.3).

Iridium Functionalization of ATO and FTO Supports. Using the established
reaction conditions, we soaked ATO nanoparticles and FTO planar substrate in the 3.9
mM solution of [(COD)IrCl]z overnight, then analyzed them with XPS, TEM-EDX, and
ICP-OES.

XPS analysis of the unreacted [(COD)IrCl]2 powder confirms the 1:1 Ir:Cl ratio.
The Ir 4f peak was fitted with two doublets (Ir 4f7 at 61.2 and 62.8 eV) (Figure 3.2a).
The binding energies of the 4f7 peaks matched literature values for [(COD)IrCl]2.%° The
peak at 61.2 eV is attributed to Ir(1+) while the peak at higher binding energy was
assigned to the hydroxylated Ir surface species.*® The Ir 4f peak of [(COD)IrCl]. attached
to ATO nanopowder was fit with one set of Ir 4f7 peaks centered at 62.0 eV (Figure
3.2a). The Ir:Cl ratio remained 1:1 suggesting that the dimer attaches or absorbs to the
metal oxide intact and is also consistent with monolayer limited growth and all Ir species

in the same chemical environment. The Ir 4f peak of the dimer adhered to a FTO
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substrate was also fit with one set of peaks at 62.1 eV (Figure 3.2a). The Ir:Cl ratio was
also 1:1.

The Ir loading on ATO nanoparticles of 0.2 + 0.03 ngir/cm?ato was determined by
taking aliquots of the precursor solution before and after reacting it with a known amount
of ATO and digesting the aliquots for ICP-OES. The distribution of Ir on ATO was
mapped with TEM-EDX (Figure 3.2b) and was similarly dispersed before and after
heating to IrOx.
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Figure 3.2. Surface characterization confirms Ir on ATO. a) XPS of Ir 4f in
[(COD)IrCl]2 powder and after the dimer attached to ATO nanoparticles and FTO
substrate. TEM-EDX images of Ir-functionalized ATO nanoparticles (b) after one soak in
the precursor solution; (¢) after 350 °C annealing; and (d) after 600 °C annealing.

To access the mechanism of [(COD)IrCl]2 attachment to metal-oxide surfaces, an
experiment was conducted with soluble metal hydroxide species: triphenyl silanol (TPS)
and tris(tert-butoxy) silanol (TBS). The Ir dimer was mixed with the metal hydroxides in
tolune-ds, allowed to react for 1 h, and the mixtures were analyzed with *H NMR (Figure
B.4). No evidence of [(COD)IrCl]2 binding to the terminal OH of TPS or TBS was
observed suggesting the dimer likely adheres to ATO and FTO through electrostatic

interactions.
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Iridium-Oxide Film Growth on the Surface of Conductive Supports. Practical
applications such as PEMWE might require increasing Ir loading to achieve industry-
relevant current densities. Since the dimer can adhere to the surface of a metal-oxide
support through a simple soak, more dimers should attach to the Ir species already on the
surface if the ligands are removed, and an Ir-O network is formed. By TGA (Figure B.5),
most of the mass loss occurs between 200 and 310 °C (~43%). COD ligands comprise
~53% of [(COD)IrCl]2by mass, ClI ~8 %. Chloride ligands are known to require higher
temperatures for removal.** A 5% mass loss was observed between 310 and 600 °C.

We annealed Ir-ATO powder at 350 and 600 °C to confirm the loss of ligands. At
350 °C, half of Cl is lost and the surface Ir:Sn ratio stays unchanged (~7 %). Ir 4f peak
changes from one to two doublets (Ir 4f7 at 62.4 and 63.5 eV), likely due to the dimer
breaking and bonding to the surface while some Ir remains bound to Cl. After 600 °C, all
Cl is lost, the surface Ir:Sn ratio decreases by 50%, and only one state of Ir present (Ir 4f7
centered at 62.4 eV). The change in the surface Ir:Sn ratio likely comes from
agglomeration and/or mixing of the Ir with the ATO so the XPS signal of Ir decreases.
TEM-EDX maps of atom distribution (Figure 3.2b, ¢, d) do not show any clear changes
after annealing. The 350 °C anneal was chosen for Ir-shell growth to avoid
mixing/agglomeration.

ATO nanoparticles and the FTO substrate were soaked three times in
[(COD)IrCl]2 solution in toluene overnight at 100 °C with a three-hour 350 °C anneal
between soaks. The surface Ir:Sn ratio increases with every soak (Figure 3.3a) illustrating
controlled Ir-O coating thicknesses. After three soaks ATO nanoparticles (3S-ATO) had a
surface Ir/Sn ratio of 25% (2.3 + 0.2 ngir/cm?ato by ICP-OES). The Ir 4f peak has three
doublets (4f7 peaks at 62.1, 63.2, and 64.6 eV), indicating multiple binding

environments.
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Figure 3.3. Ir shell growth and TiO> deposition on metal-oxide substrates. a) The
Ir:Sn ratio increases with every consecutive soak of ATO nanoparticles or FTO planar
substrate in the Ir precursor solution. b) XP spectra of Ir 4f peaks collected on metal-
oxide substrates that were soaked in the Ir precursor solution once or three times. c) XP
spectra of Ir 4f peaks collected on the metal-oxide substrates soaked in the Ir precursor
solution once or three times and prior to TiO2 deposition by ALD. Elemental mapping by
TEM-EDX of Sn, Ir, and Ti on (d) 3S-ATO; (e) 1S-ATO-5-TiO2 and (f) 3S-ATO-5-TiOs.

FTO substrate soaked once (1S-FTO) gains the second Ir 4f doublet at 63.5 eV;
the surface Ir:Sn ratio is 6% and after three soaks increases to 38%. A higher Ir:Sn ratio
for the planar metal oxide support compared to the nanopowder might result from more
favorable interactions of [(COD)IrCl]2 with the F-doped vs the Sb-doped surface. Like
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3S-ATO, 3S-FTO sample has three Ir 4f doublets at 62.4, 63.6, and 64.8 eV (Table B.1)
(see Appendix B for all tables).

TiO2 Protective Layer. ALD enables the growth of conformal metal oxide films of
desired thickness at low temperatures on planar as well as porous or powder substrates.*?
The addition of TiO2via 10 cycles of ALD to planar IrO2 was reported to increase the
OER specific activity in 1 M H2S0a4 by 9-fold.?* The improvement was attributed to
tuning the surface electronic properties and optimizing the point of zero charge.?! Aside
from enhancing the intrinsic activity of IrOx, an overlayer of TiO2 might support better
catalyst stability toward deleterious dissolution side reactions given its inertness in acidic
conditions. The Ir-functionalized ATO nanoparticles and FTO substrates were decorated
with five cycles of TiO2 via ALD at 150 °C (for FTO) and 250 °C (for ATO) using
tetrakis(dimethylamido)titanium (TDMAT) precursor (Table B.3 for thicknesses). Higher
deposition temperature was used on the nanoparticles to facilitate binding to less exposed
surfaces, along with longer purge time to allow more time to remove the unreacted
precursor trapped in the powder. The XPS analysis of 1S-FTO and 3S-FTO shows Ir 4f
shifting to lower binding energy upon TiOz addition (~ 0.2 eV for 1S-FTO; ~ 0.7 eV for
3S-FTO) (Figure 3.3b, ¢). No shifts in Ir 4f binding energy were observed for 1S-ATO
and 3S-ATO. The shift in binding energy might indicate electron donation from Ti to Ir
or to the underlying support. The absence of the energy shift in the nanopowder samples
might results from less TiO2 bound to the surface or absence of charge density changes at
the surface of ATO. These samples were tested for OER activity and durability as

discussed below.

Electrochemical Performance of Ir-Functionalized Metal-Oxide Supports. Although
electrochemical measurements provide insight into catalyst activity, any conclusions
regarding electrocatalyst stability are incomplete and sometimes misleading without
understanding the dissolution of the catalyst and the underlying support. To tackle this,
we used a scanning electrochemical flow cell (SFC) coupled with downstream ICP-MS to
track the potential-dependent dissolution and activity of tested catalysts and complement
traditional three-electrode cell measurements. Catalyst stability was estimated by the so-

called stability number (S-number). The S-number is a dimensionless metric, independent
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of the number of active sites, surface area, or loading. It represents the amount of oxygen
molecules evolved per one iridium atom dissolved in the electrolyte, detected by ICP-
MS. The S-number is calculated by dividing the total integrated charge over time (when
assuming 100 % faradaic efficiency, total charge corresponds to the amount of evolved
O2 during OER) with the amount of catalyst dissolved. In short, high S-number values
indicate a stable catalyst, and small S-numbers unstable catalysts.®

Influence of Ir Loading on Ir-FTO Activity-Stability Relationship. 3S-FTO has a
lower OER onset and achieves higher current density than 1S-FTO (Figure 3.4a)
including a ~150 mV decrease in overpotential at 0.5 mA-cm (Figure 3.4c).
Ledendecker et al. reported a similar increase in OER activity as a result of varying the
number of the liquid ALD cycles of IrOx on FTO substrates.®* Here we discover that the
increase in OER activity is also accompanied by a substantial increase in stability (Figure
3.4d). The stability number of 3S-FTO is ~3x higher than the 1S-FTO sample (1.2 x 10*
compared to 4 x 10%). However, S-numbers of both samples are much lower compared to
metallic Ir and hydrous IrOxfilms (S ~ 10* — 10°) crystalline 1rOz2 films (S ~ 10° — 107).%
3 The stability improvement might also originate from the higher Ir loading of 3S-FTO
and thus lower mass normalized currents applied during the galvanostatic hold, or that the
anchoring strength of IrOx onto FTO is weaker than on IrOx.** The activity improvement
of 3S-FTO compared to 1S-FTO is likely related to the need for significant Ir-O-Ir type
connectivity in the catalyst as opposed to more isolated IrOx sites that may be present in
1S-FTO.

XPS analysis of the Ir 4f peak in the pristine 1S-FTO and 3S-FTO samples
suggests a thicker Ir coverage on 3S-FTO as evidenced by an increase in the Ir:Sn ratio
from 5.7 to 38.5%. The post-operation XPS analysis of 1S-FTO shows no shifts in the
binding energy for the main Ir 4f peak but the second doublet at higher binding energy
disappears (Figure B.9b). The Ir:Sn ratio decreases from 5.7 to 3.9% supporting the
dissolution observed by ICP-MS (Table B.2). Post-operation 3S-FTO Ir 4f peak was fit
with three doublets similarly to the pristine sample (Figure B.9b). The peak, however,
shifts to a lower binding energy which might result from the loss of remaining CI ligands
and the formation of a more stable network on the surface of FTO. The Ir:Sn ratio,

however, increases after the current hold from 38.5 to 56.3 % despite the observed
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dissolution. The dissolution profiles (Figure B.6) for 1S-FTO show spikes of dissolved Ir
during the initial 0 mA-cm hold and at 0.5 mA-cm?. Sn dissolution is very high for this
sample while no current is passing but decreases to the level of Sn loss in 3S-FTO during
the 0.5 mA-cm? hold. The 3S-FTO primarily loses Ir while the current is passing. Thus,
the same amount of Sn is lost during OER (at 0.5 mA-cm?) in both 1S and 3 S samples,
but Ir dissolution occurs at a faster rate for 1S-FTO. The difference in rates of Ir
dissolution might explain the decrease in Ir:Sn ratio in 1S-FTO and its increase in post-
operation 3S-FTO.
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Figure 3.4. A thin layer of TiO. on Ir-FTO enhances activity. a, b) Cyclic
voltammetry plots for Ir-functionalized FTO substrates collected in 0.1 M HCIO4 at pH
~1. ¢) Compilation of OER overpotentials () for the different Ir-based catalysts
measured at geometric current densities of 0.5 mA cm. Overpotential values presented
on the figure were taken at the end of the chronopotentiometry measurements, where
samples reached steady-state operation. d) S-numbers of different Ir-based catalysts
prepared in this work. S-numbers values are calculated from a galvanostatic hold at 0.5
mA cm2, For representative dissolution profiles, we refer to Figures B.6-B.8.

TiO2 Coated Ir-FTO Thin Films and Activity-Stability Relationships. Addition of
5 cycles of TiO2 by ALD resulted in improved OER activities regardless of the Ir loading
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in the samples (Figure 3.4a). For 1S-FTO, the OER overpotential drops by ca. 150 mV
and for 3S-FTO it drops by ca. 60 mV (Figure 3.4c). In the case of 1S-FTO, adding TiO2
on top increased its stability to values comparable to the pristine 3S-FTO sample (S-
number = 1.0 x 10%). For 3S-FTO, Ir stability worsens contrary to 1S-FTO (S-number
decreases to 8.0 x 10%). Considering the same amount of TiO2 ALD cycles added to both
samples, 3S-FTO-5-TiO2 shows twice as much Ti dissolved, accompanied by almost two
times higher Sn dissolution (Figure B.11). If the surface coverage of IrOx on FTO was not
complete after just one soak in [(COD)IrCl]z, TiOz could bind to FTO as well which
could suppress Sn dissolution, which in its turn minimizes Ir dissolution during OER.
After three soaks in [(COD)IrCl]2 FTO surface has much higher 1rOx coverage allowing
less TiOz2 to bind to the support which might lead to significant losses of Ir, Sn, and Ti in
the 3S-FTO-5-TiO2 sample during OER. This may be in part due to the dynamic nature
of the IrOx structure during OER.

XPS analysis of the 1S-FTO and 3S-FTO samples with 5 cycles of TiO2 before
and after electrochemical testing is shown in Figure B.9. The Ir and Ti dissolution
observed by ICP-MS is confirmed by the decrease of Ir:Sn and Ti:Sn ratios in the
samples after electrochemical testing (Table B.2). The binding energy of the Ir 4f peak in
the 3S-FTO sample shifts down by ~0.7 eV upon TiOz deposition. The Ir 4f peak in 1S-
FTO-5-TiOz2 shifts only by 0.2 eV which is within the experimental error of XPS. The
observed shift to lower binding energy for Ir 4f upon TiO2 addition is not consistent with
the literature instances. Finke et al. describes a downshift in binding energy of Ti 2p upon
TiO: addition to a layer of IrO2 with no energy shifts observed for Ir 4f.2! Kasian et al.
also observed a downshift in Ti 2p binding energy when Ir content was increased for Ir-
Ti alloys.?? The shift in the binding energy of Ti 2p is attributed to the charge transfer
from Ir surface to TiO2. A reversed trend observed in our experimental model suggests
that the deposited protective layer interacts with the catalyst and the support in a different
way than in the catalyst systems reported in the literature. In our system, an ultrathin
layer of IrOx is interacting with an n-type metal oxide that can transfer charge density to
the catalyst layer resulting in a downshift of the Ir 4f peak. For the sample with higher Ir
loading (3S-FTO) not all layers of Ir might be affected by the charge density transfer.
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Indeed, Ir 4f in 3S-FTO is at a higher binding energy than in 1S-FTO (Table B.1).
Addition of TiO2 seems to enhance the charge density transfer to the Ir layer.

Influence of TiO2 ALD Number of Cycles on Ir-FTO Thin Films. To evaluate how
the number of TiOz cycles affects the interplay between OER activity and stability, we
prepared 3S-FTO with 2 ,5, and 20 cycles of TiO2 by ALD. 1S-FTO was not chosen due
to the high overpotentials required to drive OER at 0.5 mA cm. The thickness of the
TiO2 layers was measured on a witness Si wafer by ellipsometry (Table B.3). The
addition of only 2 cycles of TiO2 to 3S-FTO improves the activity of the sample to the
level of 3S-FTO-5-TiOz2 (Figure 3.4b). The addition of 20 cycles decreases the activity
significantly. Unfortunately, the S-numbers and the overpotentials at 0.5 mA-cm for the
unprotected sample cannot be compared to the TiO2-covered samples due to a large range
of experimental values for 3S-FTO (Figure B.7). But when compared to each other, the
samples with 2 and 5 cycles of TiO2 are more active but less stable than 3S-FTO-20-
TiO2. According to the dissolution profiles, 3S-FTO sample protected by 2 cycles of TiO2
loses as much Sn as 3S-FTO-5-TiOz, but Sn dissolution goes down for 3S-FTO-20-TiO2
(Figure B.11). It appears that 20 cycles of TiO2 results in less Sn, Ir, and Ti loss (Figure
B.8 and B.11).

All TiO2 was lost from 3S-FTO-2-TiOz2 during the current hold according to XPS
(Table B.2). The ratio of Ir:Sn decreases. The sample protected by 20 cycles of TiO2
exhibited Ti:Sn ratio decrease but an increase in Ir:Sn after testing. This is likely due to a
thicker layer of TiO2 at the topmost layer in the pristine samples decreasing the Ir counts.
Once some of the TiO2 is removed during testing, Ir becomes more accessible for
analysis (Figure B.12 for TiO2 XPS spectra). Interestingly, despite having more Ti, 3S-
FTO-20-TiO2 exhibits the same amount of Ti dissolution as 3S-FTO-5-TiO: (Figure
B.11b).

Thus, only 2 cycles of TiO2 (~0.14 nm) cause the activity improvement compared
to unprotected 3S-FTO but also trigger high Ir, Ti, and Sn loss observed for 3S-FTO-5-
TiO2 as well. The decrease in activity for 3S-FTO-20-TiO2 likely results from blocking
the Ir active sites by TiO2. But lower activity facilitates higher stability: less Ir, Ti, and Sn
loss. The tradeoff between having the active sites accessible while protected must be

balanced to achieve stable long-term performance.*-*¢ Markovic et al. found that a stable
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oxide is inactive during OER connecting the catalyst’s transition to higher oxidation state
to dissolution and surface defect formation resulting in a higher activity.*

Influence of Post-ALD Annealing on TiOz2-Ir-FTO Thin Films. To further the Ir
stability, we annealed the samples at 400 °C after the ALD of TiO2. The activity of all the
annealed samples is now lower than of 3S-FTO with 3S-FTO-20-TiO2 (400 °C) being the
worst (Figure 3.5a). The overpotential at 0.5 mA-cm for the samples with 2 and 5 cycles
of TiOz is indistinguishable from 3S-FTO (Figure 3.5b); for 3S-FTO-20-TiO2 (400 °C) it
is higher. However, after the additional anneal, the samples exhibit higher stabilities. All
post-ALD annealed samples show 3-4 times higher S-number than 3S-FTO and the
samples that were not annealed after ALD (Figure 3.5¢). The trends might originate from
changes in Ir and Ti crystallinity and oxidation states after heating at 400 °C. With
regards to Ir, Geiger et al. previously reported that a significant amount of IrOz is formed
by increasing the annealing temperature from 300 to 400 °C. Its characteristic rutile-type
phase is less active than amorphous and metallic Ir, but more stable due its compact
crystalline structure.*” In the case of Ti, Lin et al. reported that an increase in surface
roughness was obtained by heating TiO2 films at 400 °C, followed by slight densification.
This was also accompanied by changes in film crystallinity; films heated at 300 °C were
amorphous, while those heated at 400 °C showed the formation of a crystalline anatase
phase.*® The anatase phase is reported to be more stable in acidic (low pH) conditions
compared to the amorphous phase by Kriegel et al.*® This is in agreement with the 3-4
times lower Ti dissolution observed for the post-ALD annealed samples (Figure B.11c).
Additional annealing likely causes surface reconstruction leading to Ir and Ti atoms
mixing, which we observe through the drop of Ti:Sn ratio in all post-ALD annealed
sample compared to TiO2-protectd samples that were not annealed (Table B.2). The
mixing should further stabilize Ir providing an acid-stable matrix but would likely make

it less accessible for catalysis.
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Figure 3.5. Post-ALD annealing improves stability but lowers activity. a) CVs
collected in 0.1 M HCIOa4 on the TiO2-protected samples annealed at 400 °C after ALD.
The OER activity decreased compared to 3S-FTO. b) Overpotential at 0.5 mA-cm and
¢) S-number for the post-ALD annealed samples. Though the overpotential values did not
improve, the stability of the annealed samples increased.

