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ABSTRACT

The development of catalysts for the electrochemical processes of
hydrogen systems (e.g., fuel cells and electrolyzer systems) continues to be an
attractive area of research for renewable energy technologies. One significant
challenge has been developing hydrogen catalysts suitable for alkaline
environments, mainly due to the sluggish kinetics of hydrogen reactions. In alkaline
environments, the kinetics are decreased by two orders of magnitude when
compared to acidic environments. Chemical vapor deposition (CVD) is a
conventional method used to synthesize these types of catalysts. This effort
discusses extending work being done using a modified CVD process known as
“Poor Man’s” CVD (PMCVD) to tailor catalyst properties and inherently further its
impact in electrochemical catalyst application. PMCVD utilizes an inexpensive
vacuum oven to sublime commercially available and easily synthesized metal-
organic salt precursors, lowering synthesis cost while providing better control of
the catalyst properties such as patrticle size and distribution.

Herein, we describe the various efforts conducted to characterize
electrocatalysts produced via the PMCVD process to further elucidate this modified
CVD methods versatility and control. Additionally, we utilize a myriad of
electrochemical characterization techniqgues to measure the electrocatalytic
activates of catalyst prepared using this modified CVD method for the hydrogen
oxidation reaction (HOR) and hydrogen evolution reaction (HER) in alkaline media

through half-cell reactions. The study begins with the development of rate laws
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and deposition mechanism for the PMCVD process facilitated by measuring
particle growth as a function of metal loading. We investigate the impact varying
reaction conditions have on the crystal structure of the deposited nanoparticles.
We determine the PMCVD'’s efficiency in alloying identical and mixed crystal
structured metals through the development of bifunctional catalysts for the
HOR/HER. We studied the impact varying properties of carbon supports has on
the deposition method as well as how these properties impact the hydrogen
kinetics. We close this work by investigating the deposition of transition metals and
begin the necessary steps to elucidating the impact the addition of water has on
the deposition mechanism. These results provide a clear description regarding the
tuning of both physical and catalytic properties of nanopatrticles produced through

this deposition method.
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CHAPTER |
INTRODUCTION



Proton Exchange Fuel Cells

There is a growing need for alternative energy storage and conversion devices as
nonrenewable resources continue to be depleted. Currently, the United States receives
much of its energy from fossil fuels, with a slight increase in the use of renewable energy
sources in the last few decades[1]. One central system in the renewable energy field is
the fuel cell. Fuel cells have proven to be a viable option for power conversion due to their
high efficiencies, power densities, and scalability[2]. A fuel cell is an electrochemical
device that converts chemical energy into electrical energy via a galvanic process. In
general, fuel cells are named by the electrolyte that acts as a separator between the
anode and cathode.

The most common fuel cell device researched are Polymer Electrolyte Membrane
Fuel Cells (PEMFCs). These devices are primarily used for automotive and stationary/
backup power sources[3-8]. PEMFCs operate at low temperatures, approximately 60-
80°C. In a PEMFC, the separator or membrane allows water and protons to cross while
separating the reactants from one another. Moreover, the electrons that are produced
through the electrochemical reactions are passed through an external circuit creating a
current able to do work.

When operated in reverse, a fuel cell becomes an electrolyzer. A primary use for
electrolyzers is in hydrogen production via water splitting, e.g., electrolysis[9-12]. The
electrolyzer reaction products are pure Hz and Oz. Therefor if powered by renewable
electricity, these devices can be an eco-friendly alternative to other hydrogen reforming
processes that generate greenhouse gasses such as methane and hydrocarbon

reforming[11,13].



On the anode of PEMFCs, H2 is oxidized, producing protons and electrons through

the Hydrogen Oxidation Reaction (HOR), equation 1.

H, — 2H* + 2e” (1)

The resulting protons pass through the polymer electrolyte membrane, and the
electrons are sent through an external circuit. The protons and electrons are then used
as reactants for the Oxygen Reduction Reaction (ORR) on the cathode described through

equation 2. Equation 3 is the overall cell reaction for a PEMFC.

