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ABSTRACT OF THE DISSERTATION

Advanced Catalyst Design for the Oxygen Reduction Reaction in Polymer Electrolyte
Membrane Fuel Cells

by
Alvin Ly
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2022

Chancellor’s Professor Plamen Atanassov, Chair

With increasing global energy demand and energy-related carbon emissions, the
transportation sector (accounting for over 25% of total greenhouse gas emissions in the United
States) must be pushed towards total decarbonization. The polymer electrolyte membrane fuel
cells (PEMFC) are a promising energy conversion technology towards the zero-emission goals in
transportation applications. However, the high prices and short life cycles of the electrocatalytic
materials hinder the widespread commercialization of PEMFCs. Specifically, the design of the
cathode catalyst materials (driving the sluggish cathodic oxygen reduction reaction) is instrumental
in the success of PEMFCs. Current industry standards utilize a high platinum content catalyst (in
nanoparticle form) supported on carbon blacks. The understanding and development of the ideal
catalyst layer is three-fold: (1) the nanoparticle-ionomer interface, (2) the nanoparticle-support
interface, and (3) the ionomer-support interface. The first portion of my work outlines the ideal
cathodic catalyst layer based on a review of recent works which encompasses all three interfacial
interactions. The second portion of my work addresses the solid-state integration challenges (i.e.,

the nanoparticle-ionomer interactions) for the advanced structured Pt-based nanomaterials. The

xiii



final portion of my work addresses the next generation design parameters of carbon-based supports

with a focus on nanoparticle-support interactions.
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1. Introduction

The transportation sector in the United States consumes the largest fraction of fossil fuels and
emits the largest fraction of greenhouse gases.!? Electrification of this sector can resolve some of
the issues with Earth’s depleting nonrenewable resources and risk of global warming. Combustion
engines are inefficient and currently the most promising replacements are secondary batteries (Li-
ion) and low temperature fuel cells (polymer electrolyte membrane fuel cells or proton exchange

membrane fuel cells, PEMFCs).

TN e T e U.S. primary energy consumption by energy source, 2021

by Economic Sector in 2020 total = 97.33 quadrillion total = 12.16 quadrillion Btu
British thermal units (Btu)
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Fig 1.1 — Total U.S. greenhouse gas emissions by sector (from U.S. Environmental
Protection Agency, 2020) and U.S. primary energy consumption by source (from U.S.
Energy Information Administration, 2021)

1.1 Polymer (or Proton) Electrolyte Membrane Fuel Cell

The polymer electrolyte membrane fuel cell (PEMFC) is an electrochemical energy
conversion device with a sandwich style basic building block known as a membrane electrode
assembly (MEA). The MEA consists of a polymer electrolyte membrane in the center

(typically Nafion) followed by the anode and cathode catalyst layers, gas diffusion layers, and



flow field plates as we move further away from the center. Hydrogen gas is fed to the anode
side (allowing for the hydrogen oxidation reaction to occur) while oxygen gas is fed to the
cathode side (allowing for the oxygen reduction reaction to occur) and the only by-product of
the reactions is pure water. Typical applications for this type of device are used mainly in the
transportation sector for passenger or cargo hauling purposes with benefits in decarbonization
as well as possibly reducing the fueling requirements, especially for large-scale transportation

(i.e., trucks and ships).
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Fig 1.2 — Polymer electrolyte membrane fuel cell (PEMFC) structure: (a) symmetrical sandwich
structure of the membrane electrode assembly (MEA) (from U.S. Department of Energy) and (b)
species transport in catalyst layers during operation.

1.2 Technological and Economical Challenges

The widespread commercial deployment of PEMFCs is currently limited by the
performance, stability, and cost. Platinum-based materials are utilized as state-of-the-art
catalysts for both the anode and the cathode layers; however, the scarcity and cost of these
materials are not offset by their performance and stability.>* Emerging catalyst materials

(namely metal-nitrogen-carbon based materials) provide much cheaper alternatives to



platinum-based catalysts, however, at the compromise of performance and durability.® The
field must decide between the advancement of either platinum-based (PGM) or platinum-
group-metal-free (PGM-free) catalysts as this may dictate the future of PEMFC-based
vehicles. The benefits to using PGM catalysts include higher performance, longer durability,
and partial commercialization in-place (due to previous deployments or developments of
PEMFC vehicles, namely from Toyota, Hyundai, Daihatsu, and Nikola). Vehicles developed
with PGM materials can expect to last longer with more performance consistency across
different vehicles. The benefits to using PGM-free catalysts include cheaper costs and reduced
need for extracting materials from used fuel cells. Vehicles developed with PGM-free materials
can expect to degrade quickly, resulting in the need for swapping engine parts more frequently,
however due to the quick production and cheap cost of the fuel cell materials, this should not
be a major roadblock issue. Another issue (which will not be discussed in detail here) is the
hydrogen economy, as the pipeline infrastructure of most countries are built for hydrocarbon

transport (which can be also used for hydrogen transport) and would be competing fuel sources.
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Fig 1.3 — Development of platinum-based and platinum-group-metal-free (PGM-free) catalysts:
(a) volcano plot for the ORR activity of various elements and the limiting steps for the
improvement of ORR activity, and (b) history of metal-nitrogen-carbon based catalysts.10-1:14.26.31



1.3 Hydrogen Oxidation Reaction (Anode)

The hydrogen oxidation reaction (HOR) occurs at the anode catalyst layer where the fed
hydrogen gas is split into protons and electrons. The protons travel across the polymer
electrolyte membrane (Nafion) and the electrons travel through an external circuit reaching the
cathode catalyst layer. This reaction is typically catalyzed by a very low weight loading Pt/C
catalyst, however recent works have shown M-N-C materials (particularly Pt-N-C) to be just
as effective for the HOR.® As a result, the HOR is typically ignored in the development of
PEMFCs as this reaction has very quick kinetics and is not the limiting factor in performance,

durability, or cost for the overall fuel cell.

H,* 2H*

2H, > 4H* + 4e-
Ey = 0.0V vs. RHE

Fig 1.4 — Hydrogen oxidation reaction mechanism: the hydrogen molecule reaches active site on
the surface of the catalyst and breaks apart to form protons and electrons.



1.4 Oxygen Reduction Reaction (Cathode)

The oxygen reduction reaction (ORR) occurs at the cathode catalyst layer where the fed
oxygen gas must meet with the protons (transferred across the membrane) and the electrons
(transferred through the external circuit and the conductive support material), from the anodic
reaction, at the catalyst active site to form water. This reaction can typically occur with the
desired 4e” process (resulting in only the formation of water) or an undesired 2e” + 2e” process
(resulting in a partial fractionation of products as hydrogen peroxide and water).”® The
cathodic ORR is a much more complex reaction than the anodic HOR, thus making it the
limiting factor in a hydrogen-based fuel cell. Currently, the best material for catalyzing the
ORR is platinum and still requires a significant amount of material in the cathode catalyst layer
to reach the necessary performance. The industry standard platinum catalysts are typically
small nanoparticles (~2-5 nm in diameter), although in recent decades, work has been done in
further improving the activity of platinum-based nanoparticles through a variety of methods.
These methods can be further divided into two categories: the order-based approaches and the
disorder-based approaches, which will be discussed later in this work.® Another class of
catalysts (known as metal-nitrogen-carbon or M-N-C catalysts) has been quickly progressing
in the field of electrocatalysis, especially for the use of catalyzing the ORR and the

development of this type of catalyst will also be discussed later in this work.>1%11
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Fig 1.5 — Oxygen reduction reaction mechanism: the oxygen molecule reaches the active site
along with the protons and electrons transported from the anode and is reduced to form water in
a 4e” or 2e” + 2e" transfer method.

1.5 Catalyst Support Materials

The analysis and study of catalyst support materials is out of the scope of this work;
however, the topic should be briefly introduced. The most commonly used support material
are carbon blacks (but typically Vulcan XC-72 made by Cabot Corp.), which can have varying
degrees of surface area, porosity, graphitization, defectivity, and surface functionalization.!?
The combination of these factors can determine the overall effect that the carbon support has
onto the catalyst layer by influencing particle anchoring, ionomer anchoring, and catalyst layer
degradation. Many of these characteristics can also have inverse effects with the others, such
as the increase of graphitization typically leading to the decrease of surface area and porosity.
Research has also been done in incorporation of transition metal-oxide materials as support

materials for platinum-based nanoparticles.*>* The benefit of these materials is their stability



in the acidic conditions and the operating potentials; however, the metal-oxides are typically
plagued with poor nanoparticle-surface anchoring properties (including dispersity and
agglomeration) as well as poor electrical conductivity. As a result, the majority of the field has
moved towards development of modified carbon-based materials including the N-doping of
carbons to improve nanoparticle and ionomer contact properties, improved graphitization in
specific zones to improve operating stability, and the usage of ORR-active carbonaceous

materials to increase performance of the catalyst layer.*>8

-

" ; ¥4 Jfg

Platinum Dissolution || Ostwald Ripening Particle Detachment Agglomeration

Fig 1.6 — Catalyst degradation mechanisms: platinum dissolution, Ostwald ripening, nanoparticle
detachment, nanoparticle agglomeration, and carbon support corrosion.*®

1.6 Catalyst Degradation Behavior

Typical catalyst degradation behaviors for platinum-based catalysts can be classified as
effects from the active nanoparticles or the support materials. Phenomenon that affects the
nanoparticles are mainly based upon platinum dissolution or particle movement (resulting in
Ostwald ripening, agglomeration, and detachment).’®? Groups have been able to take
advantage of alloying materials (specifically sub-surface gold) to significantly reduce the
platinum dissolution rates during operation without activity losses, although the
implementation of these core-shell based structures have yet to be seen in a fuel cell test.° The
incorporation of N-dopants and F-dopants have shown promise in the strengthened anchoring
the platinum nanoparticles to the carbon surface and could be the key to mediating particle

7



movement.®?22 Phenomenon that affects the carbon support is mainly carbon corrosion in the
operating potentials of the fuel cell (especially during the start-up and shut-down phases of the
operation).?® The typical design parameter to improve carbon corrosion durability is the
increase of the graphitization of the carbonaceous material, however there is an inverse
relationship between the accessible surface area (for nanoparticle anchoring) and the amount
of graphitization.?®2® As the higher Pt weight loaded samples fare better in fuel cell tests (due
to less transport losses), the increase of carbon corrosion resistance by graphitization typically
leads to activity losses. Both classifications of degradation behavior are still currently under
intensive study by groups around the world as the stability of the fuel cell is one of the main
hurdles prior to commercial deployment. The usage of M-N-C type catalysts introduce new
degradation behaviors such as metal site dissolution, metal site agglomeration, and peroxides
production in addition to current issues of carbon corrosion.>’# Advances have been made in
mediating the peroxide production with the inclusion of ultra-low loading of Pt as peroxide
scavengers, however the more work must be done on the specific design of the carbonaceous

structure in order to improve catalyst durability.



lon-exchange membrane Active Material

Fig 1.7 — The development of PEMFCs is primarily focused on three fronts: the ion-exchange
membrane, the nanoparticle support material, and the active material. (adapted from Tristan
Asset, “Catalyst Layers for Proton Exchange Membrane Fuel Cells”, Seminar, UC Irvine, 2020)

1.7 Dissertation Focus

The focus of this work is three-fold: (1) to review the current stage of the field and offer
an opinion on the direction of research that would seem most fruitful, (2) to investigate the
incorporation of advanced nanoparticle structures within the current device architecture to
understand the limitations of catalyst development, and (3) to understand the important
interfacial phenomenon and interactions which occurs between the support material, active
material, and ion-conducting material. In chapter 2, an explanation of relevant experimental
methods and techniques and how they were applied to this work can be found. In chapter 3,
the integration of advanced platinum-based nanostructures in polymer electrolyte membrane
fuel cells is discussed including a short literature review as well as an opinion given on the

ideal cathodic catalyst layer. In chapter 4, the novel platinum nanoflower structure is studied



and integrated into an MEA and its improvements and drawbacks are discussed in comparison
to industry standard catalysts. In chapter 5, the modification of the carbon support by
incorporation of M-N-C materials in a hybrid Pt/M-N-C catalyst format is explored and
periodic table trends are presented for the ORR, CO oxidation reaction, and catalyst lifetime
longevity. Finally, in chapter 6, the main conclusions for our work are presented as well as an
outlook discussed looking towards the future of advanced catalysts for the oxygen reduction

reaction.