After electrochemical testing, the Ir 4f peak in 3S-FTO-2-TiO2 (400 °C) shifts to
lower binding energy (Figure B.13b). Most of TiOz2 is gone and the Ir:Sn ratio decreases
consistent with the ICP-MS results (Table B.2). The XP spectra of Ir 4f for the samples
with 5 and 20 cycles of TiOz do not shift in energy after electrochemical testing. The
ratios of Ti:Sn remain almost unchanged, while Ir:Sn ratios increase. The increase in the
Ir:Sn ratios is likely prompted by a partial loss of TiO2 observed by ICP-MS making Ir
more exposed to XPS analysis. Sn dissolution is observed as well but is substantially

lower than for the samples not annealed after ALD or for the 3S-FTO sample.

56



Additional annealing of TiO2-protected Ir is a viable strategy to increase the
catalyst’s stability. Though there is partial loss of activity, the stability improvement can
lead to longer-term operation for water electrolyzers.

Influence of TiO2 ALD Decoration on Ir-ATO Nanopowders. After studying the
planar model system, we switched to a more industrially-relevant nanopowder Ir-ATO
system. The nanopowders were dispersed onto FTO electrodes for testing. Similarly to Ir-
functionalized FTO, the activity of Ir-decorated ATO nanoparticles improved with the
increase of Ir loading (Figure 3.6a). The improvement might arise from more active sites
available for catalysis and favorable Ir-O-Ir interactions in the denser catalyst network.
Addition of 5 cycles of TiO2 to 1S-ATO resulted in an earlier OER onset. Like the FTO
systems, TiO2 on 3S-ATO did not cause a comparable activity enhancement, but higher
current density was achieved (Figure 3.6a).

We could not reliably study the dissolution profile of 1S-ATO and 1S-ATO-5-
Ti02 with the flow cell because they were not active enough. The OER activity of 3S-
ATO is comparable to the 3S-FTO model system (475 and 434 mV) (Figure 3.6b).
Comparing our 3S-ATO catalyst to the previously published IrOx-ATO catalyst, its
activity is much lower (475 mV overpotential compared to 270 mV), which can be
explained by the 500x times lower Ir loadings used in this study (~ 10 pg-cm compared
to ~ 2 ng-cmato here).!® Similarly with the 3S-FTO, the addition of 5 ALD cycles of
TiO2 to ATO decreased the OER overpotential ca. 60 mV but also decreased the stability
compared to 3S-ATO. The S-number of 3S-ATO after TiO2 decoration was 3 times lower
than for Ir-FTO, ascribed to the less-stable ATO support. Even though ATO is less stable
than FTO (due to Sb leaching), the S-number without TiOz2 is approximately the same.
Interestingly, Sn dissolution was 8 times lower, while Sb dissolution increased by 2.5
times in 3S-ATO-5-TiO2 compared to the 3S-ATO sample. Geiger et al. showed that Sb
leaches from ATO during OER in acid leading to a formation of a SnO2-rich surface.?®
Similarly to the case of Ir, we hypothesize that TiO2 incorporation could also affect the
relative stability of ATO and its dissolution pathways.
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Figure 3.6. Activity enhancement is accompanied by stability decrease for Ir-ATO.
a) CV plots for Ir-functionalized ATO nanopowder dispersed on FTO electrodes
collected in 0.1 M HCIOa4. b) Overpotential values at 0.5 mA-cm and c¢) S-numbers
calculated for 3S-ATO and 3S-ATO-5-TiOz.

3S-ATO analyzed by XPS shows increased Ir:Sn ratio compared to 1S-ATO
(Table B.2). The binding energy of Ir 4f in 1S-ATO and 3S-ATO samples did not shift to
lower values after TiO2 addition (Figure B.14). The absence of the shift when using a
different support might be indicative of TiO2 influencing IrOx/support interactions instead
of having a direct effect on Ir 4f binding energy by electron donation or withdrawal. As
mentioned above, the Ir loss in the TiO2-protected sample is accompanied by Sb
dissolution whereas Sn dissolution is suppressed compared to the 3S-ATO sample. The
stability loss upon TiO2 addition in 3S FTO and FTO samples (compared to the improved
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stability for 1S-FTO-5-TiO2) might indicate different degree of interactions between TiO2
and the conductive support. We would expect more TiOz2 is able to bind to the support as
well as IrOx in 1S samples vs 3S samples in which the surface is more covered by IrOx.
TiO2 bound to the support might results in high support stability during OER.

In summary, similar activity-stability relationships are observed for both model
systems: planar and nanopowders confirming the applicability of the ALD TiO2
decoration method in real applications. However, it is important to mention that there is a
higher decrease of stability by adding TiO2 in sample 3S-ATO compared to planar

sample 3S-FTO, which indicates that additional support interactions cannot be ruled out.

Conclusion

In Chapter I11, we report a novel synthesis of an ultrathin IrOx catalyst from a
molecular precursor that can be accomplished on F-doped (planar) or Sb-doped
(nanopowdered) SnOz2. This synthesis uses only commercially available precursors and
can be easily controlled and scaled. We investigated the effects of varying the loading of
Ir and the addition of TiO2 on the OER activity and stability of Ir-functionalized supports
by combining in operando ICM-MS and post-mortem XPS analyses. We observed a
stability improvement (3x) for the higher-loading samples demonstrating the need for
significant Ir-O-Ir network. We demonstrated that the addition of a very small amount of
TiO2 (2-5 ALD cycles) can significantly improve the OER activity while triggering
higher dissolution supporting the high activity/low stability trend reported by Markovic et
al.*® Stability enhancement for TiO2-protected samples was only observed when the
thickness of the protective layer was increased likely providing structural support to Ir or
after post-ALD annealing leading to Ti/lr mixing. The ability of TiOz2 to trigger
dissolution was not previously reported.

Further, our results showed that TiOz2 can alter the stability of the support when
deposited on a catalyst layer thin enough to allow TiO2/support interaction. TiO2
increased Sn dissolution during OER on FTO supports but suppressed Sn dissolution
while increasing Sb dissolution on ATO nanoparticles leading to different dissolution

modes.
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Previously published works showed OER activity enhancement for TiO2-
protected Ir but in those cases a thicker TiO2 or 1rO2 layer was used preventing any
TiO2/support interactions and minimizing IrOz/support interactions which would be the
strongest only at the interface.?*?2 In our model system we can observe several
interactions that have an effect on the catalyst’s performance: the catalyst/support
(observed by the shifts in Ir 4f energy); TiO2/IrOx; and TiO2/support. The ultra-thin TiO2-
protected catalyst on different conductive metal-oxide supports can be used for in situ X-
ray absorption experiments. It was reported that during OER higher oxidation states are
reached which leads to high activity but low stability.*> Determining how TiO: affects the
oxidation state of Ir during OER (and the oxidation states of the metals in the support)
could be key to designing a high-performing stable catalyst for OER in acid.

Bridge

Chapter 111 summarized the developed synthesis of a novel catalyst for the anodic
reaction in acid and described ways to tune the intrinsic stability and activity of Ir active
sites. This work sheds light on the true interactions of TiO2 with the catalyst and the
support and provides a model system for further investigations. Surface characterization
analysis described in this chapter was used in the following chapters. The next chapters

focus on alkaline-membrane water electrolysis.
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CHAPTER IV

THREE-ELECTRODE STUDY OF ELECTROCHEMICAL
IONOMER DEGRADATION RELEVANT TO ANION-EXCHANGE-
MEMBRANE WATER ELECTROLYZERS

Chapter IV contains co-authored material previously published as ACS Appl.
Mater. Interfaces 2022, DOI: 10.1021/acsami.1c22472 and is reproduced with
permission. Copyright 2022 American Chemical Society. Prof. Bottcher and | conceived
of the project. | performed the experiments, collected and analyzed data. Prof. Hutchison
assisted with data interpretation. Prof. Hendon and Min Chieh Yang performed
computational work. I wrote the paper with editorial assistance of Amanda Cook,
Katherine Ayers, Chistopher Capuano, Andrew Motz, Grace Lindquist, Prof. Hutchison,
and Prof. Boettcher.

Introduction
Water electrolysis has the potential to provide clean Hz from renewable electricity

for heating, powering transport, chemical production, and metal refining.! To compete
with fossil fuels, H2 must be low cost (probably <2 $/kg) and produced at scale.?
Improving efficiency and durability while dramatically lowering capital cost of
electrolyzers is key to implementing sustainable Hz production on a scale commensurate
with energy needs.

Anion-exchange-membrane water electrolyzers (AEMWES) are a newer
technology that has potential to overcome the weaknesses of more-mature electrolyzer
technologies, such as proton-exchange-membrane water electrolyzers (PEMWES) and
alkaline water electrolyzers (AWEs).*> AEMWESs adapt the compressed stack design of
PEMWEs to produce pressurized Hz, but uses a solid OH-conducting anion-exchange
polymer membrane that creates a locally basic environment for the cathode and anode
catalysts.? ® A sheet of the solid AEM (typically 20-80 pm in thickness) is placed
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between the anode and cathode electrodes, while a soluble or dispersed form of the AEM
polymer, the ionomer, is mixed in the catalyst ink to improve ionic and physical contact
between the membrane and the catalyst-covered electrodes. Such membranes/ionomers,
in principle, allow the use of non-platinum-group (non-PGM) catalysts that are superior
to IrO2 in alkaline pH for water oxidation and avoid using concentrated KOH, ideally
pumping pure water though the system instead for lower balance of plant costs.”

AEMWEs are still under development and their durability is inferior to PEMWEs
and AWEs.? The existing AEMs are generally not as physically and chemically robust as
Nafion used in PEMWEs and suffer from insufficient ionic conductivity during
operation.? % To mitigate ohmic losses, particularly in the catalyst/ionomer reaction
layer, supporting electrolytes such as 0.1 to 1.0 M KOH or K2COs have been added to the
AEMWE feed. Addition of electrolyte improves performance but introduces other
issues.® 113 performance loss pathways remain difficult to identify and, thus, an
informed design of the cell components is challenging.

The interface between the catalyst and ionomer binder comprises the reactive
zone at the anode and is likely the weakest point in the system due to the highly oxidizing
potential.}**° Being in direct contact with the anode catalyst surface, the ionomer would
be the first to sustain any chemical changes due to oxidation.® The oxidation of the
ionomers under applied potential has been shown to lead to the formation of new
chemical structures, a change in local pH at the catalyst surface, and consequent catalyst
|OSS.16_19

In the presence of supporting electrolyte containing carbonate, the degradation
modes may be more complicated. The presence of carbonate anions instead of OH™ might
lead to a steeper pH gradient within the membrane. The understanding of the anion
interactions and their effect on the stability of the ionomer/membrane during operation in
a supporting electrolyte containing anions other than OH- is limited.!2 16.20

Here our results suggest that the identity of the anions that transport through the
ionomer binder during electrolysis and their interactions with the charged groups within
the polymer can facilitate ionomer degradation. We illustrate possible degradation modes
of ionomers in supporting electrolytes to understand interactions of anions with the

ionomers possessing different chemical structures. We focus on three high-performance
62



commercial ionomers: Aemion by lonomr,? Sustainion by Dioxide Materials,?? and
PiperlON by Versogen,?® (Figure 4.1) with common supporting electrolytes under
oxidizing applied potentials (see Appendix C for all figures and tables). Because different
catalyst surfaces have been observed to promote ionomer degradation,*® we do not add
catalyst to the ionomers but instead test them on planar metal electrodes across all
experimental degradation measurements. We analyze the effects of the anions’ identity
on their transport through the ionomers and track the changes to the chemical structures
of the ionomers as the potential increases. We use density functional theory (DFT)
calculations to estimate trends in redox potentials and visualize predicted HOMO orbitals
located on the conjugated components of each ionomer. This work thus provides insight
into the nature of the interactions of the various anions with the ionomers/membranes,
helps to assess its effects, and illustrates the structure-stability relationship for the
different supporting electrolytes. Particularly, this work is relevant for designing more
chemically stable ionomers and identifying the best ionomer for an AEMWE given the

supporting electrolyte used.
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Figure 4.1. Chemical structures of (a) Aemion by lonomr; (b) Sustainion by Dioxide
Materials; and (c) PiperlON by Versogen.

63



Experimental

Materials. Sustainion-XA9 and PiperlON (PAP-TP-85) ionomer solutions in ethanol (5
wt. %) were used as received from Dioxide Materials and Versogen, respectively.
Aemion (AP1-HNN8-00-X) by lonomr dry powder was received and dissolved in ethanol
to obtain 5 wt. % solution. Supporting electrolytes were prepared using KOH pellets
(Fischer Chemical, > 85.0%), K2COs (Fischer Chemical, > 99.0%), KHCO3 (Fischer
Chemical, > 99.7%), NaOH (Fischer Chemical, > 97.0%), HsBOs (Mallinckrodt, >
99.5%), and perchloric acid (60-62%, J. T. Baker Chemical, ACS grade) dissolved in
18.2 MQ-cm H20.

Electrochemical Measurements with a Quartz Crystal Microbalance. lonomer solutions
at 5 wt. % were spin-coated at 3000 rpm onto 5 MHz Au/Ti quartz crystals (QCs, Fil-
Tech) and annealed at 80 °C for 15 min. Aemion films were then soaked in 1 M NaCl for
1 h to ion-exchange the I counter-ion for CI". Sustainion films were soaked in 1 M KOH
for 1 h after annealing. PiperlON films were soaked in 1 M HCI for 5 min immediately
after spin-coating, then rinsed with 18.2 MQ-cm H20 and annealed at 80 °C. Prior to
electrochemical testing, the PiperlON films were also soaked in 0.5 M NaOH for 15 min
(see discussion on the preconditioning of the selected ionomers in Appendix C). A
BioLogic SP300 potentiostat was used operating in three-electrode mode. A Pt coil was
used as the counter electrode, while the Au/Ti QC with ionomer films on top served as
the working electrode connected to the QCM controller (Stanford Research Systems
QCM200) for monitoring mass changes during electrochemical testing. Potentials in
three-electrode modes were measured versus a 1 M KOH Hg/HgO reference electrode
(CH Instruments). The cell was degassed with N2 prior to electrochemical testing. High-
purity N2 was bubbled in the electrolyte during the experiment.

The ionomer films were tested in three electrolytes: 1 M KOH (pH 14), 1 M
carbonate/bicarbonate buffer (pH 10), and 1 M borate buffer (pH 8). In each supporting
electrolyte, the films were first held at the open circuit voltage (OCV) for 2 h, then a
series of overpotentials (relative to the reversible oxygen potential in that electrolyte) was
applied (7 = 400 mV, 500 mV, 600 mV, and 700 mV) for 1 h each. The films were then
held at the OCV again for 1 h. The changes to the QCM resonance frequency during the

chronoamperometry were converted to percent mass loss relative to the initial masses of
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the fresh films in each supporting electrolyte. The films’ thicknesses were calculated
using the ionomers’ densities provided by the manufacturers, the known area of the Au/Ti
electrode, and the film’s mass calculated from changes in resonance frequency using the
Sauerbrey equation:?* Af = —Ct x Am, where Af is the observed frequency change (Hz),
Cris the sensitivity factor of the 5 MHz AT-cut quartz crystals (56.6 + 3.7 Hz-pgt-cm?),
and Am is the change in mass per unit area (ug-cm). A Dektak 6M stylus profilometer
was used to confirm the calculated film thickness (see Table C.1 for the summary of the
thicknesses) (see Appendix C for all figures).

Thin Films Characterization by X-ray Photoelectron Spectroscopy (XPS). Pt/Ti-coated
glass slides (1 cm x 1 cm) were cleaned by O2 plasma and rinsed with ethanol at 3000
rpm. The 5 wt. % ionomer solutions were diluted to 0.16 wt. % with ethanol and spin-
coated on the Pt/Ti-coated glass substrates at 3000 rpm and annealed at 80 °C for 15 min.
Aemion films were soaked in 1 M NaCl for 1 h after drying on the hot plate. Sustainion
films were soaked in 1 M KOH for 1 h after annealing. PiperlON films were soaked in 1
M HCI for 3 min immediately after spin-coating, then rinsed with 18.2 MQ-cm H20 and
dried. The ionomer-covered substrates were fabricated into electrodes by making an
ohmic contact to the Pt surface with a Cu-wire coil and Ag paint. The coil was then fixed
in a five-inch glass tube. The contact and the tube were insulated by epoxy (Loctite 9460)
and cured in the oven. The electrodes were tested in a similar three-electrode cell as the
AU/Ti quartz-crystal electrode, but a new electrode was used for each overpotential. The
cell was degassed with N2 prior to electrochemical testing. High-purity N2 was bubbled in
the electrolyte during the experiment. The films were held at the OCV for 20 min before
the potential was applied for 1 h in each of the three supporting electrolytes. The working
electrode was then taken out, the film rinsed with copious amounts of water, and dried at
80 °C for 1 h. PiperION substrates were soaked in 1 M HCI for 3 min after
electrochemical testing before they were dried. Each film was analyzed with X-ray
photoelectron spectroscopy (XPS) on an ESCALAB 250 (ThermoScientific) using an Al
Ko monochromated (20 eV pass energy, 500 um spot size) source. The samples were
charge-neutralized using an in-lens electron source. Spectra were analyzed using
ThermoScientific Avantage 4.88 software. The C 1s signal at 284.8 eV was used to

calibrate the binding energy scale (see Table C.2 for the summary of peak fitting). A
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similar test was carried out with the three ionomer films using 0.1 M HCIO4 as electrolyte
at # = 400 and 600 mV. The films tested in acid were also analyzed with XPS.