1
EOZ +2H" +2e- — H,0 (2)

1
H2 +§02—)H20 (3)

Cost, performance, and durability are the leading limitations to FC devices'
commercialization [14,15]. The hydrogen reaction is facile in these devices when
catalyzed by precious group metals (PGM). However, even under optimal conditions, the
oxygen reaction is sluggish, leading to Equation 2 governing most of the FC’s
performance making it the rate-determining step (rds) for the overall reaction, Equation

3[16,17]. Significant efforts have been made to improve the ORR to improve performance.

Anion Exchange Fuel Cells
Similar to the PEMFC is the anion exchange membrane fuel cell (AEMFC). In the
AEMFC, OH- ions are transported across the membrane instead of H* ions. The electrode
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reactions are slightly different in the case of AEMFC: hydrogen fuel delivered to the anode

is oxidized with OH" to produce water displayed in equation 4.

H, +20H  — 2H,0 + 2e~ 4)

On the cathode, oxygen is reduced to water via equation 5. Equation 3 still
describes the overall cell reaction for an AEMFC even though the transported ion is

different.
1
EOZ +2H,0 + 2e- — 20H™ (5)

As for the PEMFC, the anodic and cathodic reactions are known as the hydrogen
oxidation reaction (HOR) and oxygen reduction reaction (ORR), respectively. Likewise,
the membrane of the AEMFC provides separation of the fuel and oxidant, eliminating
internal short circuits while providing a pathway for anionic transfer.

In an alkaline electrolyzer system, water is supplied to the cathode, where it is
reduced to produce hydrogen gas and hydroxide ions via an applied potential shown by

equation 4R. This reaction is known as the hydrogen evolution reaction (HER).

2H,0 +2e~ —— H, +20H~  (4R)



On the anode, hydroxide ions are oxidized to produce oxygen gas and H20, shown
by equation 5R. This reaction is known as the oxygen evolution reaction (OER). Eq. 3R

describes the overall electrolyzer reaction for both PEMFC and AEMFC.

1
ZOH_—)EOZ+H20+26_ (SR)

1

AEM devices were developed in the early 2000s as inexpensive and earth-
abundant metals, or precious group metal (PGM)-free metals, were found to be useful as
electrocatalysts for the O2 reactions in alkaline mediums[18-21]. PGM-Free metals' use
ultimately reduces cost while maintaining O2 reaction rates, sparking interest in AEM
research in the FC community, as costly PGMs are the primary catalysts for both anodic
and cathodic reactions for PEM devices[22]. In each of these systems, a catalyst is used
to lower the activation energies and increase the rate of their respective reactions.

Unlike PEM systems, in AEM systems, efficiency is lost due to sluggish kinetics of
both the HOR/HER, and the ORR/OER[23-26]. The development of highly active
hydrogen catalysts for AEMFCs has become of important due to the possibility of lowering

system cost by moving towards AEMFC[27].

Rationales for the Sluggish Kinetics of Hydrogen Electrocatalysts In Alkaline

Media

It is widely accepted that the HOR /HER precede through the elementary reactions

known as Tafel, Heyrovsky, and Volmer mechanisms. The Tafel step being purely



adsorption driven, and the Heyrovsky and Volmer steps being adsorption and electron
transfer driven. Additionally, the hydrogen reactions typically proceed through a variation
of either a Tafel-Volmer or Heyrovsky-Volmer process. It is widely accepted that the

Volmer step is the rate-determining step[23,28].

Tafel: H, + 2M < 2H 4 (6)
Heyrovsky: H, + OH + M < H,; + H,0 + e~ (7)

Volmer: H,gy + OH" <M + H,0 + e~ (8)

In equations 6-8, H,,; denotes hydrogen adsorbed on an active catalytic site for
HOR/HER.