Experimental Methods and Techniques

2.1 Synthesis of Platinum-based Nanoparticles and Nanostructures

Our nanoparticle synthesis methods are adapted from a traditional “polyol” method for
solution-phase growth with a modern heating method of controlled microwave radiation. The
polyol method refers to a synthetic method in which metal precursors are suspended in a
glycol-based solvent and the solution is heated to a specific temperature for metal reduction
and nanoparticle seeding and growth. This simple technique produces highly uniform
nanoparticles of both mono and multi-metallic components with little to no agglomeration and
contamination as the polyol solvent acts as the solvent, reducing agent, and ligand in the
process. Traditional heating mechanisms of liquid or solid baths and heating mantles require
multiple hours of heating (if not full days), however microwave-assisted heating can
dramatically reduce this time to just a few minutes (allowing for energy conservation as well
as improving the nanoparticle quality). Initial reports of microwave-assisted heating utilized
household microwaves (both modified and unmodified), however more recent reactors have
been developed to apply constant or pulsed radiation, monitoring solution temperature and

vessel pressure, and including safeguards for operator safety. Our specific microwave reactor
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is manufactured by CEM Corporation (MARS 6 Synthesis Reactor) and allows for temperature

monitoring and large batch (liter-scale) production.

2.1.1 Platinum Nanoparticles

The bread-and-butter catalyst, the Pt nanoparticle, is made by incorporating an amount
of a platinum chloride salt (either PtCl4 or H2PtCls * 6(H20)) in ethylene glycol and then
adjusting the solution pH to 10-12 by addition of an aqueous NaOH solution. The
transparent, yellow solution is then placed in the microwave reactor vessel, heated
immediately to 180°C (5 min ramp, 20 min hold), and allowed to cool to room temperature
(~15-30 min). The resulting black solution is poured into a beaker, adjusted to pH 2-3 by
addition of H2SO4, and ready to be combined with any nanoparticle support. When the
support material (typically carbon black) is combined, the solution must be stirred for a
minimum of 24 hours to allow for attachment, vacuum filtered, and dried at 60-80°C
overnight. The basic pH adjustment prior to heating allows for the ethylene glycol to more
efficiently reduce the metal precursor whereas the acidic pH adjustment slows further
reduction (which causes more growth and agglomeration of nanoparticles) and shifts the

platinum surface charge to be attractive towards a carbon support surface.

2.1.2 Platinum Nanoflowers

Our novel platinum nanoflower catalyst was created from a combination of recipes and
techniques found in literature. An amount of a platinum chloride salt (either PtCls or
H2PtClgs * 6(H20)), excess potassium iodide (minimum 6:1 mol ratio of iodide to platinum),
and excess polyvinylpyrrolidone is added to ethylene glycol and stirred vigorously until

dissolved. The originally transparent, yellow solution of the platinum salt in ethylene
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glycol quickly changed to a transparent, red solution indicating the shift from chloride
coordination to iodide coordination. The solution is then placed in a microwave reactor
vessel, heated to 180°C (4 min ramp, 2 min hold), and allowed to cool to room temperature.
The resulting black colloid solution is centrifuged in the first cycle with acetone followed
by successive centrifugations (minimum 2 extra cycles) in minimal ethanol and maximal
hexanes to purify and clean the nanoparticles. It should be noted that although the
nanoparticles at this point are as “clean” of heavy organics at this point, the surface of the
nanoflowers is still coated with these organics and must be removed in a later procedure.
The nanoflowers are then dispersed and stirred in a water/ethylene glycol mixture with the

carbon support added until vacuum filtration.

2.1.3 Platinum Alloy Nanoparticles

Platinum and transition metal alloy nanoparticles were synthesized in the same fashion
as typical platinum nanoparticles with the addition of the transition metal salt precursor
(NiClz, CuCl, CoCls,...etc). The pH conditions and heating temperature remain identical;
however, the heating times were optimized per alloying element (from 5 min hold to 25
min hold). Additionally, higher order multimetallic (3+ elements) were also synthesized
using the same procedure without issues. An observation to be noted is that the
nanoparticles are typically smallest (in diameter) when made monometallic and slightly

increase in size with the increasing number of alloying elements.
2.1.4 Other Platinum-based Nanostructures
Although outside of the scope of this dissertation work, we have also been able to adapt

and reproduce previously published syntheses of PtNi octahedra, PtCu octahedra, and PtNi
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nanocubes with our microwave-assisted polyol method. The PtNi octahedra was made by
combining an amount of Pt(acac)., Ni(acac)z, and PDDA solution in ethylene glycol and
sonicating/stirring until dispersed. An issue to note here is that the acetylacetonate
precursors do not dissolve well into water or ethylene glycol, however this does not cause
in issue in the synthesis so long as the large chunks are broken up into a finer dispersion.
This solution is then placed in a microwave heating vessel, heated to 180°C, cooled to room
temperature, and combined with a support material. The PtCu octahedra was made in the

same fashion as the Pt nanoflowers with the addition of CuCl..
2.2 Synthesis of Carbon-based Support Materials

The most widely used support material is typically a commercially created carbon black
(i.e. Vulcan, Ketjenblack, and Acetylene Black carbons). The advantages of commercially
made carbons are its availability, ease of use, and quality control. However, in recent years,
there has been a major research thrust into “designer” carbon supports with different dopants

(both metallic and non-metallic elements) for added stability or activity of the catalyst.
2.2.1 Commercially Available Carbon Supports

Our main standard carbon has been the Vulcan XC-72R (R denoting the pre-ground
powder form of XC-72) by Cabot Corporation because of its mesopore structure and
relatively high surface area. Samples and testing was also completed with Ketjenblack EC-
600JD, however the workability of the powder was poor and resulted in less accurate

weight loading targets.

2.2.2 Nitrogen Doped Carbon Nanospheres
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The majority of our N-doped carbon nanospheres were obtained through a
collaboration with the Colorado School of Mines (Pylypenko Research Group). These
nanospheres were synthesized through modified solvothermal method based on a
previously reported sol-gel synthetic method. Generally, an amount of resorcinol was
dissolved in an aqueous ethanol solution. A varied amount of ethylenediamine was added
to the solution under stirring followed by the addition of formaldehyde. After 24 hours,
stirred was ceased and the solution was heated in a sealed vessel to 100°C for an additional
24 hours. The resulting polymerized nanospheres were isolated by centrifugation and air-
dried overnight. The dried material was ground to a fine powder and pyrolyzed under N2
atmosphere up to 600°C - 900°C creating the final nitrogen doped carbon nanosphere

product.
2.2.3 Atomically Dispersed Metal-Nitrogen-Carbon Materials

The metal-nitrogen-carbon material as a non-precious metal catalyst for the ORR
has been a staple in our research group in the last decade. Detailed synthesis conditions
and extensive characterization has been reported in previous works and is out of the scope
of this work. Briefly, the metal precursors are combined with a silica of varying surface
area and nicarbazin. Ultrapure water is then added to the mixture and sonicated to produce
a viscous slurry, which is then stirred on a hotplate until dry. The remaining solids are
ground and ball-milled to obtain a fine powder for pyrolyzing. The first pyrolysis step (for
carbonization and structure formation) is performed at a specific temperature (typically
either 650°C or 975°C) and a specific atmosphere (typically either Hz, Ar, or NHz). The

resulting powder is etched in an aqueous HF solution (for removal of the silica) and washed
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to neutral pH. Then the material undergoes a second pyrolysis step (for etching remaining

nanoparticles) in a similar fashion as the first step followed by a final ball-milling.

2.3 Physical Characterization

Due to the nature of our work (i.e. working with nanomaterials), physical characterization
is exceptionally important to our materials development process. Viewing and analyzing the
nanoscale structure of our materials is critical to the understanding of their catalytic

performance.

2.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is a crystallographic analysis technique based on the
principle of the diffraction of X-rays by materials (specifically to identify crystalline
materials). The typical diffraction tool is set up with 2 moving arms with an x-ray emitter
at one end, an x-ray detector at the other end, and the powder (or thin film) sample sitting
at the center. The emitter tube contains a hot filament that produces electrons which
bombards a target (typically copper) dislodges an inner shell electron causing a
characteristic x-ray to emit following the relaxation of an outer shell electron. The resulting
x-rays are collimated and directed towards the sample. As the arms of the emitter and
detector are raised, the intensity of the diffracted x-rays is recorded and when the geometry
of x-ray paths satisfies the Bragg equation, constructive interference occurs and a peak
appears in the detector. These peaks allow us to determine the crystal structure, identify
the composition, and calculate the crystallite size of the sample. Typical experimental

setups use a scan from ~5° to ~90° at speeds of 1° to 5°/min.

2.3.2 Electron Microscopy
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Electron microscopy consists of techniques for obtaining high resolution images of
samples in the micrometer to nanometer range. The two main types of electron microscopes
are the scanning electron microscope (SEM) and the transmission electron microscope
(TEM). These techniques are fundamentally different and produce different information

about the structure of nanoscale materials.

In SEM, a beam of electrons is accelerated from the electron gun situated at the top
of the sample column which is condensed through a series of lens before it reaches the
sample surface. These electrons interact with the sample and produce signals from
secondary electrons, backscattered electrons, diffracted backscattered electrons, photons,
and heat. The most common imaging techniques take advantage of secondary electrons
(showing sample morphology and topology) and backscattered electrons (showing
compositional contrast). X-rays generated by inelastic collisions can also be useful for
characterizing the chemical composition of the sample through energy dispersive x-ray
spectroscopy (EDS). Typical SEMs can work with bulk, powder, or film samples and have
working resolutions to tens of nanometers and are useful for surface level structure

analysis.

In TEM, the beam of electrons is also emitted from the gun at the top of the sample
column and condensed through a series of lens before reaching the sample surface. The
beam then passes through the sample and either scatters or hits the screen at the bottom of
the sample column. The electrons that come in contact with the sample are scattered
(producing a dark shadow) and the background that has no interactions with the electrons
remains as a bright background. Typical TEMs must only work with very thin samples that

are deposited onto a supporting sample holder (called a grid) and have working resolutions
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down to single nanometer scale and are useful for understanding the overall morphology
of single particles since the images that are produced are the 2D projections of 3D

materials.

Scanning transmission electron microscopy (STEM) is an additional technique in
the TEM (combining the principles of SEM and TEM) and is also used with an additional
detector, the high angle annular dark field (HAADF) detector. Like the SEM (and unlike
traditional TEM), the electron beam is focused to a fine point and scanned across the
sample in a raster pattern. The advantages of STEM include a higher resolution than SEM
while allowing for spatially correlated data to be used (such as secondary electrons,
backscattered electrons, characteristic x-rays, and electron energy loss). In STEM, the
samples chemical composition and elemental interactions can be analyzed through EDS
and electron energy loss spectroscopy (EELS). The typical dark sample and bright
background (bright field imaging) is also possible along with the HAADF bright sample
and dark background (dark field imaging) by capturing the backscattered electrons. The
dark field imaging allows for much finer viewing of atomic structure whereas the bright

field imaging allows for more spatial resolution of the sample.

2.3.3 Electron Tomography

Electron tomography (ET) is a technique in which a series of STEM or TEM images
(which are in 2D) is stacked together to reconstruct a 3D image. This is exceptionally useful
in the structural analysis of a single particle as we can reconstruct the inner porosities. First,
an imaging tilt series (x 20° to 60°) of a single area or particle is take in 1° or 2° increments.
The resulting images are stacked in a program and adjusted by hand so that the axis of

rotations of all images align perfectly. Then the program is run and the resulting tomogram
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is displayed (representing the overlapping area of the imaged section). ET is a relatively
new imaging processing technique and is very work intensive to obtain the reconstruction
of a single particle but can display high resolution internal data in which no other imaging

technique can.