Attenuated Total Reflectance Measurements. Au/Ti-coated glass slides (3 cm x 3 cm)
were cleaned by Oz plasma and rinsed with ethanol at 3000 rpm. The 5 wt. % ionomer
solutions were spin-coated on the Au/Ti-coated glass substrates at 3000 rpm and annealed
at 80 °C for 15 min. Aemion films were soaked in 1 NaCl for 1 h after annealing.
Sustainion films were soaked in 1 M KOH for 1 h after annealing. PiperlON films were
soaked in 1 M HCI for 5 min immediately after spin-coating, then rinsed with 18.2
MQ-cm H20 and annealed. Prior to electrochemical testing, the PiperlON films were also
soaked in 0.5 M NaOH for 15 min. The ionomer-covered substrates were fabricated into
electrodes as described previously. The electrodes were tested in a similar three-electrode
cell as above, but after applying each overpotential for 1 h the electrode was taken out,
rinsed with copious amounts of water, dried at 80 °C for 30 min (the PiperION film was
soaked in 1 M HCI for 5 min prior to drying to remove OH" that would damage the film
in the dry state), and analyzed by collecting an attenuated total reflectance (ATR)
spectrum (200 scans) using Smart iTR accessory equipped with a diamond crystal on a
Thermo Fischer Nicolet 6700 spectrometer (4,000 — 400 cm™) with a resolution of 6 cm™.
The same substrate was then fabricated into an electrode again to be tested at the next
highest overpotential in the same supporting electrolyte.

Computations. Density functional theory (DFT) was used to assess both the oxidation
potentials and vibration properties of representative portions of Sustainion, PiperlON,
and Aemion. To do so, a hybrid-GGA method was used, PBE1PBE/6-31+G*. The redox
potential was computed using a previously reported method,? with the computational
Standard Hydrogen Electrode value of -4.44 eV. The truncated portions of the polymers
were created by passivating cleaved sp3-carbon bonds with charge compensatory protons.
Both cis and trans conformations of Sustainion were examined. For the larger polymers,
PiperlON and Aemion, the polymer was truncated to exclude cationic portions of the
polymer (i.e. the portion with very large oxidation potentials). A pseudo-solvent was
included in the computations using the Self Consistent Reaction Field approach, with the

polarizable continuum model (solvent = water), simulated at 293 K. Frequencies were
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used to confirm that truncated geometries are at least metastable, and the computed

vibrations were scaled by 0.981 to account for the DFT approach used herein.

Results and Discussion

The ionic radius and hydration energy of ions have been shown to govern ion
transport through anion-exchange membranes.?® The anions with lower hydration energy
adsorb onto the membrane more easily but diffuse slower.?® Adsorption refers to the
process of anion partial dehydration and formation of an electrostatic bond to the charged
groups on the membrane surface. The overall size of the anion and its geometry also
influence the adsorption of anions and the rate of diffusion through the membrane. Given
these findings, anions strongly interacting with the cationic ionomer groups might
accumulate in the membrane, lowering OH" concentration and thus conductivity, which
can negatively affect the ionomer/membrane stability.

To gain insight specifically into the ionomer/supporting anions interactions under
anodic applied potentials, we studied simplified thin-film model systems of commercial
ionomers (Aemion by lonomr, Sustainion by Dioxide Materials, and PiperlON by
Versogen) on Au/Ti and Pt/Ti electrodes in three supporting electrolytes (~ pH 14, 1 M
KOH; ~ pH 10, 1 M K2CO3/KHCOs3 buffer; and ~ pH 8, 1 M borate buffer) under a range
of applied potentials. The specific versions of the ionomer were chosen because they
appear frequently in the literature and their structure and properties are well-known. We
recognize that newer materials might be available from lonomr, Dioxide Materials, and
Versogen (for instance, Aemion*)'® 27 that we did not include into our study due to their
unavailability during the initial stages of the work. No catalyst powder was added to
avoid catalyst-surface-specific degradation. Borate buffer (pH 8) was selected as the third
supporting electrolyte because at this pH and concentration, the aqueous species in the
buffer exist mostly as a triborate cluster (3B(OH)s «<» B3O3(OH)s + H* + 2H20).2 While
this electrolyte provides a less basic pH, the bulky triborate clusters are unlikely to adsorb
and diffuse through the ionomer films and affect the internal pH.?° The anions’ ionic

radii, geometries, and hydration energies are summarized in Table C.2.
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Tracking lonomers’ Dissolution under Applied Potential. To assess the ionomers’
stability in the selected electrolytes under increasing oxidizing potentials, thin ionomer
films (see Table C.1 for thicknesses) were spin-coated from the 5 wt. % ionomer
solutions on Au/Ti quartz-crystal electrodes. Figure 4.2 shows the changes in the films’
mass under increasing overpotential (overpotential # is the excess potential beyond the
thermodynamic potential required for the water oxidation reaction to occur; reported in
mV vs Eoer at a given pH).

Initially at the open circuit voltage when no current flows (OCV), the films were
observed to gain mass (Figure 4.2). This is likely due to the hydration of the films as well
as counter-ion exchange that further leads to water entering the polymer. In borate buffer,
this mass increase was smallest for all ionomer films. This result supports the initial
hypothesis that the triborate clusters®® have difficulty diffusing through the film
compared to OH" and CO3?/HCOs".

a Aemion by lonomr b Sustainion by Dioxide Materials C PiperlON by Versogen

pH 10 K2CO3/KHCO3 buffer (1 M)

= pH 14 KOH (1 M)
~—— pH 8 borate buffer (1 M)

(=2
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n
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o

3 4 5 6 3 4 5 6 7 1 2 3 4 5
time (h) time (h) time (h)
Figure 4.2. Dissolution of ionomer films under applied potential. The mass changes
were monitored for 7 h in 1 M KOH (blue traces), 1 M carbonate/bicarbonate buffer (red
traces), and 1 M borate buffer (green traces) for a) Aemion by lonomr, b) Sustainion by
Dioxide Materials, and ¢) PiperlON by Versogen. The data is plotted as the percentage of
mass loss relative to the initial mass of an ionomer film immersed in the electrolyte. The
overpotentials are referenced to Eoer at the pH of the electrolytes. The open circuit
voltage (Eocv) ranges measured for each electrolyte are Eocv = -0.5 to -0.6 V vs Eoer at pH
10, Eocv =-0.410 -0.2 V vs Eoer at pH 14, and Eocv = -0.6 to -0.1 V vs Eoer at pH 8 (these
values are ranges because the electrolyte is devoid of redox species capable of setting the
electrode potential). Inset: Aemion film flaking off a quartz crystal after electrochemical
testing in carbonate.
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Films tested in the borate buffer also did not yield any mass losses under applied
oxidizing potentials, even at the highest overpotential. In KOH electrolyte, the ionomer
films took up water and increased in mass at the OCV. At » = 700 mV, Sustainion and
PiperlON lost ~5-10% of their mass. Aemion appeared to lose some of the mass gained
during hydration and initial ion exchange at # = 600 mV. These mass changes might be
indicative of the ionomer dehydration or the initiation of a degradation process. In
K2COs/KHCOs buffer, the difference between the mass losses observed for Aemion,
Sustainion, and PiperlON was significant. Neither Sustainion nor PiperlON lost mass.
The Aemion film was completely lost at = 700 mV after just a few minutes (Figure C.2
for the Aemion film that was preconditioned differently in attempt to improve stability).
lonomer films are known to de-adhere from a surface during ion-exchange,* but this is
unlikely the cause given the time at OCV allowing for ion-exchange into the HCOz
/CO3? form. It is possible that the origin of the film loss is a chemical change to the
structure of the ionomer that caused the portion of the film directly in contact with the
electrode to become soluble. Inset in Figure 4.2 shows Aemion film starting to flake off
atn = 600 mV. Based on this observation we conclude that the interface of the ionomer
film directly in contact with the electrode surface oxidizes, increasing solubility and
decreasing adhesion to the surface, while the rest of the film is intact. The solubility of
the fragment directly in contact with the electrode causes the films to flake off.

The information that can be obtained from the QCM is limited to the mass
changes. Thus, to investigate chemical degradation occurring in the system additional
characterization techniques were employed. We could not gain the information we
needed from the common techniques used to access the stability of thick solid
membranes, e. g. tensile strength or ion-exchange capacity measurements. The films are
only degraded at the interface with the electrode while the rest of the polymer remains
intact. The degraded fraction of the film is likely very small and is not expected to affect
bulk physical and chemical properties. Instead, we analyzed the ultrathin polymer films

with surface-sensitive characterization techniques.

Tracking Structural Changes in Thin lonomer Films with XPS. XPS was used to track

changes to the structures of the three studied ionomers in the different supporting
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electrolytes. To obtain thinner ionomer films the ionomer solution were diluted to 0.16
wt. %. The resulting film thicknesses were 18, 9, and 12 (£ 1 nm) for Aemion,
Sustainion, and PiperlON, respectively. Using such thin polymer films allows to gain the
information about structural changes happening at the interface of the electrode surface
with ionomer and would not be possible on thicker membranes. However, this approach
eliminates the ability to easily measure the films’ ion-exchange capacity and
conductivity, which are common and useful descriptors of the ionomer stability. These
descriptors require measurements of mass and volume along with typically measuring the
ionomer in a two-probe station, which is difficult with very thin films due to lack of
mechanical strength.

We also tested our hypothesis that the triborate clusters (BsO3(OH)4") present in
the pH 8 borate buffer would not interact within the ionomer films. Boron has a low XPS
sensitivity factor (0.49; for comparison, the sensitivity factor of C is 1.0, and N is 1.8).%!
To determine if any boron-containing species diffused in the films, we used thicker
ionomer films spin-coated from a 5 wt. % solution and tested at = 600 mV in borate
buffer. The B 1s peak was collected with a 75 eV pass energy and the B/C ratio in the
film was calculated. For Aemion, Sustainion, and PiperlON the B/C ratio was 0.3, 0.3,
and 0.1%, respectively. That same nominal amount of B, however, was also found in the
ionomer films tested in KOH. We infer that the B observed by XPS in the ionomer films
is due to the presence of the contaminants in the supporting electrolyte, not additional B
species entering the films.

The summary of the peak fitting and binding energies for Aemion, Sustainion,
and PiperlON is in Table C.3. Complex polymer matrices such as ionomer films are
challenging to analyze by XPS given that the peak positions are influenced by the
bonding as well as surrounding environment, which in an ionomer includes charged
counterions. Using the published chemical structures we tentatively identified the peaks
composing C 1s and N 1s spectra (see below). Figure 4.3 shows the predicted chemical
degradation routes for Aemion 213233 Systainion 534 and PiperlON 32 polymers. A
possible electrochemical route is shown for PiperlON. However, all the three polymers

can degrade under applied potential through a variety of mechanisms.1°16: 1935
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Figure 4.3. Chemical and electrochemical degradation routes for the studied
ionomers. (a) Aemion is hypothesized to undergo degradation through nucleophilic
displacement or a nucleophilic OH- attack on the benzimidazolium Cz-position that leads
to the ring-opening. (b) Sustainion can also be subject to the imidazolium ring-opening or
undergo an OH" attack at the a-carbon joining the imidazole and the phenyl group. (c)
PiperION likely suffers from Hoffman B-elimination and Sn2-methyl substitution in the
piperidinium ring. Electrochemical degradation (shown only for PiperlON) is possible for
all three polymers through the attack of reactive oxygen species (HO-, HO2-, O2)) that are
produced as OER intermediates or as a consequence of other electrochemical reactions
under applied oxidative potential.

Aemion Structural Changes. Aemion is composed of substituted phenyl and
benzimidazole fragments (Figure 4.1a) and analyzed as a pristine thin film has three
peaks contributing to its C 1s spectrum (Figure 4.4, bottom panel). We assigned the peak
at 284.8 eV to the C=C and C-H bonds that are dominant in that structure. The two
smaller peaks at higher binding energies amount to about 20% of the total carbon in the
structure and were assigned to C bound to N* and N. The N/C ratio based on the chemical
structure and XPS data is ~10 atomic %. The N 1s spectrum of the pristine film was also

fitted with three peaks. The peak at 401.4 eV was assigned to the N carrying the positive
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charge. The smaller peaks at 398.3 and 400 eV likely originate from other nitrogen atoms

in the polymer structure that do not carry the positive charge.
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Figure 4.4. Structural changes to the Aemion film in three supporting electrolytes.
XP spectra of C 1s and N1s of Aemion thin films as Aemion changes under increasing
applied potential in (a) pH 10, 1 M K2CO3/KHCOs buffer; (b) 1 M KOH; and (c) pH 8, 1
M borate buffer. Because the thin polymer films might sustain beam damage during
prolonged XPS analysis, we tested if the C 1s spectra of the ionomers changed as we
increase the number of scans on the same spot (Figure C.1). We did not observe any
changes caused by the increase of the number of scans for the three ionomer films. Thus,
peaks observed by XPS in the thin film samples tested under applied potentials are
unlikely to be the result of beam damage.

The structural changes of the Aemion film after polarization in 1 M
K2COs/KHCOs buffer are shown in Figure 4.4a. At # = 400 mV the film maintained its
initial composition. At # = 500 mV the Pt/C ratio, which allows us to track dissolution,
increased from ~ 0.11 to 0.28, though no new peaks appear in the XP spectra. At = 600
mV the film dissolution became more significant (Pt/C > 1.0). A new peak at 288.2 eV

appeared in the C 1s spectrum. The N 1s spectrum changes along with C 1s. The loss of
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the peak assigned to N* at 401.4 eV was observed. The N/C ratio increased from ~ 0.10 -
0.11to 0.17. The unchanged N/C ratio in the XP spectra prior to = 600 mV suggests
that during film degradation and consequent dissolution both N and C are lost together.
As the overpotential increases to 700 mV (the overpotential at which the film falls off the
electrode), another carbon peak appears at 288.8 VV while N 1s completely lost its initial
shape and settled at ~399.1 eV. Thus, the hypothesis that the Aemion film suffers
degradation in K2CO3s/KHCOs3 buffer and is lost from the electrode due to dissolution in
the electrolyte appears supported by the XPS data.

Aemion exhibited a slight mass loss in 1 M KOH starting at # = 500 mV (Pt/C
gradually increased from 0.11 to 0.26 between » = 500 and 700 mV). The N/C ratio
remained constant as did the C-N/total-C ratio. The shape of N 1s peak, however,
changed; the contribution of the N* becomes smaller while the other two N 1s peaks
increase in relative intensity (Figure 4.4b). The changes of N 1s peak in the absence of
observed loss of nitrogen might indicate that some benzimidazole groups are
demethylated or the N* is quenched through another mechanism. We do not see the
appearance of any C 1 s or N 1s peaks at higher binding energies than the original peaks
as we observe in K2CO3/KHCOs buffer. Thus, we did not observe any signs of the
polymer oxidation in KOH. The film loss during electrochemical testing in KOH is not as
pronounced as in K2CO3s/KHCOs suggesting that the ionomer is more stable in KOH.

In pH 8, 1 M borate buffer (Figure 4.4c) Aemion films demonstrated fewer
changes to the film composition than in KOH. The N/C and C-N/total-C ratios remained
constant throughout the electrochemical testing. The Pt/C counts slightly increased at # =
700 mV which is likely due to ionomer instability at that overpotential independent of the
electrolyte. However, the shape of N 1s peak changed; diminished contribution from N*
and increased contributions of the N 1s peaks at lower binding energies were observed.

The Aemion ionomer appears to undergo some structural changes along with
dissolution in all three electrolytes, but it appears to severely degrade only in
K2CO3/KHCOs3 buffer. The chemical degradation route predicted for Aemion through the
OH- nucleophilic attack is shown in Figure 4.3a.2! The benzimidazolium ring opening
and the formation of a carboxylate from the original polymer would lead to the film

dissolution. Stabilized by high degree of methylation, Aemion degrades through this
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mechanism only when OH becomes strongly nucleophilic, which might be induced by
proximity to a charged electrode withdrawing electron density. Another possible
degradation route is oxidation of the polymer structure by the OER intermediates or
phenyl oxidation at the metal surface. Interestingly, the presence of carbonate/bicarbonate
anions that are expected to interact with the ionomer strongly affect the stability of the
film. The absence of the same degree of degradation in borate buffer (pH 8) compared to
carbonate/bicarbonate buffer (pH 10) suggest that the pH of the bulk electrolyte alone
does not dictate the stability. The complete loss of the film during the QCM experiment
and the new higher energy peaks in the C 1s spectrum point to the polymer backbone
fracturing into soluble fragments leading to the film dissolution. Conductivity of Aemion
in carbonate and bicarbonate solutions is significantly lower than in KOH (in 1 M
KHCO3, 6 =3.8 mS-cm™; in 1 M K2CO3,6=2.0 mS-cm™; in 1 M KOH, 6 =10.0
mS-cm™ at room temperature).?! Kiessling et al. demonstrated that membrane
conductivity is especially important at high current densities.®® We achieve higher current
densities at higher overpotentials where Aemion shows signs of degradation. A
concentration gradient along with a pH gradient might develop at the ionomer/bulk
electrolyte interface making the polymer more prone to oxidation either due to the local
pH drop or the absence of OH" to participate in OER.

Sustainion Structural Changes. The spectrum of C 1s for the pristine Sustainion
film was fitted with three component peaks; the peak at 284.8 V originating from the C-
C, C-H, and C=C in the structure, and two peaks at 285.9 and 286.9 eV which we again
assigned to C bonded to N and N* (C bonded to N was ~ 20% of the total carbon content)
(Figure 4.5). The N 1s spectrum of the pristine film has two peaks; the dominant peak at
401.6 eV that corresponds to the N carrying the positive charge (the N in the imidazolium
ring are chemically equivalent due to resonance), and a much smaller peak at 399.7 eV
that was assigned to the N in the imidazolium ring that was insufficiently methylated.
The N/C ratio for Sustainion thin film before testing was ~ 6%.

Figure 4.5 shows similar changes happening to the structure of Sustainion in pH
14 KOH and K2CO3/KHCOs buffer. The peaks in the C 1s spectrum assigned to C
bonded to N diminished in both electrolytes (C-N/total-C ratio went down from 20% to

5-9% in both electrolytes as early in the testing as at = 400 mV) and shifted by ~ 0.5
74



eV. The N/C ratio went from 6% to 3% indicating N loss. The N 1s peak shape changed
under applied potential in a similar way in both supporting electrolytes. The peak at 401.5
eV assigned to N* no longer dominates. Even at the lowest overpotential (7 = 400 mV) in
both supporting electrolytes, we now observed a set of three peaks more comparable in
size at 401.6, 399.9, and 398.1 eV. However, the N* peak is not completely lost. The Pt/C

ratio increases slightly by » = 600 mV in both electrolytes pointing at a small portion of
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Figure 4.5. Changes to the chemical structure of Sustainion under applied potential.

C 1sand N 1s XP spectra of Sustainion thin films tested at increasing overpotential in (a)

pH 10, 1 M K2CO3/KHCOs buffer, (b) pH 14, 1 M KOH; and (c) pH 8, 1 M borate

buffer.

Figure 4.5¢ shows the changes to the C 1s and N 1s XP spectra of Sustainion
tested in 1 M borate buffer at pH 8. The C-N/total-C ratio decreased from 20 to 16%
which is a smaller change than in KOH or K2CO3/KHCO3 where the C-N/total-C ratio
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decreased by >50%. The N/C and Pt/C ratios remained unchanged. The N 1s peak
underwent changes similar to the changes we observed in KOH and K2CO3s/KHCO3 but
in this electrolyte the N* peak remained dominant.