Pt was chosen due to its optimal balance in H2 adsorption strength and reactivity
in acid when initially seeking a hydrogen catalyst for alkaline environments[23-28].
However, this relationship changes as a function of pH. The exchange current density, io,
is a measure of the rate of the reaction where a larger io implies a more facile reaction[29].
As the pH is increased,0 so does the hydrogen binding energy (HBE), resulting in a
decrease in i0[30]. This relationship is known as the Hydrogen Binding Energy
Theory[23,24,30-32]. This theory ties the decrease in kinetics, io, to the increase in Hz
binding energy. The HBE is calculated by taking the peak potential, Epeak, in the Hupd
region and multiplying it by Faraday’s constant, F to give the Gibbs free energy, AGHge,
of hydrogen binding to the metal shown by Eq. 9[30].

AGypg = Epeak *F 9



Furthermore, density functional theory calculations of the HBE marry closely with
calculations using Eq. 9. Tafel analysis via fitting or linear current region extrapolation is
typically utilized to calculate io [24,28,33]. Desorption of hydrogen from the catalytic site
remains key to enhancing the kinetics of the HOR as the Volmer step is the rate-limiting
step. This implies that by manipulating the effective surface energy of Pt one can
decrease its HBE, increasing catalytic performance.

Several studies have found that bimetallic catalysts can impact the relative surface
energy of Pt by lowering its HBE, resulting in increased activity. This increase in activity
has been attributed to the Bifunctional Mechanism[34-37]. The Bifunctional Mechanism
suggests that the alloying of an oxyphilic metal to Pt promotes water dissociation, easing
the generation of Had as the reactant of the Hz recombination on adjacent Pt sites for the
HER. For the HOR, the adsorbed hydroxide anion on the catalytic site (OHad) hosted on
these oxyphilic sites facilitates the removal of Had on adjacent Pt sites[23, 34-37]. Thus,
the use of bifunctional catalysts lowers the Volmer step's energy barrier via the
bifunctional mechanism.

Aside from the two theories mentioned above centered on electrocatalytic
characteristics, two other accepted theories attribute the sluggish hydrogen kinetics to the
alkaline electrolytes’ characteristic, namely the HBE theory and bifunctional mechanism.
The Potential of Zero Free Charge Theory (PZFC) states that increasing the pH causes
the PZFC to shift more positively [38-40]. Therefore, the HOR/HER potential is more
negative to the PZFC. The shift in PZFC relative to the Hz reaction potential increases

transport limitations for OH- and H* in solution because of increased disorder of water



molecules in the double layer, which further increases the energy barrier for the Volmer
step[38].

This positive shift in the PZFC is also a direct function of the alkaline metal cation
(AM*) present in the alkaline solution[38-39]. The higher the atomic number of the AM™
the more positive the PZFC shifts, adding to the decrease in overall kinetics. The
concentration of the alkaline electrolyte also affects the kinetics of hydrogen reactions in
alkaline mediums. Higher concentrations of AM* allow for the development of OHau-
(H20)x-AM* adducts that aid in the HER as per the hard-soft acid-base (HSAB) theory,but
these adducts impede the HOR by destabilizing the OHad per the bifunctional mechanism.

This theory is known as the 2B theory, which takes into account the trend of
changing the AM* species per the HSAB theory[41,42]. The Volmer step becomes
equations 10 and 11 with the addition of the OHag-(H20)x-AM* adduct into the

reaction[42].

H,0 + (H,0), — AM* & H,y + OH,y — (H,0), — AM*  (10)

OH,y — (H,0), — AM* + e~ & OH™ — (H,0), — AM*  (11)

These AM+ adducts improve the Volmer step for HER by driving OHag into the bulk
electrolyte forming OH-, but ultimately hinder the HOR on Pt catalysts[23, 42]. These four
principal theories; The HBE Theory, The Bifunctional Mechanism, The PZFC Theory, and
the 2B Theory, have been the focus of study in order to increase hydrogen catalytic

activity for AEM devices.