2.3.4 Brunauer-Emmett-Teller Analysis

Brunauer-Emmett-Teller (BET) analysis utilizes the theory of physical adsorption
of gas molecules onto a solid surface to measure the specific surface area of solid and
porous materials. The main gas used for surface area analysis is N2 and is completed at the
boiling temperature of liquid nitrogen. Generally, the powder sample is loaded into a quartz
tube that is evacuated at cryogenic temperatures. Then the nitrogen gas is dosed into the
sample tube at controlled intervals and allowed to equilibrate. The weight of the nitrogen
adsorbed is determined and the surface monolayer coverage can be calculated.
Additionally, the micro and meso-pore volume and distribution are also measured through

isotherm analysis by filling all pores with nitrogen and reducing the pressure incrementally.

2.4 Chemical Characterization

Chemical characterization methods are exceptionally important to hypothesizing and

understanding the electrochemical behavior of the catalysts. Through these characterization

techniques, we can control the total platinum amount and normal activity and performance

values to the mass of platinum for consistent comparisons between catalysts. We can also

analyze the atoms and species within the nanoparticle and on the surface to further correlate

why activities may be higher or lower than a standardized catalyst.

2.4.1 Thermogravimetric Analysis
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Thermogravimetric analysis (TGA) is a technique that determines the amount (by
weight) of volatile components in a material as the sample is heated to a specific
temperature at a constant rate. In this case, an amount of the sample (typically 5-10mg) is
placed in an alumina crucible in the machine and the temperature is ramped from room
temperature to 1200°C in an oxygenated atmosphere. The carbon support will be burned
off throughout this process leaving behind just the platinum (and any additional metals
used in the synthesis), which will give us the total platinum (or metal) weight loading for

that sample.

2.4.2 Inductively Coupled Plasma — Mass Spectrometry

The inductively coupled plasmas mass spectrometer (ICP-MS) is a tool that
determines the elemental composition of a liquid (typical operating mode) or solid (laser
ablation mode) sample. In our case, the liquid sampling was what was usually used. By
digesting a small amount of powder sample (~1-5 mg) in either aqua regia (if digesting
metal nanoparticles supported on carbon) in a tabletop method or pure nitric acid (if
digesting low metal weight loading samples) in a microwave reactor method, we can obtain
a nitric acid-based solution that is further diluted by the correct factor. The diluted samples
can now be used alongside a diluted standard sample (purchased directly from Inorganic
Ventures) in the ICP-MS. Briefly, the sample is introduced to the chamber, passed through
the generated plasma, and flows down the sample guide where elements are separated by

weight.

2.4.3 Energy Dispersive Spectroscopy
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Energy dispersive spectroscopy (EDS) is an elemental analysis technique typically
coupled with electron microscopy (either SEM or TEM). The electron beam of the
microscope interacts with the sample and causes characteristic x-rays to be released from
your sample surface which can be interpreted by the detector into elemental counts.
Generally, this technique is used for elemental identification rather than elemental

guantification as the sampling size is quite limited and the resolution has some error.

2.4.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is also an elemental analysis tool which
focuses on high precision atomic binding environment of the sample surface. In XPS, the
sample is instead excited with x-rays which causes the sample surface to release electrons
which can be measured by the detector. The energy of the measured electrons can give
insight into the elemental composition of the sample surface as well as what type of binding
the atoms have with each other (i.e., M-O, M-N.. .etc.). This technique is especially useful
for understanding the catalytic active sites of the sample, as most of the catalytic sites occur

on the surface of the sample and can be analyzed through XPS.

2.4.5 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS), typically split into the EXAFS (extended x-
ray absorption fine structure) and XANES (x-ray absorption near edge structure) regions,
is an elemental state analysis technique done usually in a synchrotron facility. XAS
measures the transmission of x-rays as the x-ray energy is incrementally increased close to
the absorption edge, which corresponds to the energy that is required to eject an electron

from an atom in the sample. The first portion of the signal is XANES and can give
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information on local oxidation states and binding symmetries. The second portion of the
signal is EXAFS and can give information on coordination environment and chemical bond
lengths. This tool is especially useful in the field of catalysts as we move towards single-

atom catalysts and can identify the chemical environment of the active atom.

2.5 Electrochemical Characterization (Liquid Electrolyte)

The main performance characterization tool of our catalysts is the rotating [ring] disc
electrode (R/RDE) assembly as it allows for rapid electrochemical measurements to obtain the
intrinsic activities of the synthesized catalysts. The R/RDE testing protocol can be split into
the following sections: catalyst ink and electrode tip preparation, cyclic voltammetry, linear

sweep voltammetry, and degradation cycling.

For the ink suspension preparation, the catalyst powder is combined and ultrasonicated
with a Nafion solution, ultrapure isopropyl alcohol, and ultrapure water in a way that we obtain
an ionomer to carbon ratio of 0.3 and a final volume of 1-2 mL. The working electrode tip
(PTFE based with a glassy carbon center disc and platinum ring) was cleaned thoroughly with
successive washes in acetone, alcohol, and ultrapure water. If the glassy carbon disc developed
excessive scratching or defects, the electrode tip would be sanded with Al>O3 polishing
solutions prior to washing to maintain its glossy surface. The electrolyte was prepared in a
volumetric flask by adding correct amounts of concentrated perchloric acid (HCIO4) and
ultrapure water. This must be made fresh and used within a few hours to prevent degradation
of the perchloric acid. Once the electrode tip is cleaned and the ink suspension is prepared, the
ink was dropped onto the glassy carbon center disc under light rotation (100-400 rpm) to

promote even drying.

21



Cyclic voltammetry (CV) was completed in No-saturated electrolyte to understand the
surface reactivity of the tested catalyst. First, a set of 100 rapid scans (500 mV/s) was done
from 0.05V — 1.23V to fully clean the surface of the platinum. Then a set of 3 slow scans (20
mV/s) was done in the same potential window to analyze the surface species. From the slow
scans, we can extract the adsorption and desorption of H* (Hua) and the formation and
reduction of surface oxides. The desorption of H* allows us to calculate the electrochemically
active surface area (ECSA) of the platinum as well as analyze the exposure of specific
crystalline facets. Although rarely used in this fashion for the work presented here, it is also
possible to do cyclic voltammetry in a CO-saturated then N2-purged electrolyte to find the CO
desorption peak. The CO oxidation peak is generally known to be a slightly more accurate
representation of the true ECSA of the catalyst, however the usage of the toxic CO gas typically
complicates the experimental setup significantly. In this work, CO oxidation is mainly used as
an indicator for the active surface properties of the platinum-based nanoparticles as shifts in
peak potential and peak intensity correlate to changes in species binding and reaction

energetics.

The electrocatalytic activity for the oxygen reduction reaction was calculated through the
linear sweep voltammograms. A slow (5 mV/s) sweep from 0.05V to 1.05V was done to allow
for minimal capacitive currents and better representation of steady-state PEMFC conditions.
A noteworthy observation is that a slow scan rate (5 mV/s) significantly depreciates the activity
values by up to a factor of 2-5x when compared to slightly faster scan rates (20 mV/s to 50

mV/s) thus the slow scan rates tend to match the catalyst’s intrinsic activities better.

The accelerated stress tests (ASTs) were done in the R/RDE setup through degradation or

potential cycling. Two potential cycling windows are possible and target separate degradation
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behavior. The first potential window represents a load-cycling protocol with a triangular
potential wave pattern measuring from 0.6V to 1.0V at 50 mV/s to mimic the operational
conditions that the PEMFC experiences. This range is known to target more of the Pt
degradation mechanisms. The second potential window represents a start-stop protocol and is
also done with a triangular potential wave pattern measuring from 1.0V to 1.5V to mimic the
start-up and shut-down behavior of a PEMFC. This range is known to target more of the carbon
support degradation mechanisms. The potential cycling scans can be done at elevated
temperatures of 60° to 80°C, however for the work here, most of the ASTs were completed at
room temperature to avoid damaging the PTFE working electrode tip where PEEK working

electrode tips would be more resilient.
2.6 Electrochemical Characterization (Solid Electrolyte)

The final performance characterization tool is the fuel cell test station, which measure the
performance of the catalyst through a membrane electrode assembly (MEA) setup. This
process is time consuming and requires large amounts of catalyst powder per trial and is
typically saved for the catalysts that have been proven to outperform standard catalysts in an
R/RDE setup. The fuel cell testing protocol can be split into the following sections: MEA
fabrication, break-in procedure, CO displacement, polarization curves, cyclic voltammetry,

and accelerated stress test.

The ink suspension was made by adding the catalyst powder, Nafion solution, ultrapure
isopropyl alcohol, and ultrapure water with an ionomer to carbon ratio of 0.6 to 0.8 in a small
PTFE vial filled with zirconium oxide beads. The vial was sealed and ball-milled overnight to
achieve a smooth dispersion. The ink suspension was then poured onto a sheet of PTFE and a

metal rod with a specific height gap (100um to 800um) was used to push the ink liquid to form
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a thin layer. This process was done twice, once for the cathode catalyst layer (catalyst to be
analyzed) and once for the anode catalyst layer (standard Pt/C catalyst). A 5 cm? square was
cut from both catalyst layer sheets and sandwiched with a Nafion membrane in between before
hot pressing (150°C for 2 min) the layers together. The PTFE backings were peeled off the
finished MEA and assembled into a Baltic fuel cell setup with a serpentine gas flow channels

and Freudenberg gas diffusion layers (GDLS).

The MEA was broken in by holding at 0.3V, 0.6V, and 0.8V for 30s at each potential until
the current density reached a steady state. After breaking the MEA, we could either begin the
fuel cell testing (with polarization curves) or perform a CO displacement (or CO stripping) if
needed. To perform the CO displacement, the CO gas was introduced to the cathode side while
holding the potential at 0.1-0.35V. The gas was allowed to permeate the catalyst layer for a
few minutes and then the cell was purged with nitrogen for at least 15 minutes. A cyclic
voltammogram was then done between 0.05V to 1.23V to remove the CO from the surface of
the catalyst and the CO oxidation peak was recorded. This entire procedure was repeated for a
total of 3 times to ensure data accuracy and full CO coverage of the catalyst. Polarization
curves were taken in either Ho/O2 or Ho/Air (anode/cathode) environments by applying a
current density (from 0 — 2000 mA/cm?) and recording the potential of the cell (which was
averaged over the period of data collection). The typical accelerated stress test was done by
potentiostatic cycling of the cell (between 5,000 to 30,000 total cycles) from 0.6V to 0.95V (or
OCV, whichever is the smaller value) using a square wave pattern. Full characterizations
(polarization curve, CV, EIS) were performed at increments of 5,000 or 10,000 cycles.

Although not completed in this work, it’s also possible to test the accelerated degradation of
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the carbon support by performing the same method but with the potentiostatic cycling between

1.0Vto 1.5V.
3. Integrating Platinum-based Nanostructures in PEMFCs

Platinum-based nanomaterials remain one of the most effective options as proton exchange
membrane fuel cell (PEMFC) cathode electrocatalysts for enhancing the sluggish kinetics of the
oxygen reduction reaction (ORR). Their morphology has been greatly improved throughout the
last decade, shifting from 2 — 3 nm nanoparticles (NPs) supported on carbon blacks to complex
shaped nanostructures (such as nanoframes, octahedra, etc.). These nanostructures take advantage
of electronic and structural effects, such as the (i) strain-ligand effect achieved through alloying,
(i) preferential crystallite orientation, or (iii) positive use of the structural defects. Improvement
factors in specific activity of up to 60 have been achieved compared to classic Pt NPs in liquid
electrolyte, however, such tremendous enhancements do not translate to solid electrolyte, e.g. in
PEMFCs. Here, we discuss the PEMFCs-induced limitations for these complex electrocatalysts
mainly evolving around the ionomer, i.e. Nafion®, which (i) exhibits a heterogenous dispersion
onto the support surface, (ii) has difficulty impregnating the nanostructure’s inner pores (for
nanoframes or porous-hollow nanoparticles), and (iii) electrostatically interacts with Pt, therefore
displacing the nanoparticles depending upon the PEMFC operation potential. We suggest several
options in overcoming these challenges, including (i) functionalizing the support surface with
nitrogen moieties, increasing the density of anchoring sites, and thus facilitating the nanostructure
dispersion and (ii) initially encapsulating the nanostructures with well-defined ionic liquids and

eventually replacing the Nafion® in the catalytic layer.