Two of the possible chemical degradation routes for Sustainion are shown in
Figure 4.3b. Imidazolium ring opening can be promoted by a nucleophilic attack.®” The
decrease in C-N/total-C ratio along with the material dissolution seen in the XPS results
appears consistent with the loss of the imidazolium sidechains. The loss of sidechains,
but not the backbone, is consistent with the ionomer film remaining on the electrode
during QCM testing. However, N is still present in the film and, based on the new N 1s
peaks at lower binding energy, is experiencing changes to its oxidation state or bonding
environment. This would be possible if the imidazolium was undergoing structural
changes prior to the complete degradation and separation from the backbone. Thus, ring-
opening might be an intermediate to the removal of the imidazole group, or Routes 1 and
2 might happen concurrently in the case of chemical degradation by nucleophilic attack.
However, Sustainion does not obviously degrade in the supporting electrolytes chosen for
this study without applied potential. Thus, if a nucleophilic attack is happening, it appears
facilitated in some way by the oxidizing potential.

Electrochemical degradation pathways are also possible. For instance, the phenyl
connecting the imidazole ring to the backbone might be oxidized by OER intermediates
or at the metal surface leading to the loss of the charge-carrying group. Unlike Aemion,
Sustainion degraded the least in the electrolyte with the lowest pH while having almost
identical degree of structural changes in KOH and carbonate/bicarbonate buffer.
Sustainion does not seem to be affected specifically by the interactions with CO3?>/HCOs"
anions as it degrades to the same extent in KOH. Perhaps the origin of Sustainion’s
tolerance of CO3*/HCOs" anions is its ability to conduct these anions more efficiently
than Aemion. The conductivity reported for Sustainion-X24 membrane in 1 M KHCO3 is
24 mS-cm! at room temperature which is considerably lower than its conductivity in 1 M
KOH (64 mS-cm™)® but still much higher than the conductivity of Aemion in CO3z*
/HCO3™ forms (in 1 M KHCOs3, 6 = 3.8 mS-cm™; in 1M K2COs, 6 = 2.0 mS-cm™). The
least degradation in the lowest pH might be indicative of Sustainion being more affected

by the concentration of OH" in the electrolytes and undergoing the loss of sidechains as a
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result of nucleophilic attack or an oxidation reaction involving OH" attack and electron
transfer.

PiperlON Structural Changes. We then examined if PiperlON thin films show
signs of oxidative damage in the supporting electrolytes under applied potential. In
addition to looking at C 1s and N 1s spectra, we also collected F 1s spectra to monitor the
trifluoromethyl group stability during operation (the F/C ratio in the pristine film was
calculated to be ~ 1-2%). The C 1s spectrum was fitted with three peaks: the dominant
peak at 284.8 eV assigned to C-C, C-H, and C=C and two smaller peaks at 285.9 and
286.7 eV for C-N* bonds (Figure 4.6, bottom panel). The N 1s peak for PiperlON was
fitted with only one peak at 402.7 eV and was assigned to the N* present in the structure
in the piperidinium ring (N/C is about 3-4% in the pristine film and ~ 18% of C is bonded

to N out of the total carbon content).
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Figure 4.6. Changes to chemical structure of PiperlON under applied potential. C
1s, N 1s, and F 1s spectra for PiperlON thin ionomer films tested in (a) pH 10, 1 M

K2COs/KHCOs buffer; (b) 1M KOH; and (c) pH 8, 1M borate buffer.
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In K2CO3s/KHCOs the film dissolution was observed at lower overpotentials
(Figure 4.6a). At n = 400 mV, N 1s spectrum changes to include several peaks at lower
binding energy but the new N 1s peaks disappear by # = 500 mV. The observed changes
to the shape of N 1s peak might originate from the intermediates of the degradation
process. By n = 600 mV, the Pt/C ratio went from 11% to 41% along with a small
decrease in the N/C and C-N/total-C ratios. As the overpotential of 700 mV was reached,
the dissolution became more significant (Pt/C = 150%) with N 1s peak shifting to lower
binding energy and decreasing in intensity. The amount of C bonded to N also decreased
by a half. The F/C ratio for = 600 mV and » = 700 mV was 4 and 3%, respectively
(compared to 1-2% in the pristine ionomer film) suggesting that while the trifluoromethyl
group remains, other carbon-containing fragments are lost. However, we do not see any
sign of carbon forming new bonds characteristic of degradation products. The decrease in
the N content and the absence of a more pronounced mass loss during the QCM test are
suggestive of the chemical changes happening to the charge-carrying sidechains. It is,
nonetheless, difficult to pinpoint the mechanism of degradation. The degradation
products could dissolve in the supporting electrolyte and thus not be picked up by the
XPS analysis.

During the electrochemical testing in 1.0 M KOH, PiperlON film was not
observed to dissolve/detach until » = 700 mV (Figure 4.6b). At » = 700 mV, the Pt/C
ratio increased but not significantly: from 11 to 16%. The C-N/total-C ratio decreased,
and F/C ratio increased.

In borate buffer (Figure 4.6¢), despite a lower pH, no changes to the film structure
were observed until 7 = 700 mV. We suspect that PiperlON is not stable at this
overpotential, and this degradation is independent of electrolyte identity. By the end of
the electrochemical testing the Pt/C ratio went from 11 to 30%.

PiperlON was not observed to dissolve or sustain chemical changes in 1.0 M
KOH and pH 8 borate buffer until = 700 mV. Thus, it does not seem to be affected by a
high or low concentration of OH" in the supporting electrolyte. However, in
K2COs/KHCOs buffer, the polymer underwent chemical changes and dissolved. One of
the possible electrochemical degradation routes for this polymer is the oxidation of the

phenyl ring in the backbone (Figure 4.3c). However, we were not able to observe any
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degradation products consistent with that mechanism. Another mechanism might take
place, or the degradation products may dissolve into the electrolyte making it difficult to
track them. To try and pinpoint the possible reasons for the instability of PiperlON in
carbonate/bicarbonate buffer specifically, we considered the conductivity of PiperlON in
carbonate and bicarbonate electrolytes. The conductivity of PiperlON solid membrane in
water at room temperature when it is ion-exchanged to the carbonate form is 6 mS-cm™,
and 5 mS-cm™ when it is ion-exchanged to bicarbonate form.3® These values are higher
than the conductivity of Aemion in carbonate/bicarbonate electrolytes but significantly
lower than the carbonate/bicarbonate conductivity reported for Sustainion. However, the
conductivities reported in the literature are affected by the measurement method. For
example, in the recent work by Endrddi et al. the conductivities of PiperlON and
Sustainion in carbonate and bicarbonate electrolytes were measured for a range of
elevated temperatures and were found comparable.*° PiperlON might be affected by a
lower local pH due to the concentration and pH gradients forming at the interface of the
thin film and bulk electrolyte or be subjected to oxidation by the electrode surface in the

absence of OH" due to the low conductivity of CO3*/HCOs3™ anions.

Attenuated Total Reflectance (ATR) FTIR Spectroscopy Analysis. To further investigate
the film degradation processes in the presence of the electrolytes under applied potential,
we employed ATR-FTIR on 5 wt. % ionomer films.

Aemion ATR-FTIR Analysis. The summary of the changes to the Aemion
spectrum under each applied potential in the three electrolytes is shown in Figure 4.7. In
the pristine film (black traces in Figure 4.7) the vibrational mode at 1630 cm™ was
assigned to the C=N bond in the imidazole fragment. We find a similar mode in the
spectrum of an imidazole compound in the literature.***> The most noticeable changes to
the spectrum happened in K2CO3/KHCO3 buffer. The mode at 1630 cm™ transformed
into two vibrational modes with maxima at 1640 and 1610 cm™. At # = 500 mV two new
modes appeared at 1250 and 1220 cm; the mode at 1400 cm* transformed into multiple
modes; and a small vibrational mode appeared at 753 cm™. The transformation of the

C=N mode into multiple modes can be interpreted as the loss of the imidazole ring and
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possible formation of N-H and other C=C bonds in the changed structure. The new

modes at 1250 and 1220 cm™ can originate from a C-N or a C-O bond formation.
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Figure 4.7. Chemical changes to the structure of Aemion probed by ATR-FTIR. (a)
ATR-FTIR spectra of Aemion films collected after testing the films in 1.0 M KOH (red
traces), 1 M K2COs/KHCOs buffer pH 10 (blue traces), and 1 M borate buffer pH 8
(purple traces). Top to bottom: black trace is of pristine Aemion film, then in order of
increasing overpotential ( = 400, 500, and 600 mV). (b) ATR-FTIR spectra collected on
Aemion films tested at 7 = 600 mV in the three supporting electrolytes.

The changes observed by ATR-FTIR for Aemion tested in KOH are not as
pronounced (Figure 4.7, red traces). The vibrational mode at 1400 cm™ converts into
multiple modes similarly to the changes we observe in K2CO3/KHCOs buffer. The small
modes in the 1300-1250 cm! range disappear but do not convert into new modes that
appeared in K2CO3s/KHCOs. A small mode appears at 753 cm™ at # = 500 mV, which is
the region that describes changes in substitution in aromatic compounds. This may
indicate a demethylation of the nitrogen in the imidazole as a result of OH" attack or a
different mechanism. The 500 mV is the same overpotential at which we start observing
film loss and diminishing C-N/total-C ratio by XPS.

Figure 4.7 also shows the gradual changes to the film structure in 1 M borate
buffer. The vibrational mode at 1630 cm™* deforms slightly compared to its initial shape

and the region between 1400 and 1250 cm™ changes. The mode at 1390 cm™ turns into
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two modes and the small modes at ~ 1320 cm™ disappear. The observed changes might
be indicative of changes to the N bonding environment. However, the changes are not
significant enough to cause film loss that would be apparent by QCM and XPS.

ATR-FTIR data for Aemion is consistent with the XPS results: it shows that the
film undergoes some structural changes in every supporting electrolyte with the changes
in carbonate/bicarbonate buffer being the most significant. The XPS analysis of the film
tested in carbonate/bicarbonate buffer shows the formation of C=0 species along with N*
loss and film dissolution. ATR-FTIR confirms these changes showing the loss of the
C=N mode intensity and several other new modes growing.

Sustainion ATR-FTIR Analysis. Sustainion ATR-FTIR spectra at different
overpotentials were collected in a similar manner (Figure 4.8). Like Aemion, Sustainion
possesses an imidazole group. We assigned the vibrational mode at 1650 cm™ to the C=N
in imidazole. The spectrum of Sustainion undergoes similar transformations after
electrochemistry in KOH and K2CO3/KHCO3z buffer with both the 1650-1530 cm™* and
1370-1330 cm regions changing. We observed the shape transformation of the mode
assigned to imidazole, the loss of the vibrational mode at 1533 cm™, and the growth of a
mode at 1567 cm™. This region of the spectrum can have modes from a variety of bonds
including C=N, C=0, O-N=0. The mode in the 1370-1330 cm™* region changes from a
small broad one to a sharp mode. The observed changes to the spectrum of Sustainion
might originate from transformations of the imidazole ring leading to its loss due to
nucleophilic OH" attack or by electrochemical oxidation. Pellerite et al. reported similar
changes to the IR spectrum of Sustainion soaked in 1 M KOH for 24 h without any
applied potential .3’ In that case, the observed changes to the spectrum were later reversed
by a soak in 1 N HCI and were attributed to the formation of a carboxylated zwitterion
upon CO:2 addition, not permanent degradation by the ring opening.®” We, however, do
not believe that Sustainion under applied potential undergoes reversible changes in KOH
or carbonate/bicarbonate buffer given the loss of nitrogen and C-N bonds observed by
XPS. The ionomer films tested in borate buffer show fewer changes to the spectrum. The
1533 cm™ mode disappears, but no new mode appears at 1567 cm™. There is a new

vibrational mode at 1313 and 813 cm™. The mode at 1313 cm™ might originate from the
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borate species present in the film but given the low amount of boron determined by XPS

we conclude this is unlikely.
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Figure 4.8. Chemical changes to the structure of Sustainion probed by ATR-FTIR.
(a) ATR-FTIR spectra of Sustainion films collected after testing the films in 1.0 M KOH
(red traces), 1 M K2CO3/KHCOs buffer pH 10 (blue traces), and 1 M borate buffer pH 8
(purple traces). Top to bottom: black trace is of pristine Sustainion film, then in order of
increasing overpotential ( = 400, 500, and 600 mV). (b) ATR-FTIR spectra collected on
Sustainion films tested at # = 600 mV in the three supporting electrolytes.

These studies suggest Sustainion is sensitive of the basicity of the electrolyte but
might not be strongly affected by anions such as CO3? or HCOs". XPS showed
considerable loss of the C-N bonds in both KOH and carbonate/bicarbonate buffer. ATR-
FTIR data supports these results showing changes to the C=N imidazole mode that
suggest the charge-carrying group is degrading. This process might be unaffected by the
presence of COs% or HCOs™ due to the high carbonate/bicarbonate conductivity reported
for Sustainion. Fast conduction of the anions through the ionomer film during operation
would facilitate the transfer of OH" (and protons in the form of HCO3") to (and away
from) the electrode surface. These processes would decrease the pH gradient and provide
sufficient OER reactants to avoid ionomer oxidation.

PiperlON ATR-FTIR Analysis. The ATR-FTIR spectra of PiperlON after

electrochemistry in the three electrolytes is in Figure 4.9. Consistent with our XPS
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results, the most noticeable changes to the ATR-FTIR spectrum of PiperlON are
observed in K2CO3/KHCOs3 buffer (Figure 4.9, blue traces). The vibrational mode at 1630
cm transforms into multiple modes at 1640, 1605, and 1558 cm™. The mode at 1558
cm* appears at # = 400 mV and the one at 1605 cm™ by # = 600 mV. The mode at 1395
cmt converts into two modes by # = 600 mV. We, however, did not observe the
appearance of a stretch or a bend consistent with a carboxylate formation which is a
degradation product predicted by the electrochemical oxidation route. The changes to the
1640-1560 cm region of the spectrum might result from a formation of new C=N or
C=C bonds.
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Figure 4.9. Chemical changes to the structure of PiperlON probed by ATR-FTIR on
a diamond crystal. (a) ATR-FTIR spectra of PiperlON films collected after testing the
films in 1.0 M KOH (red traces), 1 M K2CO3/KHCOs buffer pH 10 (blue traces), and 1 M
borate buffer pH 8 (purple traces). Top to bottom: black trace is of pristine PiperlON
film, then in order of increasing overpotential ( = 400, 500, and 600 mV). (b) ATR-

FTIR spectra collected on PiperlON films tested at # = 600 mV in the three supporting
electrolytes.

The PiperlON film tested in KOH does not seem to undergo any structural
changes as no new vibrational modes appeared in the ATR-FTIR spectrum. We also did
not observe any chemical changes in KOH by XPS (except at # = 700 mV). The ATR-
FTIR spectra of the film tested in borate buffer has a small change in the 1600-1500 cm
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region: a new mode appears at 1558 cm™ similarly to the one we observed in
K2CO3/KHCOs3 buffer. The mode becomes noticeable at # = 500 mV and might be the
result of some changes to the structure of the ionomer.

PiperlON did not show any signs of significant structural changes in KOH or
borate buffer evident by QCM, XPS (until » = 700 mV), and ATR-FTIR. The stability of
the ionomer, however, can be impacted by the presence of metal oxide catalyst
undergoing OER in an electrolyzer. We showed that PiperlON ionomer in direct contact
with IrOx powder at the anode of an AEMWE oxidizes substantially and loses
headgroups.** In carbonate/bicarbonate buffer PiperlON undergoes structural changes as
suggested by our XPS and ATR-FTIR data. XPS showed N loss and film dissolution but
without new peaks appearing in the C 1s spectra. ATR-FTIR spectra revealed several
new modes growing and the existing modes changing shape. Based on the evidence
presented by the surface characterization techniques, the polymer is undergoing
dissolution (e.g., we find an increase in Pt/C ratio by XPS after electrochemistry). We,
however, cannot be sure in the (electro)chemical mechanism because some of the

degradation products might dissolve into the electrolyte and avoid detection.

Computational Studies of lonomer Oxidative Stability. To help differentiate between
chemical and electrochemical degradation routes for these polymers, we performed DFT
calculations to computationally examine redox potentials (Eo) of the polymer structures
and to predict where the oxidation is likely to occur within the polymer. The Eo of the
polymers can suggest which of the polymers is more likely to oxidize under applied
potential. The identification of the fraction of the polymer that the Eo corresponds to
leads to better understanding of the degradation pathway.

Our calculations indicate that Eo for the ionomers are: Sustainion (2.18 eV vs
SHE cis, 2.33 eV vs SHE trans) > PiperlON (1.78 eV vs SHE) > Aemion (1.46 eV vs
SHE) (Figure 4.10). The range of values for Sustainion is attributed to the competing
effects produced by z-stacking: the destabilization of the ground state and the
stabilization of the spin density vie a multicenter single-electron bond. The latter was
observed for the imidazolium-containing sidechain. Given the stabilization provided by

the imidazole fragment, the phenyl ring in contact with it is less likely to be oxidized than
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the phenyl ring next to it without the charge-carrying group. However, the Eo for this
route is very high. The experimental data shows changes to the N 1s bonding
environment or oxidation state which would not occur in the case of phenyl oxidation. A
possible route for Sustainion degradation, given a high Eo for phenyl oxidation, is the loss
of the sidechains through the OH" attack on the C connecting the phenyl and imidazole
fragment or the imidazole ring leading to the loss of the sidechains. This mechanism is
perhaps promoted by the applied potential as we see no evidence of Sustainion degrading

in the supporting electrolytes without applied potential.

trans

PiperlON {l& f TOX Aemion
Figure 4.10. HOMO electronic occupation diagram calculated by DFT for the

ionomer fragments indicated. The HOMO is, to a first approximation, the energetically
most favorable site for oxidation to occur.

Within the PiperlON structure the phenyl rings adjacent to the trifluoromethyl
group help stabilize the HOMO by withdrawing electron density which decreases
electron-electron repulsion. Oxidative attack is thus likely to affect the other phenyl rings
in the backbone that are occupied by higher-energy electrons. The changes we observed
experimentally are more-consistent with the attack on the charge-carrying groups given
the changes to the shape of the N 1s spectrum and the absence of carboxylate-related C 1s
peaks or vibrational modes. However, that does not rule out the electrochemical aromatic
oxidation considering as degradation products may be in small amounts and/or dissolve

into the electrolyte.
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Because Aemion has the lowest Eo, it appears most likely to suffer from oxidative
damage. Our calculations suggest that oxidizing any cationic motif is unlikely. The Eo
corresponds to the removal of an electron from the benzimidazole. The likeliest point of
oxidative damage is the N in the benzimidazole that does not have a methyl group
attached to it (Figure 4.1a). The methyl groups on substituted phenyl and imidazolium
rings add spin-stabilization. The imidazolium ring-opening is also proposed as the
chemical degradation route. We suspect that the polymer degrades through cleavage of
the imidazole ring with applied potential playing a role in the process. Aemion does not
degrade in 1.0 M KOH without applied potential. Nor does it degrade in
carbonate/bicarbonate solutions. Thus, the routes leading to the polymer damage might
include an OH" attack on the polarized bonds or a direct oxidation of the structure by the

OER intermediates or the electrode surface.