Electrocatalysis For Electrochemical Devices

Electrocatalysts are an essential component of any electrochemical device. The
catalysts' function is to lower the activation energy of the redox reactions that occur in the
devices. These catalysts are conventionally metallic nanoparticles dispersed on
conductive supporting material, such as carbon[43-45]. This design lowers the catalyst's
overall cost by lowering the total metal content required while increasing electrochemical
surface area and providing conductive pathways via the conductive support. State-of-the-
art hydrogen catalysts for AEMFC are primarily precious group metal (PGM) based[24-
26, 28, 46, 47]. Studies of catalytic performance are generally compared to high surface
area carbon-supported nanoparticles of platinum (Pt/HSC or Pt/C), a staple in the FC
catalysis field [43-45, 48]. Other expensive PGMs, such as Ir, Ru, and Pd, have been
investigated as catalysts for HOR/HER; however, these catalysts have shown reduced
activity in rotating disk electrode (RDE) systems when used alone[24-26]. Inherently, Pt
alloys made with these noble metals have been utilized to lower the Pt content in the
catalyst layer (CL) and increase performance. PtRu/C bifunctional catalysts have
exhibited increased kinetic performance for the HOR/HER in alkaline electrolytes due to
the bifunctional mechanism[49].

Although PGM catalysts have proven to be sufficiently active for HOR/HER in
alkaline environments, their cost and still inadequate performance prevent alkaline
devices' general commercialization. Therefore, less expensive alternatives offering
similar performance to Pt have been sought. Various transition metals have been studied
for their performance as hydrogen and oxygen catalysts in both alkaline and acidic media.

These catalysts, classified as PGM-free catalysts, have become the great focus of current



research. These PGM-Free metals can be used alone or alloyed together or with PGMs
to improve activity. Nickel-based HOR/HER catalyst supported on carbon have become
the premier PGM-free catalysts, potentially allowing for a PGM-free AEM device[25, 26,
31, 46]. The state-of-the-art PGM-free catalyst is trimetallic CoNiMo, which exhibits a
fraction of PGM-based catalyst performance[25, 50].

In basic conditions, the durability of Pt/C catalysts is significantly lower than in
acidic. Basic conditions tend to be harsher, promoting carbon corrosion and contributing
to Pt dissolution/redisposition and agglomeration, decreasing the ECSA of the
catalyst[51]. Studies have been conducted to increase the durability of electrocatalysts
for FC systems. In HSC supported catalysts, the carbon can oxidize at operating
potentials resulting in Pt agglomeration, decreased conductivity of the catalyst layer (CL)
[44, 52-54]. Typical support alternatives have been metal-doped titanium oxides, which
are more resistant to oxidation [55-59]. However, these oxide supports exhibit lower
performance compared to Pt/HSC due to their relatively lower electronic conductivities.
Because AEMFC research is in its infancy, the durability of catalysts has been secondary

to performance in research emphasis.

Electrocatalysis Synthesis Methods: Atomic Layer Deposition

Atomic Layer Deposition (ALD), formerly known as Atomic Layer Epitaxy (ALE)
was initially developed to produce thin-film electroluminescent (TEFL) flat panels[60]. In
characterizing these panels, it was found the method deposited thin layers of material
with high uniformity on large area substrates. This method has been adapted to develop
other thin films and eventually nanoparticle material for use in various applications. There

are two classes of ALD reactors that are employed: inert gas flow and high-vacuum
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reactors. The choice of the reactor is dependent on the volatility of the utilized precursor.
The most common ALD reactors are inert gas flow reactors ranging in price starting at
$100,000.

ALD is a cyclic process of exposure and purges. The substrate that may itself be
functionalized is exposed to an initial precursor that deposits the desired metal on the
substrate through substitution reactions. A purge is then used to remove residual ligands
from the initial precursor and the reaction chamber is evacuated. A second precursor is
used to functionalize the newly formed surface of the deposited species. The cycle is
completed with a final purge to remove any residual secondary precursor. Once the first
layer is deposited and functionalized, the cycle repeats until the desired morphology is
met[60,61].

ALD is a self-limiting process; after the surface functionality is depleted, the
deposition stops, making it advantageous as a highly controlled synthesis process.
Additionally, ALD supports a wide temperature window, capable of utilizing various
materials as substrates and precursors[60]. A significant feature of ALD is that it does not
require constant homogenous flux of vaporized precursors to achieve high uniformity or
reproducibility as the reaction is purely surface driven[61].