3.1 Introduction
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Earth contains a finite amount of resources and one of the greatest challenges of humanity
is how to use them without jeopardizing our future and maintaining a high standard of living.
Transportation sector in the US consumes the largest fraction of fossil fuels, where combustion
engines are highly inefficient and produce CO, emissions %. Electrification of transportation
sector can resolve some of the issues associated with burning fossil fuels and currently the
most promising replacement options are (i) secondary batteries, such as Li-ion, and (ii) low
temperature fuel cells. This opinion letter discusses advances and challenges remaining to wide
commercialization of fuel cell technologies and, more specifically, proton exchange membrane
fuel cell (PEMFC) catalysts. The main electrochemical limitation of the PEMFCs is the
sluggish kinetics of the cathodic reaction, the oxygen reduction reaction (ORR, Oz + 4H" + 4¢
— 2H,0). Here, the best electrocatalysts are Pt-based 2, even though Pt binds the oxygen
intermediates slightly too strongly, by approximately 0.1 eV 282, Pt group metals (PGMs),
however, are scarce in the Earth’s crust and, because of their unequal geographic repartition
(90% of the Pt is found in South Africa 3°), their extraction and use are heavily dependent upon

the political geosphere.

Decreasing the platinum content in the PEMFC cathode is mandatory to achieving cost-
effective broadly deployed fuel cell technologies. In that frame, one can either (i) use non-
platinum group metals electrocatalysts, such as metal-nitrogen-carbon electrocatalysts 14 or
(i) reduce Pt loading without diminishing power densities. Platinum reactivity for the ORR is
highly dependent of its electronic structure: its 5d-band density of states 3% and can be tuned

using (i) order-based approaches by alloying 3! or changes in the electrocatalysts’ surface
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orientation >3 or (ii) disorder-based approaches, by varying the coordination number and the

inter-atomic distances of active sites to optimize their reactivity for the ORR.*46

Such concepts resulted in the synthesis of complex Pt-based electrocatalysts, such as
octahedra *2, nanoframes #, porous particles “¢4°, and many others, far from the classic 2 — 3
nm Pt nanoparticles (NPs) supported on carbon (Pt/C) that was successfully implemented in
PEMFCs during the last decade. Despite being extremely promising in liquid electrolyte, in
which mass activity factors vs. Pt/C reached up to 20 (e.g. nanoframes *’) to 60 (e.g. nanowires
%0), these new electrocatalysts have failed so far in achieving similar improvement factors in
membrane electrode assemblies (MEAs) °°2, After discussing this new generation of Pt-based
electrocatalysts, this opinion letter aims to provide an overview of the MEA-induced

limitations and the eventual paths to overcome them.

3.2 New Generation of Electrocatalysts

As an element, Pt is the best electrocatalyst for the ORR. However, as mentioned in the
introduction, it binds the oxygen intermediates (OH* and OOH*) ca. 0.1 eV too strongly 262°,
To achieve an optimal binding strength, the Pt electronic structure must be slightly tuned. The

different pathways to do so are represented in Figure 1 and are divided into two categories: (i)

the order-based approaches and (ii) the disorder-based approaches.
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Fig 3.1 - Order vs. Disorder — the paths to improve the Pt-based catalysts activity. Schematic
representation of the different strategies undergone to enhance the Pt-based electrocatalyst
activity: (i) Order-based approaches, i.e. strain/ligand effect (with 3d transition metals — TM)
and formation of a Kagomé layer through the use of rare-earth elements (REE); preferential
orientation of the electrocatalyst surface; (ii) Disorder-based approaches, i.e. controlling the
generalized coordination number and the local interatomic distance as a mean of tuning the
OHags Strength on a given active site.

The former can be achieved by alloying platinum with another element, such as a 3d
transition metal 3, or rare earth element >~ taking advantage of the strain-ligand effect.
The strain-ligand effect (see Figure 1) modifies the platinum electronic structure by (i)
contracting the Pt lattice through an addition of a sub-layer of 3d transition metal 3°4° (strain
effect) or (ii) directly modifying the Pt electronic structure through the presence of neighboring
3d transition metal ® (ligand effect). The ORR activity follows a volcano-type dependence to
the alloying element, with Co, Ni, and Fe displaying the best behaviors .. This inspired the

synthesis of bimetallic nanoparticles, with an improvement factor in mass activity of 2 — 3 vs.
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traditional Pt NPs in liquid electrolyte (see Figure 2) 2. Bimetallic NPs can be further tuned
by dealloying, resulting in core@shell NPs 53%4, Their lattice strain and shell thickness can be
controlled through the nature of the alloying element and its initial abundance in the bimetallic
NPs. Ni@Pt and Co@Pt core@shell NPs exhibited improvement factors in mass activity of up
to 5 — 10 vs. traditional Pt NPs in liquid electrolyte (see Figure 2) %. It is also important to
address the stability of the core@shell and bimetallic NPs. Chemical treatments or operando
conditions (e.g. high potentials, low pH, etc.) result in NP roughening, nanopore formation,

and non-noble metal leaching, all of which can greatly affect the NPs morphology -,
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Fig 3.2 - Improvement factor in mass activity vs. traditional Pt nanoparticles; (i) traditional Pt NPs (RDE
at 0.90 V vs. RHE, electrolyte: 0.1 M HCIO4, MEA at 0.90 V, see Stamenkovic and Markovic ¥ for
detailed conditions); (ii) bimetallic PtNi NPs (RDE at 0.95 V vs. RHE, electrolyte: 0.1 M HCIO4, scan
rate; MEA at 0.90 V, see Stamenkovic et al. 3" and Han et al. 5° detailed conditions); (iii) core@shell NPs
(RDE at 0.90 V vs. RHE, electrolyte: 0.1 M HCIO,, scan rate; MEA at 0.925 V, see Wang et al. 4% and
Kongkanand et al. % for detailed conditions); (iv) Porous Hollow PtNi NPs (RDE at 0.90 V vs. RHE,
electrolyte: 0.1 M HCIO4; MEA at 0.90 V, see Dubau et al. 24 and Asset 7 for detailed conditions); (v) Pt
monolayer on Au@Pd cores (RDE at 0.90 V vs. RHE; MEA at 0.925 V, see Kongkanand et al. ¢ for
detailed conditions); (vi) Octahedral PtNi NPs (RDE at 0.9 V vs. RHE, electrolyte: 0.1 M HCIOQ4, scan
rate: 50 mV/s; MEA at maximum power density, see Li et al. 4 for detailed conditions); (vii) PtNi
nanoframes; (RDE at 0.95 V vs. RHE, electrolyte: 0.1 M HCIO4, scan rate: 50 mV/s; MEA at 0.90 V, see
Chen et al. 22 and Stamenkovic et al. *” for detailed conditions); (viii) Ultra-jagged nanowires (RDE at
0.90 V vs. RHE, electrolyte: 0.1 M HCIO4; MEA at 0.90 V, see Li et al. 2> and Mauger et al. 27 for
detailed conditions).
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As illustrated by Colic and Bandarenka ', improvement of the ORR activity can also be
achieved by alloying platinum with rare-earth elements, through the formation of a specific
crystalline structure, the ‘Kagomé’ layer (see Figure 1), which increases the Pt strain and
modifies its electronic structure and, thus, enhances its reactivity "-°°. Another order-based
approach relies on synthesizing electrocatalysts with complex, geometrical shapes, that expose
specific crystalline facets (e.g. (111), (110), etc.), often referred to as the ensemble effect. As
presented in Figure 1, each crystalline plane has a different atomic density and, therefore, a
different binding strength toward OH* species “>%. Electrocatalysts driven by the ensemble
effect include multi-pods, extended surfaces, or polyhedral nanoparticles (e.g. octahedra). The
most promising catalysts, such as octahedral PtNi #? and PtNi nanoframes %', combine strain
and ensemble effects. Octahedral PtNi NPs reported improvement factors from 5 to ca. 50 vs.
traditional Pt NPs in liquid electrolyte %70 whereas PtNi nanoframes exhibited an
improvement factor of ca. 20 *’ (see Figure 2). Since the ensemble effect relies on the
nanostructure shape, it suffers from electrochemically-induced restructuring %®7*. Additionally,
these catalysts have radially non-isotropic shapes, thus creating complex interfaces with both

the carbon support and the ionomer.

The disorder-based approach for ORR was first highlighted by Kuzume et al. "2 on
extended surfaces. Stepped surfaces exhibited an increased specific activity vs. (111) surfaces
275 'which was ascribed to a step-induced disturbance of the co-adsorbed OH* and OOH*
network, resulting in a weakening of their adsorption strength next to the step . Calle-Vallejo
et al. * later evidenced that the variation of generalized coordination number, (that is, the

coordination number of an active site calculated considering both its 1%t and 2" neighbors)

30



between an ‘on the step’ and an ‘under the step’ site induced this discrepancy in ORR
intermediate binding strength, i.e. the ‘under the step’ site weakly binds OH*, thus presenting
enhanced ORR kinetics, whereas the ‘on the step’ site strongly binds OH*, thus exhibiting
lower kinetics for the ORR. According to Calle-Vallejo et al. *, an ideal active site for the
ORR should present a generalized coordination number of 8.3. Additional findings from Le
Bacq et al. “® indicated that, in addition to the generalized coordination number, the distance
with the neighboring atoms was of critical importance, where a Pt atom in a closely packed
structure would exhibit a weaker OH* binding than a Pt atom afar from its closest neighbors.
Although a weaker binding often indicates higher activity, it is important to remember that Pt-
based catalysts are bound to the Sabatier principle, i.e. an ideal catalyst should bind the
intermediates species nor to strongly, nor too weakly. Hence, a Pt active site with a too high
generalized coordination number, or too close to its nearest neighbors, also exhibits
depreciated performances. Structural defects-based electrocatalysts exhibit jagged, stepped
and/or polycrystalline structures, hence containing high coordination atoms and highly
microstrained domains, the microstrain being the local variation of the global strain. A high
microstrain indicates an electrocatalyst with lattice-strained and lattice-dilated domains, e.g.

often due to their polycrystalline structure and the lattice dilation near grain boundaries "®77.

Using disorder-based approaches, Li et al. * synthesized PtNi nanowires with an
improvement factors of 7 vs. Pt traditional NPs. They reached ca. 50 after nickel dealloying,
due to the formation of a jagged Pt nanowire surface (see Figure 2) 0. Similar findings in
liquid electrolyte were observed by Mauger et al. 2 Porous-hollow PtNi NPs (see Figure 2)

and PtNi sponges were synthesized and reached mass activity improvements of 5 — 10 vs.
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traditional Pt in liquid electrolyte “%87°. However, similarly to the preferentially oriented
electrocatalysts, these materials also exhibit much larger diameters (ca. 10 — 15 nm for the
porous hollow PtNi NPs #°, 50 nm for the PtNi sponges ", hundreds nm for the PtNi nanowires
50, etc.), and, thus, complex interfaces with the ionomer and the carbon supports, and 1 —5 nm

porosities , introducing transport challenges.