Analyzing the lonomer Stability in Acidic Environment. The higher degree of structural
changes that Aemion and PiperlON showed in 1 M carbonate/bicarbonate buffer
compared to the other electrolytes suggested that the interactions of the HCO3/CO3*
anions with the ionomer matrices play a role in the stability of the polymers during OER.
Our two hypotheses in regard to the effect anions have on the ionomer were: (i) the
development of a pH gradient with consecutive ionomer oxidation facilitated by a local
pH drop at the electrode surface, and/or (ii) poor transport of OH" to the electrode surface
due to low carbonate/bicarbonate conductivity of Aemion and PiperlON which leads to
the ionomer oxidation reaction dominating. To determine if the low pH in addition to the
applied potential was responsible for the observed structural changes, we tested the thin
0.16 wt. % ionomer films in 0.1 M HCIO4 (pH ~ 1) at # = 400 and 600 mV and analyzed
them with XPS.

The stability of Aemion in acidic environment seems to be better than in
carbonate/bicarbonate buffer (Figure C.6a shows XPS data and fitting). No film
dissolution or appearance of new C or N peaks was observed at 7 = 400 mV. At = 600
mV while no changes to the C 1s and N 1s were observed, the Pt/C ratio from XPS
slightly increased signifying film dissolution. Aemion does not appear to be affected by

the acidic pH while under applied potential and, thus, is likely not degrading in
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carbonate/bicarbonate buffer due to the local pH drop. Given that we observed some
degree of dissolution in all four tested electrolytes, we hypothesize that ionomer
oxidation facilitated by applied potential occurs in all cases but at a different rate. Testing
Aemion in pH 1 acid showed its good stability in acidic conditions. Thus, we were left to
conclude that the difference in OH- vs CO3?>/HCOs" conductivities is causing Aemion to
degrade in carbonate, perhaps due to the formation of a modest pH gradient and lack of
OH- to oxidize at the electrode surface.

The structural changes observed for Sustainion tested in acid resemble the results
of the electrochemical testing in borate buffer (Figure C.6b). At # = 400 mV no
dissolution was observed, but there was a small loss of the C-N bonds and a change to the
shape of N 1s peak. At = 600 mV film dissolution was identified and the loss of C-N
bonds became more pronounced. However, the N 1s peak assigned to N* still dominated
the spectra for all overpotentials. Sustainion sustained less damage in acidic environment
than in base. Sustainion was apparently designed to operate in carbonate-containing
environment. It degraded the most in the electrolytes of higher basicity, but only when
potential was applied. Given the comparably higher Eo estimated from DFT, we
hypothesize that OH" attack becomes more likely when the film is polarized by the
electrode surface. It seems likely that the carbonate/bicarbonate conductivity of
Sustainion is high enough to perhaps suppress larger pH gradients.

Interestingly, PiperlON sustained significant damage in 0.1 M HCIO4 (Figure
C.6c). At n =400 mV no dissolution was observed, but a new high-energy peak appeared
in the N 1s spectrum. At # = 600 mV the F/C ratio doubled, and the Pt/C ratio increased
signifying film dissolution. N 1s peak remained at the same binding energy as in the
pristine film but decreased in intensity. The C 1s spectrum gained several peaks at higher
binding energy pointing to the formation of new C compounds. The amount of the film
loss during electrochemical testing in acid is similar to the film loss observed in
carbonate/bicarbonate buffer. Thus, for PiperlON we hypothesize that its stability might
depend on both the carbonate/bicarbonate conductivity and the local pH drop, as we see
degradation occurring in both HCIO4 and carbonate/bicarbonate buffer. We also know

from our previous work that PiperlON is subject to oxidative degradation when used for a
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prolonged operation in pure-water AEMWE with IrOx and that pH gradients are likely at
high current denisites.*

Conclusion

In Chapter IV, we analyzed the effects of supporting electrolytes on the stability
of anion-conducting ionomers under oxidizing potentials in the context of their
application in alkaline membrane electrolyzers. The ionomers demonstrated different
degrees of stability in KOH, K2CO3s/KHCOs buffer, borate buffer, and HCIO4. Aemion
degraded and dissolved in all four electrolytes, with damage to the chemical structure
being the most pronounced in carbonate/bicarbonate buffer. The stability of Aemion
seems to be affected by strongly interacting carbonate/bicarbonate anions that may
prevent a rapid flux of OH" to the electrode surface and allow ionomer oxidation.
PiperlON showed material loss in carbonate/bicarbonate buffer and in acidic conditions
remaining stable in KOH and borate buffer. The low conductivity of
carbonate/bicarbonate forms of PiperlON might facilitate a pH gradient leading to the
oxidative changes to the polymer due to the local pH drop or the absence of sufficient
OH" for OER in which case the relative polymer oxidation rate increases. Sustainion
exhibited the same degree of degradation in KOH and carbonate/bicarbonate buffer and
little observed degradation in borate buffer and HCIO4. The degradation for this ionomer
appears to be triggered primarily by the applied potential but seems to be favored in
electrolytes with higher OH concentration. We also acknowledge that the presence of
OER catalysts can introduce additional degradation pathways (Figure C.7).14

Looking forward, gas chromatography coupled with mass spectrometry and
nuclear magnetic resonance spectroscopy can be employed to analyze (dilute) soluble
ionomer fragments to unravel the mechanisms of ionomer degradation. The analysis of
post-mortem GDLs from pure-water fed AEMWE will also be key, as shown by our
initial results.!*

In sum, we demonstrated that a combination of characterization techniques can
unravel some of the processes at the ionomer/catalyst interface. The three-electrode setup
was a simple model system that mimics in many ways the anode of the AEMWE. This

approach can be successfully employed to test the interactions of a variety of OER
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catalysts (PGM and non-PGM). Such experiments can be run in parallel with the
AEMWE tests (with the GDLs being analyzed as well) to gain a comprehensive
understanding of water electrolysis in a zero-gap configuration.

Bridge

In Chapter IV a better understanding of the polymer stability under applied
potential in the presence of different anion was developed. The findings about the
ionomer interactions with anions during electrolyzer operation are used in Chapter V to
predict the possible challenges facing the large-scale implementation of AEMWE
technology. The spectroscopic techniques and methods used in Chapter 1V were
employed to conduct the investigation described in Chapter VI. Chapters V and VI build
upon this work by investigating the stability issues that depend on the identity of the

oxygen-evolution-reaction catalyst.
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CHAPTER V

OXYGEN ELECTROCATALYSIS ON MIXED-METAL
OXIDE/OXYHYDROXIDES: FROM FUNDAMENTALS TO
MEMBRANE ELECTROLYZER TECHNOLOGY

Chapter V contains co-authored materials previously published as Acc. Mater.
Res. 2021, 2 (7), 548-558 reproduced with permission. Copyright 2021 Accounts of
Materials Research. Prof. Boettcher and | conceived of the project. | wrote the paper with
assistance from Yingqging Ou, Quicheng Xu, Liam Twight, and Nathan Stovall. Prof.

Boettcher provided editorial assistance.

Introduction

The ability of hydrogen to serve as a medium between chemical and electrical
energy makes it an attractive alternative to carbon-based fuels for powering
transportation of people and goods, heating buildings, producing fertilizers, refining
metals, and making electricity with fuel cells.t2 Today most hydrogen is produced by
steam-reforming of fossil fuels.® An alternative is water electrolysis — splitting of water
into hydrogen and oxygen with electricity. Water splitting involves two half-reactions:
the oxygen-evolution reaction at the anode (OER; in base: 40H™ - 2H20 + 4e” + Oz, in
acid: 2H20 > 4H" + Oz + 4¢") and hydrogen evolution reaction at the cathode (HER; in
base: 2H20 + 2e- > H2 + 20H", in acid: 2H" + 2e” = H2). Driving the OER results in a
large overpotential (excess energy beyond the thermodynamic requirement) that
decreases the efficiency of electrolyzers. Electrocatalysts capable of lowering the
overpotential have been under investigation for nearly a century.

The oldest electrolyzer technology is alkaline water electrolysis (AWE). AWE is
typically operated at ~ 80 °C in a concentrated basic liquid electrolyte (KOH or NaOH).
Although the current densities are typically < 500 mA-cm2, the low materials cost from

the inexpensive (steel) cell components and non-PGM catalysts leads to a relatively low
90



overall cost for hydrogen.* A newer technology, PEMWE, replaces liquid electrolyte
with a solid, locally acidic, ionomer membrane.® Pure water is fed to a compressed stack
allowing operation at > 2 A-cm and yielding high-purity output hydrogen.® * The solid-
polymer electrolyte reduces cross-over of hydrogen and oxygen gas, allowing thinner
electrolytes with lower resistive losses and the direct electrochemical compression of the
output hydrogen.® The acidic membrane, however, requires the use of PGM catalysts and
expensive stack materials (e.g. Ti) because non-PGM catalysts corrode and dissolve.

AEMWE in principle can combine the advantages of AWE and PEMWE. The
system uses the same compressed stack design as PEMWE but replaces the acidic
membrane with a basic one enabling the use of non-PGM catalysts and cheaper stack
materials.t* * AEMWE is, however, at its early stage and has challenges to overcome
before it can compete in efficiency and durability with PEMWE. The design of active and
stable OER and HER catalysts is imperative for the development and commercialization
of AEMWE systems.

Iron-containing Ni and Co-based catalysts have superior OER performance in
base and AWE compared to other catalysts including PGMs.>" The origin of their high
performance has been subject to much discussion and a few key results follow. Friebel et
al. reported Fe3* as an active site in NizxFexOOH using a combination of operando X-ray
absorption spectroscopy (XAS) and DFT calculations.® Gorlin et al. found that for Ni1-
xFexOOH with x > 0.09, Ni remains largely in +2 oxidation state during OER.° In
contrast, Li et al. proposed that Fe* promotes the formation of Ni** that is responsible for
the enhanced OER activity.? Smith et al. studied Fe100-yCoyOx and observed Co oxidation
under OER conditions.** Gong et al. concluded that under-coordinated Fe®* was an active
site, despite Fe not being oxidized.? Hunter found evidence for Fe®* and ferrate-like
species in non-aqueous conditions.*® Chen et al. found Fe** under active conditions with
Mossbauer spectroscopy, but demonstrated that this species persisted after the applied
potential was removed.'* The Fe cation sites are also dynamic; dissolving and
redepositing depending on the concentration of solution Fe*.5

Understanding of the mechanism of OER in basic conditions and the identity of
active sites is important for designing better catalysts for both AWE and AEMWE.

Additionally, the effects of Fe adsorption/desorption, catalyst restructuring, and its
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electrical conductivity should be accounted for when incorporating Ni(Co)1xFexOOH into
traditional AWE or membrane-electrode-assembly (MEA) systems.

In Chapter V, we describe our efforts to identify and understand the active sites in
Fe-doped Ni and Co (oxy)hydroxides. We aim to understand the mechanisms of Fe
incorporation into the catalysts, the role played by Fe during OER, and how this
understanding influences design principles for OER catalysts in electrolyzer technologies.
Finally, we discuss research directions related to OER catalysts and electrolyzers relevant
for high-performance non-PGM AEMWE.

Discussion

Intrinsic Activity Trends for Metal (Oxy)Hydroxides. The use of thick catalyst layers and
ill-defined active surface areas, as well as differences in electrical conductivity and local
surface structure has historically complicated the direct comparisons of intrinsic OER
activity.5 8 A better comparison can be made if the catalysts were prepared as thin films
(2-3 nm) supported on conductive supports that minimize ohmic and mass-transfer
overpotentials and the amount of inactive (bulk) catalyst.*® This thin-film configuration
also allows in-situ mass monitoring using a quartz crystal microbalance (QCM) and
calculation of lower-limit turnover frequencies (TOF, the number of O2 molecules
evolved per metal active site per second) based on the total number of metal cations. The
use of TOFs is a good metric for the comparison of intrinsic catalytic activity. In alkaline
media, IrOx is ~10-fold less active than Nio.gFeo.10x (TOFs = 0.009 + 0.005 s and 0.21 +
0.03 stat 4 = 0.3V, respectively).!® We compared the activities of many first-row
transition metal oxides (NiOx, CoOx, NiyCo1-yOx, Nio.gFeo.10x, IrOx, MnOx, and FeOx).
We also analyzed if synergetic effects existed with two or more different metals. In the
case of Co and Ni, we observed no synergy, in contradiction with previous trends
reported.}’-*® Addition of Fe to Co or Ni improved the performance to different degrees
suggesting different interactions of Fe with the matrices.!® 18 X-ray photoelectron
spectroscopy (XPS) showed the catalysts were converted into (oxy)hydroxide phases
during operation in agreement with thermodynamics-based Pourbaix diagrams.® 1°

CoOxHy and NiOxHy both form layered structures with octahedrally coordinated metal

92



cations and small ordered domain sizes where the individual layers are noncovalently
bonded and intercalated with ions and water.-2°

The electrical conductivity of the catalyst phases is important in designing high
performance electrodes. For (oxy)hydroxides, the oxidation and protonation state of the
material depends on applied potential, and therefore the conductivity is different than that
measured from pressed catalyst-powder pellets. We measured thin-film conductivity as a
function of applied potential using microfabricated interdigitated array (IDA)
electrodes.*® 2122 We discovered that the conductivity varied with composition and
applied potential. CoOxHy and NiOxHy were insulating when the cations were +2 and
conductive when oxidized to nominally +3 or +4; a conversion that happens under OER
conditions and that is (usually) reversible. The redox behavior of CoOxHy and NiOxHy
provides another mechanism to measure the number of electrochemically accessible
metal cations which can be done by integrating the pre-OER redox feature visible in the
voltammetry. 2 Whether all these sites serve as active sites is an ongoing debate.?*

XPS analysis of thin-film CoOxHy and NiOxHy catalysts revealed Fe impurities
absorbed from the electrolyte even without intentional addition of Fe salts.!® 1% 2! To
observe the intrinsic activity, Fe impurities had to be removed. We produced Fe-free
KOH by absorbing Fe species with Ni(OH)2 and Co(OH)2.1° We note that these Fe-free
electrolytes do contain residual Co(OH)2 or Ni(OH)2 that can be removed by filtration
with a 0.1 um polyethersulfone filter. The catalysts tested in Fe-free KOH did not show
any traces of Fe incorporation by XPS.1°® We then reported the first intrinsic activity trend
of first-row transition metals with rigorous exclusion of Fe-impurities. We accounted for
the influence of the film thickness, conductivity, and underlying substrate interactions
(Figure 5.1).28-%° We discovered that, in the absence of Fe, NiOxHy was a terrible OER
catalyst — three-orders-of-magnitude less active than Ni(Fe)OxHy.'® CoOxHy shows higher
activity than NiOxHy in the absence of Fe, but when Fe is added, Ni(Fe)OxHy has a higher
TOF than Co(Fe)OxHy at all overpotentials.?* The activity of FeOxHy was found to be
strongly dependent on the film thickness and the support (see below).?® 3031 At this point,
we proposed that Fe was an essential component of the active site in all the first-row
transition-metal catalysts in alkaline conditions (with reasonably high activity) whether

incorporated intentionally or from the electrolyte impurities.?®
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Figure 5.1. Activity trends for first-row transition metals. (a) Steady-state activity
trends as a function of potential for first-row transition-metal (oxy)hydroxides on Au
(solid) and Pt (open) quartz-crystal-microbalance electrodes. The TOFs reported are
based on the total mass measured with the QCM assuming every metal cation is a
possible active site. (b) The data plotted at # = 450 mV (top) and at # = 350 mV (bottom).
Compositions in (b) are ordered based on atomic number of the host/primary cation.
Lines and shading guide the eye. All the films had a loading of 8 to 12 ug-cm 2, except
for the thin FeOxHy which was 0.5—1.0 pg-cm 2. Adapted from ref 30 with permission.
Copyright 2015 American Chemical Society.

Understanding Fe-based Active Sites. To better understand how Fe-based OER catalysts
function, we studied pure FeOxHy.?8 To do this, the instability of FeOxHy under alkaline
OER conditions and its low electrical conductivity had to be addressed. FeOxHy films
were prepared by three methods — electrodeposition,*® 32 thermal decomposition of a
spin-cast metal-nitrate films,® and thermal evaporation of Fe metal — and were probed by
XPS after annealing in air and immersion in 1 M KOH.*° Fe was oxidized to nominally
FeOOH under these conditions regardless of preparation method. Using electrodeposited
FeOxHy films, the dependence of OER activity on the substrate type (Au and Pt) and film

thickness was investigated (correcting for dissolution via QCM measurements). At n =
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350 mV, the OER current was insensitive to mass loading, but depended on the substrate
identity with FeOxHy on Au much more active than on Pt (likely due to interaction of Fe
and Au oxides under OER conditions).3" 3% At 4 = 450 mV, the OER current was
proportional to FeOxHy loading up to ~3 ug-cm before increasing slower between 3 and
7.5 ng-cm2and remaining constant after 7.5 pg-cm. We concluded that only a thin layer
of FeOxHy nearest to the electrode surface is active at = 350 mV due to the low
electrical conductivity of FeOxHy. At =450 mV, the thickness of the active layer
increases because the electrical conductivity increases as the Fe accesses higher oxidation
states.®

The comparison of the intrinsic activity of Ni(Fe)OxHy, Co(Fe)OxHy, and FeOOH
was made by calculating TOF per electrochemically active Fe site (TOFre) at # = 350 mV
and 450 mV. To account for limited conductivity, we approximated the amount of
“active” FeOxHy as that within a loading range such that < 1 mV of Ohmic drop occurs at
1 mA-cm2 (0.1 ug-cm? at 350 mV and 5 pg-cm2 at 450 mV). It was observed that at 5 =
350 mV and 450 mV, Nio.7sFeo.2s00H had a higher TOFre than Coo.54Fe0.4600H and
FeOxHy /Au. This data suggested that the “host”, and therefore local chemical
environment of Fe, enhances the OER activity.?®

We investigated how Fe was involved in OER using operando XAS. For this we
studied Co(Fe)OxHy, which shares key features with Ni(Fe)OxHy. The OER activity of
Co(Fe)OxHy increases 100-fold with 40%-60% co-deposited Fe relative to Fe-free
CoOxHy. Voltametric analysis shows an anodic shift in the Co?*3* redox wave with
increasing Fe content suggesting strong electronic coupling between Co and Fe.?* The
nominally Co?*3* wave is, however, more negative than the nominally Ni?*** wave, even
in the presence of large amounts of Fe. This is important, because it allowed us to resolve
the local structure and oxidation states at both Fe and Co sites by XAS at potentials more
positive of the Co wave (i.e. when the catalyst is in the relevant oxidized “active-state”
but not yet evolving oxygen) and compare to more-positive potentials where substantial
OER current is passing. Compared to previous studies,® 34 our work was important
because we engineered porous catalyst structures as thin films where essentially all the
Co and Fe sites were exposed to electrolyte.” The porous structure was achieved by an

electrodeposition from a precursor salt solution via a cathodic reduction of NOs".” The
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XAS thus reported on changes to surface-active Co and Fe sites without large
background signal from sites buried and not accessible to the electrolyte. In Co(Fe)OxHy,
we found a 6% decrease in the Fe-O bond length and a small absorption-edge shift at
OER potentials indicating partial oxidation of Fe relative to the pre-OER resting state
(likely 3+).” Oxidation of Co was only observed in Fe-free CoOxHy consistent with Fe
being a key species at the active site involved in stabilizing OER intermediates.’