The substrate surface must possess some initial functionality before deposition to
facilitate the initial exposure step of the ALD process[61]. Typical substrates are metal
oxides, where the oxygen functionality is exploited to deposit transition metals. In
electrochemical devices, carbon is an excellent support of choice, mainly due to its high
conductivity and low cost. However, these carbon supports are typically unfunctionalized,

leading to additional steps to prepare the support for deposition. The metal surface
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interaction (MSI) also increases using ALD compared to other deposition methods, as the
Pt molecules are chemically adsorbed onto the surface of the support, whereas the Pt is
physically adsorbed in other methods[61]. This increase in MSI leads to less
agglomeration in operating conditions, increasing the durability of the catalyst.

For electrochemical applications, ALD has been used to deposit PGM and PGM-
free metals on various surfaces as mono and polymetallic nanoparticles[62-69]. Because
of the high control, these nanoparticles range from 1-13 nm in diameter with minimal
particle size distribution. Particles of this size lead to lower cost of catalysts due to the
increased surface area with a smaller mass deposited[61]. Additionally, highly active
bimetallic Pt-M electrocatalysts have been developed through ALD such as PtRu, PtCo,
and PtNi, in various configurations of the deposits, such as core-shell nanoparticles and
alternating metal staked nanoparticles[61, 63]. Core-shelling places an oxyphilic metal
inside a Pt shell, which lowers the outer shell's hydrogen binding energy, thereby
enhancing performance. In alternated metal stacked nanoparticles, the ALD cycle adds
a third metallic precursor, and the deposited metal is alternated to form alloys.

ALD has proven to be a highly controlled facile way to produced electrocatalysts
for electrochemical devices making it a useful technique in research. However, the high
cost of the reactors and precursors leads to an increase in the final product's cost.
Although conventional ALD can produce a film of 100-300 nm*h-!, the scalability of ALD
is completely dependent on the reactor size, limiting the yield of catalyst prepared [60].

These limitations make ALD less attractive for commercial catalyst producers.
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Electrocatalysis Synthesis Methods: Solution-Based Methods

Solution or chemical reduction-based synthesis processes are fundamental in the
development of catalysts for a myriad of applications. For this reason, this method has
become the standard technique in synthesizing commercially available catalysts for low-
temperature FCs[70-73]. Because of this method's versatility, efforts have been made to
systematically increase the activities of the hydrogen and oxygen reactions in these
devices by controlling the size and distribution of the deposited nanoparticles and
controlling their shape to promote higher reaction rates[74-78].

The most common reduction synthesis process for platinum electrocatalysts
involves a precipitation method, where the catalyst support is suspended in deionized
water and mixed vigorously. The pH of the water is raised via the addition of a base such
as NaOH. The addition of chloroplatinic acid (H2PtCls-6H20) and a reducing agent (e.qg.,
hydrogen, formic acid, or formaldehyde) results in an acid-base elimination reaction,
reducing the Pt precursor to its constituents. The precipitated Pt is then deposited onto
the support’s surface. The slurry is then rinsed, filtered, and dried, resulting in bulk catalyst
synthesis[70]. Finally, a heat-treatment is applied to the bulk catalyst to reduce the metal
nanoparticles fully. This method has been popularized due to its low cost and high output
of reactive PGM catalysts.

In solution-based methods, the growth of these nanoparticles is influenced by the
reactant concentration, reaction temperature, pH, and time[76]. Varying these
parameters, as well as adjusting the reactant ratios, has led to several improvements in
catalytic activity as well as novel conformations of nanoparticles[74-77]. Particle size is a

leading factor in improving the catalytic activity as smaller particles increase the effective
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surface area. Additionally, the exposed predominate crystal facet on the surface of the
nanoparticles causes variation in performance due to the variations in surface
energies[74,75].