Increasing the nanostructure complexity results in side effects, either detrimental or
advantageous. Originally, the shift from Pt extended surfaces to Pt NPs supported on carbon
was undergone to increase the mass activity. The NPs optimal size was shown to be ca. 2 — 3
nm, as lower diameters result in NPs presenting mainly low coordination atoms and, thus,
depreciated ORR activity 8, whereas larger NPs resulted in a large fraction of the Pt atoms
being unutilized for the ORR. This is the case of the nanostructures described throughout this
section as they exhibits diameters (except the bi-metallic NPs), ranging from 5 nm to 20 nm
42474983 (or hundreds, in the case of nanowires °°). However, nanostructures such as
core@shell ®, multilayered (i.e. Pt-monolayer on the NPs surface %) and hollow
nanoparticles %82 optimize Pt utilization as the core, inactive atoms are 3d transition metals,
Pd, Au, or simply void. Thus, platinum becomes localized at the reactive interface with the
electrolyte. Some nanostructures, e.g. porous hollow PtNi NPs #°, nanoporous PtNi 8, etc. also
exhibit an inner network of porosities, hence increasing their specific surface and presenting,
in this network, concave sites with an increased generalized coordination number .
Unfortunately, the nanostructure’s increased size, along with the eventual inner porous
network, face their limitations when implemented in fuel cells, i.e. in drastically different

conditions than in liquid electrolyte.
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Fig 3.3 - Design challenges for Pt implementation in membrane electrode assembly; (a)
schematic representation of a carbon cluster with an heterogenous coverage of the electrocatalyst
surface in ionomer agglomerates and nanoparticles, along with a network of nanopores that
cannot be accessed by the ionomer; (b) close-up on a single, porous, nanoparticles, with an
emphasis on the non-monotonic electrostatic interactions between the ionomer and the
nanoparticles.

3.3 The Shift from Liquid to Solid Electrolyte

The liquid electrolyte, e.g. 0.1 M HCIO4 or 0.5 M H2SO;4 has high ionic strength, high
proton conductivity, and allows for the electrolyte to easily penetrate the smallest porosities.
In an MEA, a solid polymer electrolyte (usually, Nafion®) is used as the ion conductor and
current densities are several decades higher than in liquid electrolyte (specifically with a
rotating disk electrode or RDE) as a result of the small working electrode surface and the O»
diffusion limitations observed in the 0.6 V < E vs. RHE < 0.8 V range 8. Thus, the reactive
interface is vastly modified when switching from liquid to solid electrolyte. In the second case,
protons are transported to the electrocatalyst through (i) the ionomer network and then (ii)
ionomer agglomerates around the Pt/C clusters. As illustrated in Figure 3, the ionomer surface

coverage of Pt/C agglomerates is heterogenous %, where some portions of carbon and Pt are
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ionomer-free enabling effective oxygen transport but hindering proton transport as it results in
non-ionically-connected nanoparticles (see Figure 3a) . By opposition, large Nafion®
agglomerates might cover other portions of the carbon and limiting the Oz transport: although
the exact organization of Nafion® in the catalyst layer has yet to be fully determined. It has
been shown by Uchida et al. & and, more recently, Ngo et al. 88 that when Nafion® resin is
dissolved in an IPA:H20O solution, it forms aggregates of d = 10 — 100 nm, as illustrated in
Figure 3. Therefore, by the size-exclusion principle, Nafion® cannot enter nanopores that are
smaller than the aggregates *° and the close-to-ideal concave sites constituting the inner
porosities walls * of complex Pt-based nanostructures may be proton-limited, especially in a
hot-dry condition, resulting in a drastic diminution of the performance from RDE to MEA (see
Figure 2). Indeed, as for the carbon nanopores (where nanoparticles are also found, see Figure
3a), the proton transport occurring is only insured by the water produced during the ORR %192
or through proton surface diffusion on the carbon/platinum. Both modes of transport processes,
however, present greatly increased resistances when compared to the H* transport in the
ionomer network *3.The nanopores will also be preferentially flooded during MEA operation,
enhancing proton conductivity but reducing oxygen transport (thus having similar limitations
to actives sites in microporosities, i.e. the pores < 2 nm, see. Yang et al. **). The ionomer also
poisons the Pt surface ® as well as introducing oxygen transport resistance %7, especially
when considering the vastly increased current densities of solid vs. liquid electrolyte. O
transports occurs under gaseous phase, through the pores of the carbon/ionomer network.
However, it often has to diffuse through the ionomer agglomerates to reach the actives sites
with a cost of an increased transport resistance (as evidenced by Schuler et al. ® via Hz limiting

current measurments). It is also important to note that the larger size of the nanostructures
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likely induces stronger electrostatic interactions with the ionomer negatively charged groups
(SO3’) when compared to smaller Pt NPs. Platinum presents a non-monotonic charge, due to
its potential of zero charge reversal at higher potential i.e. being negatively charged at E vs.
RHE < 0.3V, positively charged for 0.3 V < E vs. RHE < 0.6 — 0.8 V, and negatively charged
for E vs. RHE > 0.6 — 0.8 V. Thus, for 0.3 V < E vs. RHE < 0.6 — 0.8 V, the Pt — SO3™ (from
the ionomer) interaction is attractive, whereas for E vs. RHE < 0.3 V or > 0.6 — 0.8 V, the
interaction is repulsive (see Figure 3b) 91929100 Agtractive interactions are desirable, as
protons reaches the active sites more easily, although it may result in the ionomer poisoning
the Pt surface %. A repulsive interaction would result in a dense ionomer backbone close to the
catalyst, thus resulting in higher O transport resistance *. Increasing the NPs size results in
an increased concentration of Pt charges at a given location on the carbon surface (vs. smaller
Pt NPs), thus increasing the attractive/repulsive interactions intensity. The variety of the
platinum charge and the resulting Nafion® side-chain repulsion could explain the losses in
activity of some complex, yet non-porous, electrocatalysts in MEAs, such as the PtNi

octahedra.
3.4 The Ideal Catalyst Layer

Several steps are to be completed in order to address the issues observed at the catalytic

layer scale and at the nanoparticle scale:
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Fig 3.4 - Improving the current catalytic layer morphology; schematic representation of (a) an
ideal catalytic layer achieved through the use of ionic liquid and decreased size ionomer
agglomerates; (b) an ideal catalytic layer achieved by decreasing the micropores content and the
ionomer agglomerates size; (c) close-up on a single nanoparticle encapsulated by ionic liquid
(independently of case (a) or (b)), and with an example of a shorter chain ionomer, i.e.
Aquivion®.

1. Modifying the ink formulation.

It has been evidenced by Van Cleve et al. 1% that the water to isopropyl alcohol ratio
used in the catalytic layer ink preparation has a dramatic effect on the Nafion® agglomerate
size. Higher water content (> 60 wt. %) resulted in smaller agglomerates but strengthen the
adsorption of the SO3™ onto the Pt surface, as a result of changes in the ionomer orientation.
This confirms Ngo et al. 8% findings, i.e. that the presence of isopropyl alcohol is
responsible for the agglomerates formation. It is notable that the activity depreciation
induced by Pt/ionomer interfacial resistance as a result of the SOz adsorption is lower than
the improvements due to the ionomer agglomerate size decrease, with an optimum water
content of 62 wt. %. Although this ratio is already the one commonly used in catalytic
layers preparations, it highlights the fact that the ink preparation, independently of the
ionomer, should not be overlooked. The nature of the ionomer itself can also be modified,

as suggested by Garsany et al. 12 and presented in Figure 4c, as the use of Aquivion® (see
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Figure 4c for the structure) vs. Nafion® (see Figure 3b for the structure) resulted in
improved catalytic performances at a PEMFC cathode. Orfanidi et al. 1% recently shows
that other ratios, such as the ionomer to carbon ratio, should also be carefully considered
when preparing the electrocatalyst ink: by decreasing this ratio from 0.65 to 0.45, they
successfully increased the voltage at 2 A.cmgeo? by 20 mV. Here, it is important to note
that this modification was done concomitantly to another improvement, namely the
functionalization of the carbon support by NHx groups, bringing us to a second means of

addressing the issues discussed in the previous sections.

2. Modifying the support chemistry.

As stated above, functionalizing the carbon support with NHyx groups leads to a better
dispersion of the Nafion® on the electrocatalyst surface, due to the coulombic interactions
between the SOs™ groups and the NHx. Along with the improvements of the Nafion®
aggregates dispersion and size, the nanoparticles dispersion should also be considered.
Nanostructures tend to anchor onto the carbon structural defects and functionalities.
However, a highly functionalized/defective carbon exhibits low stability in a PEMFCs
cathode environment, especially during start-up and shut-down protocols as the carbon
structural defects are preferentially corroded %4, Hence, the number of anchoring sites
should be increased while decreasing/maintaining the carbon defectivity. This can be
achieved by doping the carbon structure with nitrogen functionalities 1%, which act as

additional anchoring sites without decreasing the electrocatalyst stability.
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3. Modifying the porous network.

To address one of the most critical challenges related to the implementation of complex
nanostructures supported on carbon in fuel cells, namely the small diameter of their inner
porosities, a logical approach would be to design advanced nanostructures and carbon
supports without nanopores (see Figure 3a). As suggested by Watanabe and Tryk 1% and
illustrated in Figure 4b, the ideal catalytic layer support should present a nanopore-free
structure, with nanoparticles dispersed on its surface. This aims toward the use of low
specific surface, graphitized carbons that additionally present an enhanced durability.
When addressing the NPs, it would suggest favoring non-porous nanostructures, such as
the PtNi octahedra %2, over porous-hollow nanoparticles “°, sponges '8, or nanoframes *’.
One drawback of this method would be the low specific surface induced by the graphitic,
non-nanoporous carbon support, limiting the loading of active materials on the support
surface, along with the nanostructure dispersion. Hence, to maintain the advantages

brought by the presence of nanoporosities, a separate approach can be considered.

4. Impregnating the porous network with ionic liquids.

lonic liquid (IL), such as [MTBD][beti], impregnation of nanostructures and catalytic
layer was investigated by Chen et al. ', Snyder et al. 1%, Benn et al. 1%, Huang et al. 1%
and others. Impregnated nanostructures, as the ones illustrated in Figure 4a and 4c, exhibit
increased performances in liquid electrolyte vs. the non-impregnated nanostructures. This

is believed to results from the formation of a protective layer that prevents non-reactive
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species adsorption on platinum % (hinting toward a decrease of the Nafion® - Pt
interactions in presence of ILs) along with facilitating proton diffusion in the nanopore
network of the carbon or active material. It is notable that ionic liquids requires the presence
of a protic additive to switch from the one electron, reversible reaction O, + e — O2°" to
the irreversible 4e” reaction Oz + 4H" + 4e- — 2H,0 %112 The ILs should present the
following properties, i.e. (i) small cation/anion (to enter the nanostructure’s inner
porosities); (i) good ionic conductivity; (iii) good O solubility and O diffusion rate; (iv)
hydrophobicity. Some of these properties are difficult to achieve simultaneously, e.g.
hydrophobicity and small cation/anion as the hydrophobicity in ILs arises from long alkyls
chains, increasing the overall IL size. Additionally, IL encapsulation greatly diminishes the
surface accessibility by gaseous O», thus explaining why a good O- diffusion rate/solubility
is critical (see Figure 4c). Such properties are exhibited by some ILs, such as
[Pess14][NTT2], [Pess14a] TPTP, [Comim][NTf,], presenting interesting combinations of
oxygen diffusion coefficient (ca. 7 — 10 cm? s) and oxygen solubility (ca. 4 — 10 mol cm
%) 10 Using ILs would allow the protons to diffuse to active sites unconnected to the
ionomer network, i.e. NPs inside the carbon nanopores (see Figure 4a) or Pt atoms inside
a porous NP (see Figure 4c). However, there has been little to no investigation of such IL-
encapsulated nanostructure performances in MEAs, and special attention should be
afforded to the behavior of the H>O generated in the nanopores during the ORR and how

it mayinteract with the ILs in order to fully assess the viability of this method.
3.5 Conclusions

Here, we discussed the different pathways undergone to increase the activity of the

platinum-based electrocatalysts, i.e. order vs. disorder-based approaches. Through strain-
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ligand effect, preferential crystallite orientation, or positive use of structural defects,
improvement factors of 20 — 60 compared to classic Pt NPs were achieved in liquid electrolyte.
However, those improvement factors did not transpose to solid electrolyte systems (e.g. MEAS,
PEMFCs), hence greatly decreasing their current interest. This phenomena arises from several
issues, relating to the morphological properties of the improved, complex Pt-based
nanostructures along with the geometry of the catalytic layer itself. These issues include (i) the
nanoporosities in the carbon support and the nanoparticles, inaccessible by Nafion®, which are
easily flooded and contain active sites that have little to no contribution to the overall catalytic
activity; (ii) an increased size of nanoparticles leading to an increased electrostatic interaction
with the Nafion® backbone; (iii) a heterogeneous dispersion of nanoparticles onto the carbon
support structure. To overcome these challenges, several options can be explored, i.e.
encapsulating the NPs and filling the nanopores with ionic liquids that have defined properties
(low cation/anion size, high ionic conductivity, oxygen solubility and oxygen diffusion
coefficient, etc.); favoring nanopore-free nanoparticles and carbon support materials;
functionalizing the carbon surface with nitrogen or NHyx groups, thereby increasing the
anchoring site density, facilitating the nanoparticle dispersion, and decreasing the Nafion®
agglomeration. Lastly, the ink preparation process as well as the ratio between the water,

alcohol, carbon, and ionomer must be optimized.
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4. Platinum Nanoflowers as a Cathode Catalyst in PEMFCs