Although NiOxHy is intrinsically less active than CoOxHy, Ni(Fe)OxHy is more-
active than Co(Fe)OxHy. In NiOxHy a lower OER onset potential upon Fe incorporation is
accompanied by a positive shift of the Ni*** wave.'® Others correlated the increased
OER activity to this shift>*3 and hypothesized that charge transfer from Ni?* to the
Lewis-acidic Fe** makes the Ni site more oxidizing and facilitates the oxidation of water
into Oo2.

We doped NiOxHy with Fe, Ti, Mn, La, and Ce cations and studied the correlation
between the Ni?*** potential and OER activity.® Solution spin-casting and
electrodeposition were used to prepare films with well-mixed cations and similar mass
loading and morphology (Figure 5.2a-b).%® Ce was the only cation besides Fe which
enhanced the activity of NiOxHy (Figure 5.2c). During the initial voltammetry in
rigorously “Fe-free” KOH solution, Nio.gsCeo.150xHy and Nio.esCeo.350xHy exhibited
activities ~ 8 and 4 times higher than pure NiOxHy, respectively. The increased activity of
Ce-incorporated films declined during cycling. The O 1s XPS spectra of Ni(Ce)OxHy
collected before and after extended cycling showed a change from a metal hydroxide to
oxide. We interpreted this as phase-segregated cerium oxides forming that eliminated the

more-active Ni-O(H)-Ce motifs.
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Figure 5.2. Doping NiOH with other transition metals. Cyclic voltammetry (cycle 5)
of spin-cast Ni1-zM:OxHy films, where M is the metal cation (Ce, La, Mn, Ti and Fe), at
approximately (a) z= 0.1 and (b) 2= 0.3 in Fe-free 1 M KOH at 20 mV-s%. (c) OER TOF
of spin-cast films at 400 mV overpotential at cycle 5 (solid) and cycle 50 (pattern) in Fe-
free 1.0 M KOH from voltammetry data collected at 20 mV-s™. TOFm are calculated
assuming all metal cations are active (and thus are lower limits); the OER current is taken
as the average of the forward and reverse scans. Adapted from ref 36 with permission.
Copyright 2016 American Chemical Society.

The incorporation of Ti, Mn, or La cations into NiOxHy did not improve activity.*
Ti and La shifted the Ni redox wave positive, but the OER activity remained the same as
in the pure NiOxHy. The lack of activity enhancement accompanying the shift in Ni2*3*

redox peak potential indicates that there is no strong relationship between the two. In
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retrospect, this is perhaps not surprising as after the oxidation of the Ni/Co, the films are
conductive with relatively delocalized electronic structures and additional applied
potential will increase the oxidative driving force regardless of the initial Ni>*** wave
position.®”-3 The unique role of Fe in enhancing the OER activity also supports the idea
that Fe serves a critical role — likely bonding to intermediates — as a part of the “active

site”.

Modes of Fe Incorporation in Ni/Co (Oxy)Hydroxides. We three ways of incorporating
Fe into Ni/Co (oxy)hydroxides: co-deposition, adsorption from electrolyte impurities, and
adsorption from Fe-spiked electrolyte. We found that the activity enhancement relative to
how much Fe is incorporated depended on the incorporation method — some Fe sites
appear more active than others.3® We cycled freshly electrodeposited NiOxHy film in Fe-
spiked KOH (1 mM Fe(NOs)s). After the initial cycles, a dramatic increase in activity
was observed, as evidenced by the > 100 mV decrease in onset potential (Figure 5.3a).
Meanwhile, the Ni redox peak potential and average e per Ni, was largely unchanged.*
After 100 cycles, the anodic peak potential (Ep,a) of NiOxHy shifted positive by ~30 mV.
In contrast to the change in the Epa, the OER activity was only marginally improved after
100 cycles, even as Fe was incorporated up to 24%. This suggested that Fe species might
initially be absorbed on the edge/defect sites where they drive fast water oxidation while
having little influence on the Ni redox features whereas further Fe incorporation by
cycling leads to (inactive) Fe sitting on “internal” sites within the 2D (oxy)hydroxide

structure.
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Figure 5.3. Modes of Fe incorporation. (a) CVs showing spiking 1 mM Fe3* leads to 130-
150 mV decrease in overpotential for NiOxHy in the first 2 cycles with much smaller
decrease over the next 98 cycles. 24% Fe is incorporated into NiOOH compared to only
~9% in CoOxHy after 50 cycles (c). The extended cycling studies suggest that Fe permeates
into the bulk of NiOxHy (b) but only accesses the surface of CoOxHy (d). Adapted from ref
39 and 15.

We compared the results to a co-electrodeposited Ni(Fe)OxHy film and found for
similar Fe content the co-deposited Ni(Fe)OxHy shows a more-prominent positive shift of
the Ni redox peak. We hypothesize that co-deposited Ni(Fe)OxHy have Fe
homogeneously distributed throughout the structure that strongly interacts with Ni,
substantially affecting the average Ni redox properties. The fact that the OER activity of
Ni(Fe)OxHy appears not to depend on the “bulk” electronic structure and the Ni?*** redox
peak potential suggests that it is the surface-bound, under-coordinated Fe sites that are

responsible for the high OER activity. Chen et al. also proposed that due to the
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disordered structure of the deposited Ni(Fe)OxHy there exists edge/defect sites which host
Fe species and these Ni-O-Fe motifs are responsible for efficient water oxidation.'* This
proposal was based on the observation of long-lived Fe** sites in Mossbauer experiments
that are evidently not highly OER active.

Similar to Ni(Fe)OxHy, incorporation of Fe into CoOxHy via cycling in Fe-spiked
KOH results in enhanced OER activity.*> However, Fe appears difficult to incorporate
into the “bulk” structure of CoOxHy, as evidenced by the almost unchanged Ep.. after
extended cycling (Figure 5.3b). This result can be explained by the stronger Co-O,
compared Ni-O, bond.*® After cycling CoOxHy in Fe-spiked KOH, we transferred the
Co(Fe)OxHy to Fe-free KOH. With further cycling, a fast deactivation process was
observed. Post-mortem XPS characterization showed a 60% decrease in the Fe content.®
In comparison, co-deposited Co(Fe)OxHy showed little activity loss when cycled in Fe-
free KOH and XPS showed only ~10% Fe loss. These results suggest that dynamic Fe
species are incorporated during cycling in Fe-spiked KOH. These Fe likely reside at
surface edge/defect sites and thus easily dissolve in Fe-free electrolyte during OER when
solution Fe is absent and hence cannot replenish the surface Fe sites. Fe in the co-
deposited Co(Fe)OxHy film is distributed throughout the film which prevents its rapid loss
in Fe-free KOH.

We further applied electrochemical atomic force microscopy (EC-AFM) to study
morphology dynamics during OER. We began with single-layer Ni(OH)2 (SL-Ni(OH)2)
nanosheets synthesized hydrothermally and exfoliated.* In the absence of Fe, the SL-
Ni(OH)2 preserved its original hexagonal shape and smooth surface at the open-circuit
voltage (OCV) in 0.1 M KOH (Figure 5.4a).*2 With an increase in potential to 1.41 V vs.
RHE, which corresponds to the onset of Ni oxidation, the SL-Ni(OH)2roughened (Figure
5.4b). Further increases in potential lead to restructuring of the single nanosheets into
nanoparticles (Figure 5.4c, d). The volume and surface area of the nanoparticles
increased with cycling. Once the growth of the Ni(OH)2 nanoparticles halted, we
introduced 3 ppm of Fe(NOzs)s into the electrolyte (Figure 5.4g). The Fe spike caused a
~19% volume expansion after three CVs and Fe was observed to deposit
inhomogeneously. After Fe in KOH was increased to 12 ppm, segregated FeOOH

appeared to deposit (Figure 5.4h). The restructuring of the Ni(OH)2 nanoparticles during
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Fe incorporation might explain how Fe moves into the bulk during extended CV cycling.

The morphology changes seem to be the result of a Ni dissolution/redeposition process.**-
43
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=
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Figure 5.4. Ni and Co SL structural evolution upon Fe incorporation. AFM images
of SL-Ni(OH): in Fe-free KOH (a) at the open-circuit voltage, and then after the
chronopotentiometry measurement (for 500 s) at (b) 1.41 V vs RHE, (¢) 1.46 V vs RHE,
and (d) 1.61 V vs RHE (scale bars = 200 nm), (e) after one LSV in 0.1 M KOH, (f) after
252 CV cycles, and in the presence of (g) 3 ppm Fe(NOs3)2 and (h) 12 ppm Fe(NO3):2 after
three CV cycles (scale bars = 200 nm). AFM topographical images of Nio.sCo0.20xHy
nanosheets (i) at the beginning and (j) after 200 CV cycles between 1 and 1.7 V vs. RHE
in 0.1 M KOH (scale bars = 100 nm). SL-Co(OH)2 nanosheets images under identical
conditions (k) at the beginning and (1) after the electrochemical testing. Adapted from ref
42 and 43.

Co(OH)2 nanosheets undergo less morphological changes under electrochemical
conditions.** EC-AFM showed that Co-rich Nii-sCosOxHy and CoOxHy initially had a

porous morphology and the higher porosity was likely able to reduce the mechanical
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stress originated from redox (Figure 5.4i-1). As a result, Co-rich Nii-sCosOxHy exhibited
higher electrochemical and mechanical stability consistent with our hypothesis that Fe
absorbed from the electrolyte is difficult to incorporate into the bulk of CoOxHy.2> 43

Markovic and coworkers used scanning tunneling microscopy (STM) and ICP-
MS techniques combined with isotope labelling to investigate the dynamic stability of Fe
sites in transition-metal (oxy)hydroxide clusters.* STM revealed that the cluster height of
Ni (oxy)hydroxide on Pt(111) slightly increased when the electrode was immersed in Fe-
spiked KOH solution, suggesting that Fe was adsorbed on the surface. The dynamic Fe
exchange at the catalyst-electrolyte interface was monitored by isotopic labelling starting
with °8Fe on the electrode and *'Fe in the electrolyte. °Fe dissolved during
chronoamperometry, while *'Fe in electrolyte deposited onto the electrode surface. The
system eventually reaches a dissolution-redeposition steady state. During activity tests in
Fe-spiked electrolyte, OER performance improved. When measured in Fe-free KOH, the
OER performance degraded, consistent with our results above. The sum of these studies
indicates that the high OER activity of Fe-MOxHy can only be maintained in the presence
of Fe in the electrolyte, supporting the view that the dynamic Fe exchange underlies the
stability/performance of these catalysts.

We further studied how more-complex compositions behave in an effort to
increase intrinsic activity/stability as well as better understand mechanism. For example,
others reported that mixed Ni-Co-Fe (oxy)hydroxides are more active than NiFe
systems,*>-6 although explanations for the activity trends differed and the measurements
were not performed in a way where reliable intrinsic activities could be confirmed. We
considered several reasons why addition of Co might enhance activity of Ni(Fe)OxHy: 1)
the onset of CoOxHy electrical conductivity is at lower overpotentials so active sites might
become electrochemically accessible at more negative potentials; 2) CoOxHy may uptake
more Fe than NiOxHy before Fe phase segregates so addition of Co might allow formation
of more Fe active sites, 3) the electronic interaction of Fe, Ni and Co might yield more-
optimal intermediate binding energies. For some more-complex compositions,
morphological changes can increase the active-Fe-site density due to leaching during

OER, as likely observed for Cr-containing Ni-Fe (oxy)hydroxides.*’-*
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We first evaluated the OER activity of Ni(Co)OxHy with the rigorous exclusion of
Fe impurities.!® Generally a single redox wave was observed for the mixed-metal system
that shifted negatively with increasing Co. This data suggests a strong electronic
interaction between homogeneously mixed Ni and Co cations. The most-active binary
composition was only two-fold more active compared to the parent compounds. We then
examined the ternary Ni(Co,Fe)OxHy and found that the best composition was only ~1.5
times more active than Ni(Fe)OxHy on a per-metal-cation TOF basis.!® The OER activity
for pure and Fe-containing binary Ni/Co compounds does not correlate with the position

or size of the redox waves which instead correlate with “bulk” composition of the system.

Towards Advanced Electrolysis: Ni and Co-based Catalysts in AEMWE. AEMWES in
principle allow for the use of earth-abundant OER catalysts over IrO2 required for
commercial PEMWE.» 495 While the AEM provides a locally basic environment, the
feed is often pure water and a detailed chemical understanding of the activity and
durability of OER catalysts in these conditions is missing.

We compared the performance of first-row transition metal (oxy)hydroxide/oxide
catalysts in three-electrode alkaline electrolytes and AEMWE in pure water.*® The best
OER catalyst in alkaline electrolyte, NiFeOxHy, performed poorly in AEMWE. However,
we found a correlation between the electrical conductivity of the catalyst, measured ex-
situ, and the performance of the electrolyzers (Figure 5.5). NiCoOx, NiCoOx:Fe, and
NiCoFeOx with high intrinsic electronic conductivity show smaller cell voltages at 0.2
A-cm?, better than IrOx. NiFeOxHy shows the lowest ex-situ conductivity (6.3 x 10
S-cm?) and highest cell voltage.* In the absence of the liquid electrolyte, we hypothesize
that the bulk of NiFeOxHy cannot convert to a conductive oxidized form which prevents
high activity.

Work in liquid electrolyte shows that absorbed Fe participates in a dissolution-
redeposition equilibrium and is an essential component of the active site.* In a typical
AEMWE system with pure-water feed, dissolved Fe would enter the neutral water flow
where its solubility is much higher than in alkaline conditions. This phenomenon might

explain why the NiCoOx:Fe (with Fe mainly adsorbed on the surface) degraded quicker
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than the NiCoFeOx (prepared by co-precipitation of Ni, Co, and Fe) during our AEMWE
stability test.
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Figure 5.5. Activity and stability dependance on conductivity. The electrical
conductivity, activity, and degradation rate in pure-water AEMWE at 0.2 A-cm™ of a
series of the first-row transition metal (oxy)hydroxide/oxide catalyst powders. Adapted
from ref 49.

In lab-scale, three-electrode experiments a thin catalyst layer is deposited on
conductive electrodes in 1 M KOH with rapid stirring to enhance mass transport. The
KOH permeates the porous catalyst assembly in ways the solid ionomer cannot. Three
electrode conditions thus do not account for the bottlenecks of the MEA including
catalyst utilization, mass-transport limitations (water and gas), and ionic (OH") and
electrical conductivity. Thus, lab-scale results obtained via alkaline electrolyte cells are
often more promising than those measured in an AEMWE.>!

Kim et al. showed high performance for Ni-Fe-based nanofoam OER catalyst in
pure water (2.7 A-cm at 1.8 V, 85 °C) using a highly basic ammonium-enriched
ionomer, but the performance decayed rapidly (1.3 mV-h? at 200 mA-cm and 60 °C)
which was attributed to oxidation of the ionomer but also may be due to flushing of
residual KOH from the system (Figure 5.6 blue trace).*® Yan and co-workers
demonstrated that by growing FexNiyOOH directly on a compressed Ni foam one avoids
the use of Ti or stainless-steel gas diffusion layers (GDL) altogether, improves access to

the active sites through the pores in the foam, and reduces the catalyst loss during
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operation in pure water (1020 mA-cm=2 at 1.8 V, 80 °C; 0.56 mV-h for > 160 h at 200
mA-cm2) (Figure 6, red trace).>? Good initial AEMWE performance is evidently
achievable with non-PGM catalysts in pure water, but stability remains a serious issue
that can only be solved by understanding and controlling the ionomer and catalyst

chemistry during OER.
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Figure 5.6. A summary of AEMWE performance in pure water at 200 mA-cm-
(except orange trace, 500 mA-cm?). Catalysts, membrane materials, and degradation
rates are identified for each trace. Adapted from ref 50, 52, 54, and 55.

We used a reference electrode with an AEMWE stack to measure the impedance
and polarization responses of the anode and cathode separately.®® This technique is
valuable in pinpointing the source of performance loss, particularly when using impure
water feeds.? We also developed easily adoptable procedures for MEA fabrication and a
baseline for AEMWE performance in pure water with all commercial components (0.67
mV-ht after break-in at 500 mA-cm2, 55 °C): PiperlON PAP-TP-85 ionomer/membrane,
steel GDL, and 1rO2 anode and Pt cathode (Figure 5.6 orange trace).>* Soni et al further
showed promising durability with a trimethylammonium-modified poly(fluorene-
alttetrafluorophenylene)s membrane and ionomer (Figure 5.6 green trace).*®

Possible Effects of Dynamic Fe Sites on Membrane Stability. Most AEMWE tests
use PGM catalysts or basic liquid electrolytes that minimize catalyst instability.>->’
Substantial in situ and post-operation chemical analysis is usually lacking. Fe enhances
the OER activity of Co and Ni-based catalysts when absorbed on the surface or
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substituting Ni or Co sites. %4 % The maintenance of high activity is contingent upon
sufficient Fe in the electrolyte** %8 such that the rate of Fe deposition equals that of
dissolution.* The presence of Fe cations in the water feed will likely have detrimental
effect on durability, for example due to Fenton processes with hydrogen peroxide.?
Hydrogen peroxide can be formed by gas mixing in the stack.® Degradation can be
avoided by preventing gas crossover which requires more-selective AEMs. Fe cations
travelling through the membrane from the anode will also deposit on the cathode causing
HER activity loss or may accumulate in the membrane and precipitate. Post-operation
chemical analysis of the membrane (EDX, XPS, NMR), catalyst structure at the anode
and cathode (XRD, SEM, XPS), as well as in situ ICP-MS analysis of the outgoing water
flow appears needed to detect catalyst leaching and redistribution.

One strategy to reduce Fe leaching may be to incorporate it within the catalysts
bulk structure. However, the preferential leaching of Fe compared to Ni in highly basic
conditions and elevated temperatures in such devices will have to be addressed.>°-°
Improvement of stability can be achieved through novel synthetic methods and taking
advantage of the catalyst/support interactions.® The MEA configuration, though, might
help to prevent the loss of dissolved species and favor their redeposition at the anode
while a more-selective AEM will slow the crossover of the those species to the cathode.?
At the cathode, adjusting the water flow and current densities along with selecting an
HER catalyst with a crystal structure different from the precipitating/depositing species
may minimize deactivation.?

Catalyst Utilization. Unlike catalyst immersed in KOH, the catalyst embedded in
an ionomer pressed against the solid-ionomer membrane has a limited supply of OH" that
must travel through the membrane and ionomer/catalyst network.*® 5! The catalyst
powders are usually spray-coated on a porous transport layer (PTL). Good electrical
contact to the PTL is crucial for Ni and Co-based catalysts that have lower intrinsic
electrical conductivity than IrO2. Hegge et al. demonstrated that utilization can be
improved by maximizing the catalyst porosity and electrical contact using nanofibers.?
The phase transformation and surface reconstructions observed during OER for Ni-based
transition-metal (oxy)hydroxides also present challenges. In a MEA, the ionomer and the

membrane are responsible for carrying OH". Dynamically changing catalyst/membrane
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and catalyst/ionomer interfaces might cause interruptions in the OH" transport chain,
which, along with limited electrical conductivity in poorly integrated catalyst/PTL
configurations, might result in high ohmic losses.

pH Changes at the Anode/Membrane Interface. Operating AEMWE with a pure
water feed at high current densities will affect the pH at the anode. Holdcroft et al.
visualized the transport of OH through an AEM from cathode to anode during
electrolysis demonstrating that the interface between the anode and the membrane
remains less basic than the rest of the membrane due to the fast consumption of OH".*
Non-PGM transition-metal oxides dissolve faster at lower pH which presents a durability
challenge for PGM-free AEMWE.? Another source of acidification at the anode is
ionomer oxidation. Yu Seung Kim et al. studied the acidification of phenyl-containing
AEMs by phenol formation and showed how it leads to performance loss in AEMFCs.%
Membrane acidification might be decreased by replacing the phenyl groups in the
backbone with more oxidatively stable components and minimizing their adsorption onto
the catalyst surface®™ or by tuning the phenyl adsorption energy.®®

It is still, however, not clear what the pH is at the catalyst surface during
operating AEMWE in pure water or with a supporting electrolyte. Means of measuring
the pH at these nanoscale interfaces would be useful as would non-PGM OER catalysts
with wider pH stability. Co and Ni-based catalysts corrode and dissolve at acidic pH,%
although Co oxides appear more pH-stable than Ni ones. Fe, Ni, and Co might be paired

with more-acid-stable elements like Sb or Ti to improve durabilty.®®

Conclusion

Despite decades of work, there remains substantial need to further understand and
control the OER reaction in alkaline conditions — particularly in the context of the
dynamic Fe sites in AWE and AEMWE systems. Based on our work, and that of many
others around the world, we have learned the following lessons: 1) crystalline metal
oxides that are capable of driving OER at relatively low overpotential are structurally
dynamic in alkaline, oxidizing conditions, favoring hydrated disordered (oxy)hydroxide
phases during operation, 2) minimizing electrical-conductivity and mass-transport

limitations are essential for fundamental activity measurements and for engineering high
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performance in practical electrodes, 3) dynamic adsorption or incorporation of Fe is
essential for the highest-activity catalysts as Fe is a key component of the OER active site
and very likely directly bonding with intermediates, 4) bulk materials properties, either of
oxides themselves or even of the active (oxy)hydroxide phases (such as the Co/Ni redox
potential, eq orbital filling, covalency, etc.), are not simply correlated with the OER
activity. Local electronic and structural descriptors are probably needed to rationalize
OER activity.

We suspect these lessons are universally applicable to OER catalysts in alkaline
conditions. It is established that phosphide- and sulfide-based OER catalysts serve only
as precursors to the (oxy)hydroxide phases discussed above®® and we have not been able
to observe high catalytic OER activity from any material in the rigorous absence of Fe.
Further, Binninger and coworkers argue that all metal oxides are unstable under OER
conditions.®’” This appears particularly true for high-activity perovskite oxides, such as
Bao.sSrosCoo.sFe0.203 (BSCF) which was identified as a material with high OER activity
on the basis of molecular orbital principles®® (assuming retention of the as-prepared
crystalline morphology during OER). Later, it was discovered that surface reconstruction
and cation leaching leads to Co(Fe)OOH shells.®®"° Epitaxial [001]-oriented LaNiOs3
single crystals rearrange to (oxy)hydroxides when Ni-terminated (but not when La-
terminated and largely OER-inactive).” La1xSr«CoOs formed a thin CoOOH layer that
absorbs Fe which was most pronounced for the higher Sr-substituted species.” The
chemical tunability, high activity, and structural dynamicity of perovskite oxides makes
them a rich system for further study of surface-absorbed Fe. All these dynamic processes
should be accounted for in AWE and AEMWE systems in order to design for optimal

performance and durability. Much work remains.

Bridge

Chapter V summarized the knowledge we have of the dynamic changes
happening to non-platinum-group-metal catalysts and their potential for being
implemented into zero-gap electrolyzers. Chapter VI builds upon that by discussing the
performance trends and catalyst-dependent degradation pathways of several widely used

non-platinum-group-metal catalysts in an AEMWE.
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CHAPTER VI

ANODE CATALYSTS IN ANION-EXCHANGE-MEMBRANE
ELECTROLYSIS WITHOUT SUPPORTING ELECTROLYTE:
CONDUCTIVITY, DYNAMICS, AND IONOMER DEGRADATION

Chapter VI contains co-authored unpublished material that was submitted to
Advanced Materials. Prof. Boettcher, Grace Lindquist, and | conceived of the project.
Grace Lindquist and I collected experimental data with assistance from Nathan Stovall,
Sarah Beaudoin, Willow Thompson, and Kevin Fabrizio. Prof. Hutchison and Prof.
Boettcher assisted with data interpretation. Grace Lindquist and | wrote the manuscript
with editorial assistance from Prof. Hutchison and Prof. Boettcher.

Introduction

Water electrolysis powered by renewable energy produces green Hz fuel, which is
probably essential for a 100% renewable energy economy.™ Of the low-temperature
water electrolysis technologies, alkaline water electrolysis (AWE) is the most mature.
AWE operates in hot liquid alkaline electrolyte (~80 °C, ~5 M KOH) with two electrodes
separated by a porous diaphragm. It provides high efficiency and uses earth-abundant
non-platinum-group-metal (PGM) materials, but is affected in performance and capital
expense due to gas crossover through the porous separator and shunt currents through the
electrolyte flow paths.?! Proton-exchange-membrane (PEM) electrolyzers use a thin
(~20-50 um) cation-selective solid ionomer membrane that reduces gas crossover,
enables operating at higher currents (> 2 A cm™), and eliminates shunt currents with a
pure-water feed.®l However, the locally-acidic environment created by the PEM requires
expensive PGM catalyst materials. Anion-exchange-membrane (AEM) electrolyzers are a
developing technology that combines the benefits of AWE and PEM, ideally operating in
water with no supporting liquid electrolyte under differential pressure and providing a

locally-alkaline environment for non-PGM catalysts and materials.[?"]
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To date, AEM water electrolyzers (AEMWES) do not have comparable
performance or durability to PEM or AWE electrolyzers.[?® 31 To compensate, most
AEMWEsS use soluble supporting electrolyte, commonly carbonate or hydroxide, to
improve conductivity and increase apparent durability.[* The use of supporting
electrolyte, however, has practical implications that complicate system design as
discussed above and masks underlying degradation phenomena that are important to
understand and prevent.[®! Understanding the factors that control performance and
durability in the absence of supporting electrolyte is therefore an important immediate
goal.

In terms of oxygen evolution reaction (OER) catalysis, most AEMWE testing is
conducted with expensive IrO2 because it is stable and active.[ Ni-Fe oxyhydroxides
have the lowest overpotential and highest per-cation turnover frequency in three-
electrode studies,™ but their performance and durability is generally poor in pure-water
membrane-electrode-assembly (MEA) configurations, which we have attributed to
difficulties in oxidizing the bulk of the catalyst to its active state without soluble
electrolyte.[®l Recently, non-PGM catalysts have shown more-promising performance
and durability in MEA configurations, but appear to require either supporting
electrolytel® or complex electrode and/or catalyst design and preparation,™ for example
with the Ni/Fe catalyst supported on a high-surface area Ni foam, that may not be easily
translated to commercial-scale devices.[*® 1% These studies are often further complicated
by membrane and ionomer instability that causes degradation independent of catalyst
identity. Very few studies investigate the catalyst-level phenomenon that result in the
improved durability over traditional nanoparticle catalyst layers in industrially-relevant
MEA conditions. Recent developments in AEM ionomer and MEA preparation and
assembly have improved AEMWE durability, [ & 1% making it possible to better isolate
the role of metal-oxide catalysts in system degradation.

In Chapter VI, we study five Ni-, Co-, and Fe-oxide-based nanoparticle anode
catalysts and compare them to commercial nanoparticle 1rO2 in pure-water AEMWE to
understand the fundamental factors controlling the performance and durability of non-
PGM materials in commercially relevant designs. Using operando analysis and post-

operation materials characterization, particularly by x-ray photoelectron spectroscopy of
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the catalyst layer, we observe multiple processes contributing simultaneously to
degradation. We show the differences in anode-catalyst dynamic transformations
occurring during operation and the effects this behavior has on device performance. In
addition, we show that the introduction of trace soluble Fe species during device
operation accelerates degradation. Finally, we demonstrate a device using a CozO4 anode
with comparable performance and durability to IrO2 at high current density, proving a
viable route for non-PGM operation at scales where 1rO2 may not be viable due to

scarcity.

Experimental

Catalyst Dispersions and GDL Coating. Pt black (high surface area, Fuel Cell Store)
nanoparticles were used as the cathode catalyst for all trials. CosO4 (99.5%, 30-

50nm), NiO (99.5%, 15-35 nm), NiCoOz2 (99.9%, 20 nm), NiFe204 (99.99%, 20

nm), NiosCoo.5Fe204 (99.995%, 40 nm, US Research

Nanomaterials), and IrOz (core/shell Ir/IrOx, Fuel Cell Store) nanoparticles were used at
the anode. Cathode and anode electrodes were prepared identically by spray-

coating using a previously published method.[% Catalyst inks were prepared by mixing
the catalyst powder (100 mg), water (0.5 g), isopropyl alcohol (1.7 g), and 5 wt% TP-85
(\Versogen) ionomer (200 mg). Catalyst inks were sonicated for 1 h to disperse before
spray coating using an airbrush (Testors, Aztek A2203). Pt black was sprayed onto
carbon paper (Toray 090, Fuel Cell Store) and anode catalysts were sprayed onto a
woven stainless-steel mesh (25AL3, Bekaert). A catalyst loading between 2.2 and

2.5 mg-cm~2 was determined by mass difference.

Membrane Conditioning. PAP-TP-85 membranes (40 um, Versogen) were conditioned
according to manufacturer instructions. The membranes were soaked in 0.5 M

KOH for 24 h, replacing the solution with fresh KOH after 1 h. Membranes were stored
in 0.5 M KOH when not in use.

MEA Assembly and Hardware Operation. GDLs were cut to 1 cm? and assembled in the
electrolyzer according to previously published procedure.[%3 A water tank filled with 18.2
MQ-cm provided water to the cathode and anode at 125 mL-min 1.4 The anode water

flow was recirculated in the system while the cathode water flow was degassed in a
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chemical hood then recirculated back into the water tank. Temperature of the water was
maintained such that the temperature in the electrolyzer cell was 57 £ 1 C° and was
monitored with a thermocouple inserted into the anode and cathode cell hardware plates.
The temperature difference between anode and cathode was maintained to less than +
1Ce°,

Applied Current Testing Conditions. All tests were conducted under
chronopotentiometric conditions unless otherwise indicated. The MEA was conditioned
by stepping the current from 100 mA-cm2to 1 A-cm™2in 100 mA intervals, holding for
2 min at each step. Impedance spectra were then collected from 500 kHz to 200 mHz at
50 mA-cm 2. Then, the cell was held at 1 V to observe the steady-state electrolysis
current decay to zero, confirming there were no pinholes or shunt pathways present. The
cell was brought back to 1 A-cm™2 for 2 min to stabilize. The potential was then recorded,
and the current was decreased in 100 mA-cm 2 steps until reaching 100 mA-cm2, then
further decreased to 50 mA-cm2 and lastly 10 mA-cm2, measuring the potential for 10 s
at each step to collect the JV curve. The cell was held at 500 mA-cm ™ for stability
measurements. During 20 h stability testing, impedance data, as described above, was
collected after 1 h, 3 h, 8 h, and 20 h. For the 40 h and 200 h tests, impedance was
collected only at the start and end of durability testing. After analysis, the cells were
disassembled, and the ionomer and membrane were converted to the ClI- counter anion
form by submerging the MEA in 3 M NaCl solution for at least 30 min (to prevent OH"
attack induced by drying the ionomer). The materials were then rinsed thoroughly with
18.2 MQ-cm water for 30 s and dried in air.

Applied Voltage Testing Conditions. To test the performance of NiFe20a4 at a lower
voltage, the cell was tested under chronoamperometric conditions. For this, the MEA was
conditioned by stepping the voltage from 1.7 to 1.9 V in 50 mV steps. Impedance spectra
were collected over the same frequency range at 1.6 V. The cell was then stepped down
from 1.9to 1.6 V in 50 mV steps held at 10 s to record the JV curve. Durability testing
was conducted at 1.8 V. Impedance data of the same conditions was collected at the same
time points as the chronopotentiometric testing for consistency. The MEA was

disassembled and converted to Cl- counter ion as described above.
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Fe Spike Test. An MEA with a Co3O4 anode was prepared and conditioned according to
the above procedure, but water was flowed to the anode and cathode with separate water
pumps. The anode was flowed at 75 mL-min~* and the cathode 75 mL-min™%, which was
the highest flow rate possible before high back pressure caused the water line to detach
from the pump. Durability testing was operated at 500 mA-cm 2. When the degradation
rate stabilized to below 1 mV-h, the inlet line for the anode pump was moved to a 1
ppm Fe®* solution (0.19 mM Fe(NO3)3-9 H20 (ACS reagent grade >98%, Sigma)). The
solution was held at the same temperature as the water tank to maintain a constant
hardware temperature. Current was held at 500 mA-cm2 during this time and durability
testing was continued for an additional 28 h. The MEA was disassembled and converted
to CI" counter ion as described above.

Catalyst Conductivity Measurements. The catalyst powders (~200 mg) were pressed
between two stainless steel disks inset in a plastic holder (Figure D.1) (see Appendix D
for all figures). An aluminum bar was placed above and below the disks to make electric
contact, which were connected to a potentiostat using copper wire. Plastic sheets were
placed above and below the aluminum to prevent short-circuit through the metal press.
The powders were compressed to 23,000 psi. The thickness of the powder was measured
by measuring the distance between the top and bottom of the steel disks using a digital
micrometer and subtracting the thickness of the disks with no catalyst powder.
Polarization curves were collected from -1to 1 V at 1 Vs (Figure D.2). The contact
resistance was measured by the same method with no catalyst between the two disks. For
the blank and IrO2 measurements the range was adjusted to -0.02 to 0.02 V at 10 mV-s*
to prevent current overload (Figure D.3). The measurement for IrO2 matched that of the
contact resistance, and thus a value is not reported for this catalyst. For all other catalysts
the resistance was obtained from a linear fit of the obtained current-voltage curve. The
contact resistance was subtracted before calculating conductivity according to o =
1/(RA), where o is electrical conductivity in S-cm™, | is the thickness of the catalyst
powder in cm, R is the measured resistance in Q, and A is the disk surface area in cm?,
BET Surface Area Measurements. Nitrogen (N2) adsorption/desorption isotherms were
measured using a Micromeritics ASAP 2020 surface area analyzer at 77 K. Specific

surface areas (Sser) of the samples were calculated using the Brunauer-Emmett-Teller
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(BET) method, and pore widths and pore volumes (Vp) were calculated using the Barrett,
Joyner, and Halenda (BJH) adsorption curves. Samples were suspended in isopropyl
alcohol and dried at room temperature under vacuum for 12 h. Samples were then
activated at 393 K (C030a4, NiFe204, NiosCoo.s5Fe204, NiCoO2, and 1rO2) or 423 K (NiO)
for at least 24 h to remove the solvent and trapped gas. Activation was considered
complete when the outgassing rate fell below 2.5 ptorr-min™. The sample mass was
calculated by the difference in mass between the empty sample tube and the loaded
sample tube post-activation.
Catalyst Testing on Quartz-Crystal Electrodes in KOH. The catalyst inks were prepared
by mixing metal-oxide nanopowders (100 mg), 18.2 MQ-cm water (0.5 g), isopropanol
(1.7 g), and 5 wt. % of PiperlON ionomer (200 mg) in ethanol. The inks were spin-coated
onto 5 MHz Au/Ti quartz crystals (Fil-Tech) at 3000 rpm and dried at 80 °C to obtain the
loading of ~ 22 pgmo-cm (not including the mass of the ionomer, 10 wt. %). The cyclic
voltammetry (CV) plots were collected in 1 M KOH with the working electrodes
connected to the QCM controller (Stanford Research Systems QCM200). Potentials in
three-electrode modes were measured versus a 1 M KOH Hg/HgO reference electrode
(CH Instruments). High-purity N2 was bubbled during the experiment. All
electrochemical data was corrected for uncompensated series resistance (Ru), which was
determined by equating Ru to the minimum total impedance in the frequency regime
between 10 and 50 kHz, where the capacitive and inductive impedances are negligible,
and the phase angle was near zero.
XPS Analysis of Pristine and Post-Mortem GDLs. X-ray photoelectron spectroscopy
measurements were performed on an ESCALAB 250 (ThermoScientific) using Al Ka
monochromated (20 eV pass energy, 500 um spot size) and non-monochromated Mg Ka
(400 W, 75 eV pass energy) flood sources. The use of the Mg source is critical in
discerning Fe in the samples as typical Al sources exhibit overlap of the Fe 2p peaks with
Ni and Co Auger LMM features. The samples were charge-neutralized via an in-lens
electron source. Spectra were analyzed via the ThermoScientific Avantage 5.99 software.
The binding energies were calibrated to the C 1s signal at 284.8 eV.

The catalyst powders that do not contain Fe were analyzed as sprayed inks on

stainless-steel GDLs prior and after the AEMWE operation with the ionomer ion-
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exchanged to CI" form. To avoid signal contribution from the Fe-rich stainless-steel, the
metal ratios in the Fe-containing catalysts were analyzed separately from GDLs. To
obtain the metal ratios in pristine catalysts, the powders were analyzed on a piece of
carbon tape. To assess the changes to the metal ratios after WE operation, the GDLs were
sonicated in ethanol to remove the catalyst layer. The lose powder was collected, dried,
and analyzed on a piece of carbon tape. The C 1s, N 1s, and F 1s spectra for Fe-
containing catalysts were obtained with the inks on GDLs similarly to the other

catalysts.

Results and Discussion

AEMWE Performance and Durability. AEMWE devices were constructed for each
catalyst following published procedurest® and described in detail in the Experimental
section. Catalysts were dispersed in an ink of isopropyl alcohol, water, and ionomer and
sprayed onto gas-diffusion-layer (GDL) substrates. Commercial nanopowders (IrOz,
Co0304, NiO, NiCoOz2, NiFe204, and NiosCoosFe204) were used as anode catalysts (Table
6.1) and Pt black as the cathode catalyst.