Here, we investigate the oxygen reduction reaction activity of near-monocrystalline platinum
nanoflowers presenting a low microstrain to decorrelate the contribution of (i) distorted lattice and
(i1) high coordination active sites found within the Pt nanoflowers porosities (i.e. with an optimal
generalized coordination number for OHags binding) to the specific activity enhancement. The
results are discussed in the frame of previous investigations onto various catalytic nanostructures.
We evidenced that the microstrain of the platinum nanoflowers stand out of the trends previously
established for defective Pt-based nanostructures onto which the activity is driven by lattice
distortion. This indicates that (1) ‘defective’ structures with low lattice distortion, but high variation
in coordination number, can be synthesized and (ii) that their activity improvement is comparable
to the surface distortion approach in liquid electrolyte. However, their implementation in proton
exchange membrane fuel cells remain challenging, as a substantial drop in performances is
observed when switching from liquid to solid electrolyte, due to (i) the low specific surface of the

nanoflowers and (ii) the higher high frequency resistance exhibited by the latter.
4.1 Introduction

Platinum (Pt) is the leading electrocatalyst for use in hydrogen-based polymer electrolyte
membrane fuel cells (PEMFCs) for the sluggish, cathodic oxygen reduction reaction
(ORR).349113-116 The scarcity and high price of platinum remain as a major roadblock and
even state-of-the-art Pt-based catalysts still lack the activity and stability needed for wide-scale
commercial deployment.>!” To overcome these issues, the recent development of Pt-based
catalysts has turned away from the traditionally small, spherical nanoparticles of Pt to
advanced structured nanoparticles in order to improve the intrinsic activity, electrochemically

active surface area (ECSA), and stability during operation.®18119 Starting from the work of
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Stamenkovic et al. that underlined the substantially increased activity of PtsNi(111) crystal
facets and the works from Strasser’s group that evidenced the superior performances of PtxNi
octahedral nanoparticles (i.e. dominated by (111) facets) for the oxygen reduction reaction, 2%
124 new directions have been undertaken to improve Pt-based electrocatalysts activity. Firstly,
it was evidenced that the addition of alloying elements to the platinum crystal structure led to
higher activities due to the strain effect, i.e. the contraction of the surface lattice parameters by
sub-surface 3d-transition metals.?%12%125126 Highly porous structures are also of interest due to
their high surface area to volume ratio in comparison to its similarly sized solid counterpart,
thus significantly increasing the active site density (and ECSA) as well as reducing the amount
of precious metal required.’?’-1?° Finally, structural disorder (i.e. variations in the local
coordination and lattice parameter) has been shown to greatly influence the ORR performance
of Pt-based nanostructures.!®13913L |n the light of the recent progresses in electrocatalyst
design, two approaches seem to exist, i.e. disorder based, which consist in increasing the
structural defects density to an optimum and order-based, which evolve around finely tuning
the structure to expose the facets with the highest activity, and transition elements density in
the sub-surface layers. Within the disorder-based approaches, it can be argued that the
contribution of structural defects arises from two different aspects (i) the variation of the local
coordination induced by the presence of crevasses or ad-atoms leading to either over, under or
adequately coordinated (generalized coordination number below, above or equal to 8.3,
respectively 32) and (ii) the variation of the local lattice parameters, evidenced by the presence
of microstrain, lead to either over, under or adequately packed atoms.**®* Decorrelating those
two contributions is challenging, as structurally disordered electrocatalysts often present both

high local variations in the coordination number (i.e. high density of crevasses, pores, adatoms)
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and highly polycrystalline structures that result in important microstrain. The objective of this
work is thus to design a nanostructure exhibiting only one kind of structural defect, i.e. high
variation of the local coordination number (e.g. due to porosities) without microstrain (i.e. a
near monocrystalline structure, without alloying elements) to be compared, performance-wise
and physicochemical-wise, with a well-defined and understood defective nanostructure, the
platinum-based ‘sea-sponges’. The paper will first discuss the synthetic pathway undergone to
achieve said nanostructure, along with the innovative approach taken to remove active-site-
poisoning organics tightly adsorbed or bound to the surface,*3*%¢ before addressing its ORR
activity and how it fits within the family of the disordered nanostructures, to finally discuss the

implementation of such complex nanostructures in proton exchange membrane fuel cells.
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Fig 4.1 - Synthesis pathway undergone for the preparation, and cleaning, of the platinum
nanoflowers.

4.2 Nanoflower Synthesis

Hollow and porous nanoparticles have typically been prepared through subtractive growth

or etch mechanisms, which tends to produce higher concentrations of microstrain-based
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structural defects (e.g. presence of an alloying element).*?® Here, platinum nanoflowers are
synthesized with an adapted polyol method with a suspected additive growth mechanism (Fig
1).22137-140 Thjs facile, one-pot synthesis produces a high yield of similar nanostructures with
no additional materials synthesis treatments required. The modified polyol synthesis procedure
utilizes a platinum salt precursor, iodide ions (for structure formation), and a polymeric
surfactant all dispersed in ethylene glycol with microwave-assisted heating.*1** Our
understanding of the formation mechanism is that the chloride ion complex (PtCle’) shifts in
solution to an iodide ion complex (Ptlg’) with the addition of iodine ions, as indicated by the
immediate shift in solution color (yellow — orange — red). Studies of branched Pt
nanoparticles have assessed that, if the growth kinetics dominates over the surface diffusion
rates, anisotropic growth and anisotropic nanostructures are to be observed as final products.4°
The more stable iodine complex leads to a higher instantaneous concentration of Pt-based
species in solution inducing a easier replenishing of the Pt precursors at the existing Pt seed
interface, which thus favor growth kinetics limitation and thus, the growth of higher energy

facets.'®’
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Fig 4.2 - Micrographs of the platinum nanoflowers (d = 40 — 45 nm) obtained by (a) scanning
electron microscopy, (b) high annular angle dark field scanning transmission electron
microscopy on unsupported nanostructures, (c) energy dispersive X-ray elemental mapping; (d)
electron tomography (see supporting information for the different angles); (e) dispersion of the
platinum nanoflowers onto Vulcan XC72R, (f) orientation mapping of the platinum nanoflowers
and (f) high resolution micrographs aiming to provide insights onto (i) the monocrystallinity of
the Pt nanoflowers and (ii) the organic presence prior to the CO cleaning step.

4.3 Nanoflower Structure Analysis

Transmission electron microscopy (TEM) images show platinum nanoflowers centered
around 40 - 45 nm and good spatial dispersion on the Vulcan XC72R, as illustrated on Fig. 2.
High-resolution scanning transmission electron microscopy (HR-STEM) images show that the
Pt nanoflowers are coated with a 1-2 nm thick layer of organics as well as displaying a
continuous crystallinity that is unbroken across pore channels (Fig. 2g). The crystallite size for
these nanoflowers was determined, from the XRD patterns (Fig. 3) to be ca. 20 nm which
suggest that the structure has a minimal amount of grain boundaries compared to an analogous

nanostructure, the “sea-sponge” type Pt-based electrocatalyst.**® This is further confirmed by
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(i) the orientation mappings (Fig. 2f) that evidenced that the nanoflowers are often mono- or
bi-crystalline and (ii) the wide angle X-ray scattering performed at the ID-31 beamline (ESRF),
which evidenced a coherent domain size of ca. 17.5 nm, thus resulting in a microstrain of 24
%% and a surface distortion of 3.1 % (see Chattot et al. for the calculation of the surface
distortion, i.e. the density of microstrain-related structural defects assuming that the latter only
originate from the crystallites surface). For comparison, the “sea-sponges” exhibit a ca. 230
%% microstrain and, as a result, a ca. 8 % surface distortion for a crystallite size of ca. 9 nm.
Finally, X-ray absorption spectroscopy was performed at the Advanced Photon Source with
the XANES and EXAFS data confirming that the nanoflowers behave as bulk Pt, further
confirming the nanostructure monocrystallinity (Fig. 3b-c).1#¢ Electron tomography of a single
nanoflower was completed by a HR-STEM tilt series (= 20°) and the resulting bright field
images were stacked and aligned to create a 3D motion picture of the nanoflower (Fig. 2d and
supporting information). We reconstructed the tomogram using the overlapping data from the
tilt series showing the complexity of the inner pore structure which is continuous from the

center of the particle to its surface (Fig. 2).
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Fig 4.3 - X-ray properties of the platinum nanoflowers (a) X-ray diffraction pattern of the
nanoflowers supported onto Vulcan XC72R (b) X-ray absorption near the edge structure and (c)
extended X-ray absorption fine structure for the platinum nanoflowers supported on Vulcan
XC72R vs. Pt foil.

4.4 Carbon Monoxide Surface Cleaning Protocol

One of the major issues for the deployment of advanced structured nanoparticles is the
remaining adsorbed organics originating from the synthesis process. In this case,
polyvinylpyrrolidone (PVP), used as a surfactant, tends to be strongly absorbed or bound to
the surface of the Pt nanoflowers and is apparent in HR-STEM (Fig. 2g) and pre-treated
electrochemical tests.**® Bulky organics used in the synthesis stage are typically removed by
either solvent cleaning cycles or heat treatments, however the pore structure of the nanoflowers
disallows both methods of removing leftover organics: (i) multiple solution-based cleaning
protocols were tested to remove organics, however this type of cleaning had little effect; (ii)
high temperature heat treatments (~300-600°C) in inert atmospheres and under vacuum were
investigated, however those methods caused significant morphological degradation and
complete pore structure collapse of the nanoflowers.*’~149 So, to obtain an electrochemically
pristine surface, a carbon monoxide (CO) surface cleaning method was adapted from a

previous work.***, which allowed a complete removal of the organic within three experimental
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cycles (see experimental section and Fig. 4). Interestingly, the CO cleaning protocol shows a
high potential peak in the first stripping cyclic voltammetry, followed by a much lower
potential peak in successive strippings, suggesting that the COags binding strength is greatly
affected by the PVP presence. This could either arise from (i) the PVP-induced steric
encumberment of the platinum surface, which limits accessibility to the OHags species or (ii)
PVP-induced modification of the platinum electronic structure, which either strengthen the
COads adsorption or weaken the OHags adsorption.*3%131, Notably, the mono-peak signal of the
platinum nanoflowers provide further evidence of the near-monocrystallinity of these
structures, as Maillard et al. evidenced that the presence of grain boundaries was concomitant

with the apparition of a pre-peak in the COags Stripping signal.*>°
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Fig 4.4 - Electrochemical properties of the platinum nanoflowers supported on Vulcan XC72R
and comparison with the literature: (a) cyclic voltammetry in No-saturated 0.1 M HCIO4 (20 mV
s1), before and after COags cleaning; (b) COugs stripping cycles leading to the surface cleaning;
(c) linear sweep voltammetry in O,-saturated 0.1 M HCIO4 (20 mV s, 1600 r.p.m) for Pt/C
provided by TKK and the platinum nanoflowers; (d) microstrain as a function of the specific
activity at E vs. RHE = 0.95 V (SAo.95 v vs. rHE) TOr the nanoflowers and the library of
electrocatalysts investigated by Chattot et al., i.e. ‘ordered’ structures, that exhibit only Ni-
induced microstrain; ‘disordered’ structure where the defective nature is dominated by local
variation of the lattice parameter, which include the PtNi sea-sponges; (a) cyclic voltammetry
during MEA characterization, under No-atmosphere, before and after COags cleaning; (b) COags
stripping cycles in MEA leading to the surface cleaning; (g — h) polarization curves measured
under air, with a backpressure of 150 kPa and 100% relative humidity, for the Pt nanoflowers
and the Pt/C TKK reference, along with the variations of the high frequency resistance (HFR) as
a function of the applied current.