Table 6.1. Anode catalyst properties

Catalyst Diameter (nm) Surface Area (m?-g') o (mS-cm?)
IrO; 5-10 14 metallic*
Co304 30-50 28 23

NiO 15-35 32 11

NiCoO; 20 20 0.55
Nio.5C0g.5F€204 40 58 0.0006
NiFe;04 20 70 0.0075

*measurement indistinguishable from contact resistance

Anode catalysts were sprayed onto a stainless-steel woven mesh and cathode
catalysts on Toray-090 carbon paper. The loading for all catalysts was between 2.2 and

2.7 mg-cm with 10% by weight ionomer content. A thin layer (2-5 wt% relative to
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catalyst loading) of ionomer was sprayed on top of the catalyst layer. The MEAS were
constructed using a 40-pum-thick PiperlON TP-85 membrane and compressed with a
torque on the assembly bolts of 5.6 N-m. Water was flowed to the anode and cathode
using a pump flowing at 125 mL-min until the hardware temperature equilibrated to 57
°C. The cell was conditioned prior to data collection as described in the Experimental
section.

First, the performance and durability of each catalyst was assessed during pure-
water electrolyzer operation. IrOz out-performed all other catalysts by ~ 100 mV at 10
mA-cm2 (Figure 6.1a) (see Appendix D for all figures). At such a low current density,
ohmic and mass-transport losses should be minimal, and performance is largely
dominated by the OER overpotential. As current density increases the performance more
closely compares to the next best catalysts, Co3O4 and NiO, which are within 50 mV of
IrO2 at 1 A-cm. All mixed-metal catalysts displayed worse performance. To further
investigate the origin of this performance trend, GEIS was conducted at 50 mA-cm
immediately after cell conditioning (Figure 6.1b). The data was fit to a Randle’s circuit
with constant phase elements (Figure 6.1b inset). All cells show comparable series
resistance values, and thus the performance discrepancies are not attributed to differences
in materials/cell assembly conditions, for example, poor contact between the catalyst
layer and membrane or differences in ink dispersion quality. The trend in low-frequency
resistance, assigned to charge-transfer phenomena, agrees with the voltage trend observed
at 50 mA-cm, as expected. IrO2 and CosOs also showed the best durability over 20 h,
stabilizing to a degradation rate of 2.6 mV-h"*and 1.8 mV-h, respectively (Figure 6.1c).
While NiO showed similar performance, an initial rapid degradation was observed before
the electrolyzer stabilized to a degradation rate of 6.4 mV-h'* at ~200 mV higher voltage
than IrO2 and Co304. Fe-containing catalysts showed exceptionally high degradation
rates, with NiFe204 surpassing 5 V after only ~4 h. Although Ni-Fe-oxide-based catalysts
outperform IrOz in alkaline three-electrode-cell tests,® °l in a pure-water MEA with a

catalyst/ionomer environment the trend in performance appears reversed.
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Figure 6.1. Electrochemical performance. a) Polarization curves of anode catalysts
tested. All experiments were conducted in pure water at 57 °C. A stainless-steel woven
substrate with the indicated catalyst was used as the anode GDL and Pt black catalyst on
Toray carbon paper was used as the cathode GDL. The error bars represent the standard
deviation from three independently fabricated cells. b) Galvanostatic electrochemical
impedance spectroscopy (GEIS, at 50 mA-cm?) for each catalyst tested in the pure-water
MEA. The inset shows the equivalent circuit used for data fitting. ¢) Durability testing for
each catalyst held at 500 mA-cm for 20 h at 57 °C. d) Cyclic voltammetry for catalysts
embedded in anion-exchange ionomer (10 wt. %) tested in 1 M KOH on Au/Ti quartz-
crystal-microbalance electrodes.

We tested the same inks used to coat GDLs (catalyst inks with 10 wt. % ionomer)
on quartz-crystal electrodes in 1 M KOH (Figure 6.1d) to identify differences between
MEA and soluble electrolyte environments for catalysis. IrO2 and CosOa still outperform
the Ni/Fe-oxide catalysts. In our previous studies we used less-crystalline Ni/Fe-oxide
thin films that converted to the 3"/4" oxyhydroxide state rapidly during operation, leading
to dramatically increased activity.[® °1 The Ni/Fe nanopowdered catalysts used for the

MEA configuration might not easily convert to the more-active phase due to low
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electronic conductivity and in the MEA, lack of soluble electrolyte. Thus, the activity
trend observed in prior thin-film studies cannot be directly translated to an ionomer
environment in an MEA configuration.

The conductivity of the anode layer has significant impact on AEMWE
performance.[*Y The electrical conductivity of each catalyst was measured by pressing
each catalyst powder between two stainless steel disks under 23,000 psi and collecting a
polarization curve. Catalyst performance at 1 A-cm follows electrical conductivity
(Figure 6.2), indicating that the worst-performing catalysts suffer from limited available
active sites due to a poor electron transport through the catalyst layer. A similar
experiment was conducted with all Co-based anode catalysts measuring electronic
conductivity in a catalyst/ionomer layer as opposed to pressed powders and a similar
trend was observed (Figure D.4 and Supplemental Methods in Appendix D). The ionomer
environment, in combination with low-conductivity catalyst, may impede the conversion
of the Ni-Fe-oxide catalysts into the more active (oxy)hydroxide form that is more
conductive and would ensure better electrical conductivity between the catalyst particles
and the GDL.

NiO

21F .

110+ 0001 001 01 1 10 100
o (mS/cm)

Figure 6.2. Electrical conductivity of non-PGM catalysts. Conductivity was measured

by compressing the powders into a pellet (23,000 psi) and measuring electrical resistance

while under compression from the slope of a polarization curve. The resistance measured

for 1rO2 pellet was comparable to the contact/wire resistance, and thus IrOz is simply

labeled as metallic (Figure D.3).
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Several important points are evident from these data. i) IrO2 and Co30a, the most
electronically-conductive of the catalysts tested, have superior performance in the pure-
water-fed system, ii) the least-conductive, Fe-based catalysts, which have been shown to
be superior for alkaline OER kinetics,[® 7l perform the worst, and iii) mixed-metal and
Fe-containing catalysts show significantly worse stability than single-metal, non-Fe-
based catalysts. Such performance and durability trends could be attributed to the
instability of the catalyst (through leaching or restructuring), ionomer, mechanical issues,
or some combination of all. To investigate this, the compressed AEMWE cells were
disassembled and the anode GDLs analyzed with x-ray photoelectron spectroscopy
(XPS). Upon disassembly the solid membrane is pulled away from the GDL exposing the
leftover catalyst powder embedded in the ionomer directly in contact with the catalyst.

lonomer Degradation. The ionomer binder directly in contact with the catalyst layer
oxidizes under operating potentials at the anode with 1r02.1% 121 However, the mechanism
by which this oxidation occurs is poorly understood.®® 131 Oxidation could be occurring
directly at the catalyst/ionomer surface or chemically through reactivity with OER
intermediates or other reactive oxygen species formed, for example, through radical
reactivity.[** These degradation phenomena may or may not depend on catalyst type.
Others have suggested that degradation rates correlate with ionomer/catalyst interaction
strength, and the adsorption energies of ionomer functional groups to the catalyst
surface are expected to vary for different oxide catalysts. If degradation is occurring by
chemical reactivity with OER intermediates, degradation may depend on catalyst activity
and OER mechanism. Furthermore, AEM ionomers will oxidize at sufficiently high
voltage regardless of catalyst/electrode surface,*?! thus degradation may only depend on
device operating voltage.

The extent of the ionomer oxidation by the six catalysts was assessed by XPS.
The chemical structure of the ionomer and membrane used is in Figure 6.3a. The C 1s, N
1s, and F 1s spectra were collected on the pristine ink and port-mortem GDLs after 20 h
of operating at 500 mA-cm2 (Figure 6.3b). The changes to the shape and binding energy
of the peaks are indicative of oxidative changes under applied potential and, in some

cases, dissolution. Despite similar performance, 1rO2 and CosO4 appear to interact with
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the surrounding ionomer differently. During operation with Co3O4 at the anode, the XP
spectra of the ionomer does not change substantially. The N 1s peak that represents the
charge-carrying groups in PiperlON retains its position and shape. The XP spectra of the
ionomer interacting with IrOz, on the other hand, undergoes significant chemical changes.
A new high-binding-energy peak emerges at 288.4 eV after 20 h of operation and the N

1s peak vanishes. The F 1s peak also diminishes.
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Figure 6.3. Catalyst-dependent ionomer degradation. a) Chemical structure of the
membrane/ionomer used in this study (PiperlON by Versogen, PAP-TP-85); b) XP
spectra of C 1s, N 1s, and F 1s peaks collected on the pristine anode GDLs with the
catalyst inks sprayed on (top) and the post-mortem GDLs after 20 h of operating at 500
mA-cm in pure water.
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As 20 h is a short durability test, the CosO4 catalyst was operated for 250 h
(Figure 6.4). The performance is similar to what has been previously observed for IrO2
with both MEAs stabilizing to degradation rates < 1 mV-h* after 150 h.[3 XPS analysis
of the ionomer in the 250-hour CosO4 electrolyzer run shows significant changes in the C
1s region (Figure 6.4 inset), comparable to that of IrO2 after a long-term operationf®,
Hence, the ionomer does oxidize during operation with Co3Oa but at a slower rate than
with IrO2. The variability in ionomer oxidation rates at short time scales may be
explained by the difference in the catalysts’ electronic conductivity. Catalyst surfaces are
known to facilitate ionomer degradation, either through the polymer interactions with
OER intermediates or by direct oxidation through functional groups adsorbing onto the
catalyst surface.[t**: 15161 A more electrically-conductive catalyst could oxidize the
ionomer faster due to lower ohmic voltage losses through the percolative electronic
transport pathways in the catalyst, while a less-conductive catalysts might only be able to
oxidize the ionomer closer to the GDL where electronic ohmic losses are small and high

oxidizing potentials remain available.
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Figure 6.4. Extended durability testing of AEMWE with Co3z04 anode catalyst. Cell
was operated for 250 h at 500 mA-cm in pure water at 57 °C. A Pt-black catalyst on
Toray carbon paper was used as the cathode. Inset shows XP spectra of ionomer (C 1s, N
1s, and F 1s) and catalyst (Co 2p) after operation, illustrating severe oxidative damage
and loss of N-containing cationic groups.
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The next two most-stable catalysts, NiO and NiCoOz, also facilitate ionomer
degradation: new high-energy peaks appear in the C 1s spectra; N 1s shifts in energy and
diminishes; F 1s also decreases in intensity (Figure 6.3b). This could be attributed to the
ionomer degradation due to the higher operating voltage but the XPS of the two worst-
performing catalysts, NiFe204 and Nio.sCoo.5Fe204, showed less changes to the ionomer
structure than for NiO and NiCoO2 despite operating at a higher cell voltage (Figure
6.3b). Changes are only observed in the N 1s peaks suggesting the ionomer dissolution or
changes to the chemical structure of the charge-carrying groups. But these changes are
minimal compared to what is observed with the better performing catalysts like IrO2 or
NiO. The XPS analysis of the GDLs is performed on multiple spots to obtain an averaged
picture of the ionomer structure. The NiFe204 GDL showed minor changes to the carbon
peak in some of the analyzed spots, but the majority of the spectra showed no change. We
hypothesize that the ionomer oxidation by these poor AEMWE anode catalysts is limited
by their low electronic conductivity and that only the catalyst sites near the GDL are
available for ionomer oxidation. Thus, ionomer oxidation may not be the primary
degradation pathway for the Fe-based catalysts. To test this, the NiFe204 catalyst was
operated at a constant voltage rather than current. Even when held at 1.8 V, lower than
the operating voltage of the best-performing catalyst, the activity of the system degraded
rapidly, passing only a few mA of current by the end of the 20 h operation (Figure D.5).
The C 1s and N 1s spectra of the ionomer in contact with the catalyst show small changes
compared to the pristine material (inset in Figure D.5). Therefore, the changes in the

catalyst structure were also considered.

Catalyst Restructuring and Leaching. Non-PGM OER catalysts are known to structurally
evolve under operating conditions.[® ™ Co, Ni, and Fe oxides, for example, oxidize
during OER typically converting to more-active and electrically conductive layered
oxyhydroxides.[®! These catalysts also have dynamic Fe sites that dissolve and re-deposit
that are responsible for the superior OER activity.*! For Ni-Fe and Co-Fe oxyhydroxide
catalysts leaching of the metals has been reported.l*’a Fe was measured to dissolve at

higher rates than Ni or Co in Fe/Ni and Fe/Co oxides/oxyhydroxides, with Ni dissolution
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products being the least soluble.l"8 These catalysts may also uptake additional ions
present in trace amounts in electrolyte.

To assess restructuring and leaching in the mixed-metal non-PGM catalyst
powders during electrolysis, we measured the metal ratios before and after operation
(Figure 6.5a). The ratios determined by XPS are reflective of the surface composition and
do not correspond to the overall composition of the nanopowders. For NiCoOz, the initial
surface ratio of Co/Ni found by XPS was 0.22 + 0.02. This ratio decreased to 0.15 + 0.03
after operation, suggesting that the catalyst is restructuring and/or leaching, forming a Ni-
rich surface. The Fe/Ni ratio in NiFe20a4 increased from the initial 0.54 £ 0.02to 1.1 +
0.07 indicating the formation of an Fe-rich top layer. This is likely due to Fe leaching,
followed by redeposition on the surface of the catalyst owing to Fe not being able to exit
the electrolyzer by passing through the solid membrane. The Fe/Ni ratio in
NiosCoosFe204, however, showed the opposite trend, decreasing from 2.9 £ 0.02to 1.8 +
0.09, but this change was accompanied by a decrease in the Co/Ni ratio (1.0 = 0.05 to
0.52 + 0.04) suggesting the formation of a Ni-rich surface. Such composition on the
surface is likely the result of Ni restructuring and covering Co and Fe. As Co is known to
be stable during OER 170181 Co leaching is unlikely.

a) NiCoO, Ni Co, FeO, NiFe,0,
i ) 2

01 52 3001 v < ] v

w

0)

~

1V %250-

—

v = 200
@ ]
L 150- v

)pristine 20h pristine  20h pristine  20h

S
Fe/Ni ratio (9

©® o

L)

_;
=)
o
O i

Co2pinCo,0, Ni 2p in NiO

e prisitine powder
pristine powder

after 20-hour testing after 20-hour testing

Normalized count/s o~ Co/Ni ratio (%)

810 800 790 780 880 870 860 850
Binding energy (eV)
Figure 6.5. Comparison of non-PGM catalyst structure pre- and post-operation. a)
The change in metal ratios of mixed-metal catalysts determined by XPS and b) XPS
spectra of Co 2p in Co304 and Ni 2p in NiO. All catalysts were operated for 20 h of at
500 mA-cm™,
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For the monometallic oxides (NiO and Co304) we studied changes in the shape
and energy of the metal peaks (Figure 6.5b). The Co 2p peak remained unchanged after
20 h of water electrolysis. The shape of the peak is consistent with C0304.[*1 Coz04 is
known to form a sub-nanometer amorphous shell during OER, otherwise maintaining
crystallinity,?? and a small extent of oxidation may be occurring that is not detected by
XPS. The Ni 2p peak shifted to higher binding energy and changed its shape consistent
with the transition from NiO to NiOOH. Ni(OH): significantly restructures under OER
conditions compared to Co(OH)2 that maintains its initial morphology.[*® 211 The change
in oxidation state and structure might be accompanied by Ni?*** leaching/redeposition.
The changes to the catalyst structure likely explain the observed degradation behavior.
Catalyst/ionomer interactions influence electrolyzer performance and durability.[*6 221
Structural evolution and cation leaching/redeposition likely disrupts the catalyst/ionomer
interfaces. For example, as NiO dynamically restructures to form more disordered
NiOOH, the physical proximity of the ionomer and catalyst likely decreases, increasing
iR or decreasing ionic conductivity, leading to higher voltages without observing
significant ionomer oxidation by XPS. Any leaching of the metal cations and their
consequent redeposition on the electrode surface could further disrupt the
catalyst/ionomer network. The lack of restructuring and leaching/redeposition under OER
conditions likely contributes to the better durability of Co3Oa.

Role of Dynamic Fe Species. Leached ions also can participate in chemical reactions with
the ionomer leading to chemical changes (e.g. Fenton-type oxidation reactions).[! Fe is
particularly dynamic, and thus the role of soluble Fe ions was further investigated. Since
we observed a formation of an Fe-rich surface on the GDL tested with NiFe204, we
focused on that catalyst to pinpoint the role the Fe ions play in electrolyzer performance.
We hypothesized that Fe leaches and redeposits onto the anode during operation forming
an amorphous blocking layer that is disruptive to the catalyst/ionomer network
decreasing ionic conductivity.

To probe the role of soluble Fe species, we intentionally added soluble Fe to the
water feed. An MEA with a Co3O4 anode was operated for ~ 10 h to stabilize, then 1 ppm

Fe3* was flown to the anode while pure water was maintained at the cathode from a
124



separate pump and water reservoir (Figure 6.6). The Fe increased the degradation rate to
~4 mV h'. The run was carried out for 40 h, during which the degradation continued at
this constant rate. XPS shows large changes to the C 1s and N 1s spectra. The
performance of CosOx4 tested for 40 h in the absence of Fe (Figure 6.6, gold) did not
degrade as rapidly. However, the XPS analysis of the ionomer at the anode after the 40-h
Fe-free run shows nearly identical changes to the C 1s and N 1s peaks (Figure 6.6 inset).
As discussed above, CosO4 oxidizes the ionomer but at a slower rate compared to 1rO2
(Figure 6.4). One might attribute this new degradation to soluble Fe species crossing the
AEM to the cathode where it could block active sites on Pt or otherwise facilitate
cathodic degradation, but Fe was not detected on the cathode GDL post-operation by
XPS (Figure D.6). Thus, it appears the introduction of Fe is accelerating the degradation
in the anode. Soluble Fe ions likely deposit on the anode catalyst surface disrupting the

ionic conductivity of the catalyst/ionomer network.
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Figure 6.6. Effect of soluble Fe on AEM durability. Durability testing of CosOa spiked
with a solution of Fe(NOs)s: Co304 was operated in pure water until stabilizing (yellow),
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Conclusion

We have discovered critical catalyst processes that dramatically affect the
performance and stability of AEMWE devices key for scalable Hz production
(summarized in Figure 6.7). The experimental results indicate that conductive IrO2
provides more active sites to oxidize the ionomer, as opposed to mixed Ni/Fe/Co
catalysts that show a lower extent of oxidation by XPS due to much lower electrical
conductivity. IrOz is sufficiently conductive, so any Ir sites in contact with the ionomer
network are active, leading to rapid ionomer degradation throughout the catalyst layer.
Co304, while less electrically-conductive, appears conductive enough to maintain
sufficient activity throughout the catalyst layer. Improved performance is likely possible
by further improving the electrical properties. The OER on Co304 likely converts the
particle surface to CoOOH, but the depth of conversion is sufficiently thin as to not
disrupt the catalyst/ionomer interface. The ionomer still oxidatively degrades throughout
the catalyst layer but at a slower rate than for 1rO2. XPS shows NiO converts to NIOOH
phase, and our evidence suggests that changes to ionomer/catalyst interface associated
with this transition contribute to faster degradation. The low electronic conductivity of
NiCo0z2, NiosCoo.sFe204, and NiFe204 confines OER to the region in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>