4.5 Oxygen Reduction Reaction Performance

The nanoflowers were studied in 0.1 M HCIOs. It was found that, like most advanced
structure catalysts, they suffered from a significant loss in ECSA compared to traditional

nanoparticles, i.e. 18 m? get* (calculated from the Hypg) or 13 m? gec? (calculated from the
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COads stripping) vs. 90 m? gerl. However, the nanoflowers specific activities 4-fold higher
compared to industry standard Pt/C catalysts (see Figure 4c), thus implying that some of the
nanoflowers active sites exhibit far higher intrinsic activity than the Pt/C active sites. Owing
to the fact that the nanoflowers do not present clearly defined facets, by opposition to
nanostructures such as PtxyNi octahedra, this intrinsic activity enhancement is likely to arise
from structural defects and, more specifically, (i) surface lattice distortion or (ii) variations in
the local coordination number. Identifying which of those two predominates can be done by
comparing these structures by those discussed by Chattot et al. $3%3!, Here, we aim to assess
if the microstrain and the surface distortion of the Pt-nanoflowers follow the same trend as the
one observed for nanostructures for which the intrinsic activity results from high lattice
distortion. This trend is presented in Figure 4d. The nanoflowers present an extremely low
microstrain (21%%), which bring them within the family of catalysts where the microstrain
solely results from the presence of an alloying element — which, incidentally, is absent from
the Pt nanoflowers. This further strengthen the hypothesis that the nanoflowers only present
little structural defects and that the activity arise from the high coordination active sites present
within their porous networks. One could argue that not the microstrain, but the surface
distortion, should be used as a comparison vector here but (i) the surface distortion model was
developed for 2 — 5 nm, cubooctahedral crystallites, which are extremely different to the
crystallites morphology within the nanoflowers, thus rendering the use of such model
extremely challenging; (ii) by considering the surface distortion and thus only acknowledging
the crystallites surface contribution lead to a surface distortion value of 3.1%, which is far
below the values observed for structures of similar activities for which the activity

enhancement was mainly induced by the local variation of the lattice parameter. In essence, it
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appears from the comparison with previous works that the platinum nanoflowers do not follow
the trend commonly observed for defective nanostructures. As such, their activity improvement
is neither correlated to surface distortion or strain, ligand, or specific orientation effects, but to
local variations of the generalized coordination number. Keeping in mind the final application
of the platinum nanoflowers, the latter were characterized as the cathodes of membrane
electrode assemblies (MEA), leading to several critical findings: (i) the COags Stripping
cleaning method successfully operates in solid electrolyte environment, as evidenced in Figure
4e-f; (ii) the performances of the platinum nanoflowers under air-atmosphere were lower than
those observed for the Pt/C TKK standard (Fig. 4g). Specifically, although the onset potentials
are identical, the platinum nanoflowers show slower increase in current density with the
voltage decrease, that primarily arise from an higher high frequency resistance (HFR, see Fig.
4h), indicating that the nanoflowers limitations are induced by an high proton resistivity within
the cathodic catalytic layer, symptomatic of a poor impregnation of the nanoflowers by the
ionomers, due to (a) size exclusion induced by the presence of the organics that were originally
blocking said porosities and/or (b) the small radii of the latter which limits the ionomer

penetration.

4.6 Conclusions

In summary, we successfully synthesized platinum nanoflowers that intrinsic activity is
mainly driven by active sites with near-ideal coordination, as they exhibited little microstrain,
along with the absence of (i) alloying elements and (ii) extended facets. As such, those
nanostructures present an interesting counterpart to the ‘surface distortion” based
nanostructures, evidencing that similar intrinsic activity can be achieved through the use of

different kinds of structural defects. However, those materials exhibit strong limitations for
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their implementation in solid electrolyte, that are mainly induced by the higher HFR presented
by the nanoflowers catalytic layer, which results of poor integration of the ionomer within the
nanostructures inner porous network.
Incorporating Metal-Nitrogen-Carbon Materials in PEMFCs

Here, we investigate the electrocatalytic oxygen reduction and carbon monoxide oxidation
reaction improvements through the usage of combined metal-nitrogen-carbon catalysts and
platinum-based catalysts. The created library of metal-nitrogen-carbon materials showed
strong trends of activity and reaction energy shifts when decorated with the traditional platinum
nanoparticle catalysts. The results align with previous works and show that despite the small
metal weight loadings of metal-nitrogen-carbon materials (~1-2 wt. %) and the significant size
differences (i.e., 2-3 nm Pt nanoparticles vs. single-atom metal sites), that the interactions
between the atomically dispersed metal sites and the nanoparticles can substantially influence
the molecular binding and catalytic properties of the active sites. These interactions could
theoretically be tailored using multi-metallic blends of metal-nitrogen-carbon materials to
improve both the activity and the stability of the platinum-based catalyst.

5.1 Introduction

Platinum has traditionally been the catalyst material of choice for the sluggish oxygen
reduction reaction (ORR), which is the limiting factor of the hydrogen-based polymer
electrolyte membrane fuel cell (PEMFC). However, in recent years, the development of the
precious-metal-free (or platinum-group-metal-free, PGM-free) catalysts, typically metal-
nitrogen-carbon based materials, has been able to catch up to the vicinity of platinum’s intrinsic
activity. And while efforts to reduce the amount of platinum used or improve platinum’s

activity have made leaps and bounds in the field, the high prices and scarcity of the metal has
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still been a major roadblock for the deployment of the wide-spread commercial use of
PEMFCs.>317 On the other hand, the rapid improvements of metal-nitrogen-carbon
materials have begun to reach a plateau and still has major roadblocks of activity and durability
issues that must be improved prior to its commercial deployment.>**1152 The combination of
both catalyst types (platinum-based and metal-nitrogen-carbon) has been explored only
recently with works looking into the utilization of platinum nanoparticle ultra-low and normal
loading onto M-N-C materials. Generally, the field is split into two categories with obtaining
synergistic effects: the use of platinum nanoparticles as an additive for M-N-C catalysts or the
substitution of the carbon support with M-N-C materials in platinum-based catalysts. 8518
The addition of platinum as an additive utilizes the nature of platinum to be a strong peroxide
scavenger which prevents the rapid degradation of the M-N-C catalyst due to the production
of caustic hydrogen peroxide through the parasitic 2e” + 2e” transfer pathway (compared with
the ideal 4e transfer pathway leading only to the formation of water).”® The substitution with
M-N-C materials is simply to replace an inactive carbonaceous support material with a material
that has an intrinsic activity for the oxygen reduction reaction in order to improve the catalyst
layer performance.'® 8 However, recent works have shown that there may be further beneficial
interactions (other than just the addition of the activities for the active material and active
support) that occur from incorporating platinum nanoparticles with M-N-C materials.'>® From
the groups of Gang Wu and Shichun Mu, it was found that the strong interactions occurred
between the single-atom sites of the M-N-C support material and the platinum nanoparticles.
These measured interactions suggest that the significant activity or durability improvement
(depending on which single-atom element is doped into the support material) is more

convoluted than just the basic addition of the activities of the platinum and M-N-C materials.
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Additionally, groups have reported on a “ligand field effect” in which proximity dopant atoms
can affect the electronic properties of the primary dopant atom.**21%* The combination of the
“ligand field effect” with the effects seen by the incorporation of M-N-C materials as Pt
nanoparticle supports suggest that these effects may be tailored by a precise tuning of elemental
composition of multi-doped M-N-C materials. Such materials could change the oxygen
intermediates binding energy of the active Pt nanoparticles in smaller increments towards the
top of the volcano trend.'® The objective of this work is to look at the trends of a large
elemental library of M-N-C materials to deconvolute the effects that the single-atom sites can
have on the platinum active sites. Firstly, we look at the ORR activity trends of the bare and
hybrid catalysts as well as recording the peroxide yields that occur to build a periodic table
heatmap in activity improvements. Secondly, we look into the carbon monoxide oxidation
behavior of the platinum in the hybrid catalysts to understand surface energetic changes that
the single-atom sites can have on the platinum nanoparticles. And lastly, we test the durability
of a selected group of catalysts to understand whether the activity and durability improvements

have interplay (i.e., the increase of one may lead to the decrease of the other).
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Fig 5.1 — The synthesis procedures for both the M-N-C material (with the elements used
highlighted in the periodic table insert), the Pt nanoparticles, and the hybrid Pt/M-N-C catalyst.

5.2 MNC Materials and Pt Nanoparticles

M-N-C Materials

Atomically dispersed M-N-C materials were synthesized via the robust sacrificial
support method (SSM), originally developed by our group. The SSM has been extensively
practiced for first row transition metals and utilized for the ORR and CO; reduction
reaction (CO2RR). Here we extend the SSM to include 4d, 5d and f-metals and synthesized
a set of 15 M-N-C catalysts (a metal-free N-C along with M = Cr, Mn, Fe, Co, Ni, Cu, Mo,
Ru, Rh, Pd, La, Ce, W and Pt) as shown in Fig. 1. Synthesis parameters were optimized to
maintain an atomic dispersion for each metal element (see methods section).
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Representative AC-HAADF STEM images are shown in Fig. 2c, for Mn-N-C (3d element),
Rh-N-C (4d element), and Ce-N-C (5d element) confirming the atomic dispersion of the
metal sites. The XRD patterns (Fig. 3d) show only the (002) and (100) carbon peaks, further
demonstrating the absence of crystalline metallic nanoparticles. The morphology of the M-
N-C supports was examined through Raman spectroscopy and N-physisorption. The
quantification of different carbon phases through Raman is shown in Fig. 3c, highlighting
a similar, largely amorphous carbon structure (30-45%), with slight graphitization (15-
20%) for all the M-N-C supports. Fig. 3a shows the typical pore size distribution for the
SSM, with 2 peaks (ca. 20 nm and ca. 65 nm) indicating a strong mesoporosity imparted
by the sacrificial silica template. Furthermore, all M-N-C materials demonstrate a
consistent BET surface area as determined by N2-physisorption. XPS was used to confirm
the formation of M-Nyx moieties (thought to be largely responsible for the ORR activity of
M-N-C catalysts), as well as other N-moieties (pyridinic, pyrrolic quaternary, and
graphitic) that have been speculated to have ORR activity. Fig. 3e, shows the quantification
of the N-moieties determined by deconvoluting the high-resolution N 1s spectra,
confirming the formation of M-Nx moieties in all M-N-C supports. Advanced
characterization of the M-N-C materials employed in this work, utilizing AC-STEM/EDS,
single atom EELS, and XAS to confirm the atomic dispersion and nitrogen coordination
of the M-Ny sites, is given in our recent work, where this set of M-N-C catalysts was

developed to evaluate the reaction pathways for the nitrate reduction reaction to ammonia.
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Rhodium Platinum

Fig 5.2 — Micrographs of (a) the Hybrid Pt/Rh-N-C catalyst, (b) the EDS mapping signals of C,
N, Rh, and Pt, and (c) representative bare M-N-C sample from each periodic row (3d, 4d, 5d).

Pt Nanoparticles

We synthesized a large-scale batch of Pt nanoparticles (to avoid issues of batch-to-
batch variation) based on a previously reported, adapted version of the classical polyol
method.13%14% These nanoparticles have an average size of ~2-3 nm in diameter with a

uniform size distribution and active surfaces that are easily cleaned via electrochemical
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potential cycling as large surfactants are not used in this synthetic method (Fig. 1). The
nanoparticles were made separately from and then decorated onto the M-N-C materials at
ambient conditions, preventing the alteration of the M-N-C material during the creation of
the hybrid catalyst. It was found that the platinum nanoparticles dispersed evenly onto the
M-N-C materials and no platinum nanoparticle agglomeration or metal (from the M-N-C

material) clusters or nanoparticles were detected by STEM and XRD (Fig. 2 and 3).
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Fig 5.3 — (a) Pore size distribution, (b) Brunauer-Emmett-Teller surface area, (c) carbon-type
content (from Raman spectroscopy), (d) X-ray diffraction patterns of the bare M-N-C materials,
and (e) N-species breakdown of total N-content.

5.3 Bare MNC Materials Performance

The M-N-C materials were first tested as singular catalysts to build an experimental
volcano trend of their activity and to understand the baseline activity of the available active
sites, which are believed to be the M-Njy sites as deduced by previous works (Fig. 3 and 4).>1°¢-
18 Our experimental results showed parabolic activity trends occurring throughout each
periodic row (i.e., 3d, 4d, and 5d transition metal doped M-N-C materials) resulting in a local

periodic table activity maximum with Fe-N-C and Rh-N-C materials (Fig. 4). Our elemental
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trends agree with previous elemental library works on the dopant effect of M-N-C materials
on ORR activity.*® To confirm that the metallic active site dominates in the performance of
bare M-N-C materials, a metal free N-C material was used as the baseline of the activity and,
indeed, we find that the metal-free N-C catalyst has the lowest performance of the catalyst

library.
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Fig 5.4 — (a) Cyclic voltammograms (taken at 20 mV/s), (b) ORR linear sweep voltammograms
(taken at 5 mV/s), and (c) ring linear sweep voltammograms (taken at 5 mV/s) of bare M-N-C
and hybrid Pt/M-N-C catalysts. (d) Pt electrochemically active surface area, (€) Pt mass activity,
and (f) peroxide yield percentages of hybrid Pt/M-N-C catalysts.

59



5.4 Platinum-decorated MNC Materials Performance

The hybrid Pt/M-N-C catalysts were tested in the same fashion as the bare M-N-C materials
to elucidate possible unique interactions between the platinum nanoparticles and the embedded
metal atoms in the support. Our results show that the combination of platinum with the M-N-
C materials leads to the activity domination with the platinum active sites and the M-N-C
material providing a slight boost to the overall activity (calculated at 0.90 V) dependent on the
performance of the bare M-N-C materials (i.e., higher bare catalyst performance contributes a
larger boost to the overall hybrid catalyst activity) (Fig. 4). To confirm that the interactions are
more than typical sample-to-sample variations, cyclic voltammetry of the hybrid catalysts was
also analyzed. CV comparison of the catalyst library showed changes in peak position and peak
intensity in the hydrogen and oxygen intermediates adsorption/desorption peaks (Fig. 4). Most
notably, the effect of using Mo-N-C as the support catalyst for the Pt nanoparticles caused
additional peaks to appear in the CV (which were not seen with bare M-N-C or typical Pt NPs)

signifying a change in a molecular binding behavior of the Pt active surface.

Despite the slight sample-to-sample variation for metal weight loading (for Pt and metal
dopants), there were no observable trends in the sample set for the dependency of activity or
electrochemically active surface area with the metal loading amount. Although it’s been shown
previously that higher Pt loading samples typically perform better than lower loading samples
(when normalized to total metal weight), the target loading of this work was 10-20 wt. % Pt in
order to prevent total activity domination from the platinum with ultra-high loadings (>40 wt.

%) and to prevent the inactivation of platinum with ultra-low loadings (<5 wt. %).”®
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5.5 Catalyst Peroxide Yields

Our results show widely ranging peroxide yields (up to 25%) among the bare M-N-C
catalysts, however there are no clear periodic trends for the total amount of peroxide production
among different transition metal dopant elements (Fig. 4). Despite recording peroxide yields
ranging from 3% to 25% from the bare M-N-C catalysts, the hybrid Pt/M-N-C catalysts saw a
dramatic reduction in total peroxide yield across all samples with none surpassing 3% (Fig. 4).
Interestingly, the trends in peroxide yield do not match between the bare M-N-C catalysts and
the hybrid Pt/M-N-C catalysts (i.e., the lowest or highest yield for bare catalysts does not
always match the lowest or highest yield for hybrid catalysts). These results are aligned with
previous reports of utilizing ultra-low doping of Pt nanoparticles onto M-N-C catalysts for the

sequestration of the corrosive peroxide by-product.”®
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Fig 5.5 — (a) CO stripping peak onset vs. peak maximum potentials and (b) baseline-corrected
CO oxidation curves.

5.6 Carbon Monoxide Oxidation

To further investigate the effects of the M-N-C material as a support towards the surface
properties of the Pt nanoparticles, we tested the CO oxidation by the hybrid Pt/M-N-C catalyst

library. The ORR active site on the M-N-C support is presumed to be inactive for the CO
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oxidation reaction and the Pt nanoparticles are taken from the same synthetic batch, thus any
shifts or shape changes in the CO oxidation peak is assumed to be due to the effect of changing
the support material (i.e., the atomically dispersed metal sites influence onto the Pt active sites).
From the baseline-corrected CO stripping curves, we find that samples differ in peak shape
(with some samples recording two distinct peaks and others recording a singular peak) as well
as peak position (onset potential and max intensity peak location) (Fig. 5). Looking at the graph
of the compiled data (Max Intensity Peak Position vs. First Peak Onset), we see that the
samples lie on a general linear trend (Fig. 5). This linear trend represents that the FWHM of
the main CO oxidation peak of all samples is fairly similar and suggests that the mechanism
of CO oxidation among all samples is the same, as expected. Therefore, the CO oxidation peak
shifts must be mainly affected by the nanoparticle-support interactions from changing the M-
N-C material, arising from the element change in the single atom metal sites. The CO oxidation
reaction shows that the platinum catalytic surface activity can be altered by different M-N-C
materials suggesting an influence of the electrostatics of the support material onto the
nanoparticles and, in this case, resulted in samples shifting towards better or worse CO

poisoning tolerance.
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Fig 5.6 — (a) Triangular wave potential sweep patterns for the low potential (load cycling) and
high potential (start-up/shut-down) regions, (b) ORR linear sweep voltammograms (taken at 5
mV/s) as a fresh sample and after 5,000 and 10,000 cycles of the Pt standard and hybrid Pt/M-N-
C catalysts, (c) half-wave potentials at 0/5,000/10,000 cycles of bare and hybrid catalysts.

5.7 Catalyst Durability Under Load-Cycling and Start-Up/Shut-Down Protocols

The carbon support is known to significantly impact the catalyst durability through its
materials properties (i.e., carbon porosity, surface chemistry, and graphitization) and previous
works have hypothesized that the strengthened nanoparticle-support interactions as well as the
strengthened ionomer-support interactions of incorporating M-N-C materials contribute to
these effects.’>!® Although the true behaviors are yet to be determined, the atomically dispersed
metal sites is believed to have strong interactions with the Pt nanoparticles (possibly with
anchoring and electrostatic effects) and similarly, the effect of nitrogen doping of the support
is believed to aid in the anchoring of the ionomer, both of these effects may provide better
ionomer coverage of the nanoparticles while possibly decreasing the nanoparticle diffusion
and dissolution.®?11%° To elucidate these effects, we compared the degradation behaviors of 5
samples (Pt/C standard, Pt/Fe-N-C, Pt/Rh-N-C, Fe-N-C, and Rh-N-C) over two potential
ranges (0.6V-1.0V vs. RHE for a drive cycle protocol and 1.0V-1.5V vs. RHE for a start-up
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shut-down protocol) (Fig. 6).25! In the lower potential range (0.6V-1.0V vs. RHE), which
typically affects the Pt nanoparticle degradation more, we found that the Pt/FeNC and the Pt/C
standard had essentially no losses while the other samples degraded only slightly after 10,000
cycles. However, in the higher potential range (1.0V-1.5V vs. RHE), which typically affects
carbon corrosion degradation more, we found that all samples had significant degradation with
the Pt/C standard suffering the least. Interestingly, the bare Fe-N-C catalyst suffered much
more than the Pt/Fe-N-C hybrid catalyst suggesting the possibility of the strengthened
nanoparticle-support interaction. An important note however, is that the M-N-C materials
made in the fashion of a sacrificial support method may not be the ideal support system for
degradation improvements as the graphitization amount is typically lower than other types of
carbon-based supports (such as Vulcan carbon blacks and metal-organic-framework-based M-

N-C materials).1>"158
5.8 Conclusions

In summary, we’ve synthesized a collection of M-N-C catalysts and test them with and
without Pt nanoparticles to build a periodic trend for the oxygen reduction and carbon
monoxide oxidation reactions. From our tests, we found volcano-type trends for the bare and
hybrid catalysts towards the oxygen reduction reaction and linear-type trends towards the
carbon monoxide oxidation reaction. The results strongly suggest that the interactions that
occur between the Pt nanoparticles and the M-N-C support materials is likely due to the
changes in the atomically dispersed metal dopant elements. Although the mechanism is still
unknown, it’s possible that the electrostatics of the carbon support surface may change with
altering the metal dopants which can have a significant impact on the surface properties of the

Pt nanoparticles. From these results, it would be expected that an ideal multimetallic M-N-C
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material could be formulated to change the electrostatics in a way that may improve the activity

and durability of the Pt nanoparticles.
6. Conclusions and Outlook

The conclusions of this work can be split into the follow sections: (1) nanoparticle-support
interactions, (2) nanoparticle-ionomer interactions, and (3) support-ionomer interactions. From the
work in chapter 3, we hypothesized and examined a few of the important interactions between the
active nanoparticles, the carbon support, and the ion conducting material. Based on previous
works, we expected that the introduction of porous (or advanced structured) nanostructures may
lead to issues of either mass transport or electric conductivity to the active sites and that the
ionomer structure in a solid-state system would be highly inefficient in covering the catalyst
powder. We proposed the following: (1) the ion conducting material should be tailored in a way
that can allow for consistent coverage of the catalyst, (2) the nanoparticles should be designed in
a way that all active sites can be easily accessible, and (3) the introduction of a “buffer” layer

(likely being ionic liquids) can mediate the issues of mass transport toward the active sites.

In chapter 4, a novel nanostructure (the nanoflower) was characterized and integrated into an
MEA to understand the challenges of designing and integrating porous structures in a solid-state
system. What we found through characterization of the nanoflower structure was that the
nanoflowers were largely monocrystalline thus leading to small amounts of microstrain and
surface distortion. These findings corroborating with the improved activity in RDE testing
suggested that the nanoflowers had active sites that exhibited far greater activities than others,
however these improvements were lost when transferring to fuel cell tests. It seems that regardless
of how the catalyst layer is prepared that the mass transport losses dominate in the solid state and

that porous nanostructures should be avoided. In addition, the monocrystallinity of the
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nanostructure did not aid in the longevity of the catalyst and the porous structure collapsed quickly
when going through operating procedures. In a positive note, the novel carbon monoxide cleaning
protocol was able to remove tightly bound organics from all active surfaces of the nanoflowers

and is a procedure that can be applied to most platinum-based nanostructures.

In chapter 5, a library of metal-nitrogen-carbon materials was tested for its ORR activity as
well as its usage as an active support for platinum-based nanoparticles. We found through the
testing for the oxygen reduction reaction and the carbon monoxide oxidation that the active site
(or surface) behavior changed dramatically depending on the single atom element that was doped
into the carbon support. We were able to draw periodic trends (either linear or parabolic) of both
reactions based on the doping elements. These results serve as a baseline for carbon support design
in which the surface energetics of the active nanoparticles can be tuned by the tuning of the carbon

supports.

From the results of this work, we would speculate that the next steps for development center
around the ion conducting material design as well as the support material design. Nanostructures
of all types still have issues with complete ionomer coverage and also suffer from the inverse
relationship of either adequate proton conductivity or oxygen gas transport which could be
mediated by a buffer layer (i.e., ionic liquids layer). Typical carbon black supports offer only
electron conductivity, however different surface functionalization or materials doping could allow
the carbon supports to improve activity and durability. More work must be done on understanding
the effects that the support material can have on the catalytic sites of the supported nanoparticles.
The development of pure M-N-C catalysts will also benefit from the understanding of the ionomer-
catalyst interfaces and the carbon modifications, which could lead to PGM-free catalysts that can

excess industry standards in the near future.
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