Solution-based methods have been used to produce a variety of catalyst for
electrochemical applications. A common product developed using this reduction process
is Pt nanoparticles supported on carbon[75,78]. The particle sizes obtained using this
method range from 1-4 nm. The selection of the solvent or base used in these reactions
is the main factor in the particle size variances[78]. Additionally, Pt-M electrocatalysts are
prepared using this method; these catalysts can be metal alloy particles, core shells,
clusters-in-cluster, or shaped-controlled alloyed nanoparticles. For metals with FCC
atomic coordination, the {111} plane family has the lower surface free energy, making it
the most stable facet for these reactions to take place. Although less stable than the {111},
the {100} and {110} families are assumed to be more reactive. As such, the design of the
nanoparticles synthesized through reduction methods is centered on obtaining high {111}
surface area and reducing the concentration of other orientations on the exterior[74,75].
To achieve this, shapes such as nanoplates, tetrahedra, cubes, cuboctahedra, and
octahedrons, are commonly developed, improving either stability through increased {111}
concentrations (Tetrahedra and octahedron), reactivity through fixed structures with {100}
& {110} families only (cube, rhombic dodecahedron), or both by combining these planes
in an ordered fashion such as a truncated octahedron[]. Due to the amount of material
needed (i.e. the number of atomic layres in the particle) to produce these unique
nanocrystal geometries, the size of the deposited nanoparticles increases to 5-20 nm[74-

78].
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Although the process can be tuned to achieve the desired shapes and size, the
synthesis process is still challenging to control as the substrate is dynamic and promote
the homogeneous distribution of the deposited metal. However, a way to control the rate
of agglomeration has not been discovered, leading to decreased reactivity of the
electrocatalysts in operation[74]. Additionally, the particle sizes required to produce the
novel geometries of catalyst that increases performance increases the amount of Pt in
the electrocatalyst of PEM/AEM devices. This is counterproductive for the
commercialization of these catalysts, although they provide interesting findings for a
solution to the balance of cost and performance/durability in the future. Regardless, this
method is typically selected as the main means to synthesis commercial-grade
electrocatalysts due to the product yield being tied to the volume of the reaction vat and
recovery process. Furthermore, the synthesis of the chloroplatinic acid precursor is facile,

reducing catalyst synthesis cost per grampt.

Electrocatalysis Synthesis Methods: Conventional CVD

CVD is a broad colloquial term used to describe processes that involves the
vaporization of a precursor and subsequent decomposition and deposition of the desired
component of that precursor on a substrate. ALD is a form of CVD. CVD methods have
been used in several aspects of catalyst synthesis for electrochemical devices[79-89].
The main products of this method are various structured carbons supports such as
nanowires, nanotubes, and graphene sheets. Due to the multiplicity of this process, CVD
is also employed to deposit metals and metal-organic compounds as films,

powers/particles, and fibers.
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Conventional CVD methods are described by a 7-step process: 1: a solid or liquid
precursor is either sublimed or vaporized respectively and injected with a carrying gas to
the reaction chamber, 2: the reactants in the vapor diffuse into an initial boundary layer
below the flow stream of the carrying gas, 3: the reactants then come in contact with the
substrate where 4; deposition takes place; 5: gaseous byproducts are then diffuse away
from the substrate to the boundary layer; 6: the byproducts are then diffuse through the
boundary layer and 7: evacuated out with the residual carrying gas and undeposited
reactants. The rate of deposition is determined by the slowest rate throughout these
sequential steps.

The phase of the precursor used in CVD can vary based on the type of CVD being
conducted. The most applicable CVD form for our studies is metal-organic chemical vapor
deposition (MOCVD). This process utilizes solid metal organic salt precursors, which can
be vaporized at lower temperatures (300-800 °C) than general thermal CVD, under
pressures ranging from 0.13 kPa to atmospheric. In MOCVD, the equipment and
precursors used in CVD are commercially available but expensive; therefore it is typically
used in applications where high quality is essential[82-85, 90].

As previously mentioned, CVD is primarily used to prepare supports for
electrochemical devices. Carbon nanotubes provide high surface areas, enabling smaller
particles to be produced through solution-based deposition processes. The combination
of CVD and reduction methods is common in literature. The CVD process allows the
production of highly ordered carbons with reduced surface functionality, whereas the
solution synthesis enables rapid deposition of metals on the support. Conventional CVD

produces nanoparticles that are ~2-4 nm in diameter when used to synthesize Pt/C
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electrocatalyts[83, 84]. Additionally, CVD is capable of alloying metals in a controlled
manner [91, 92].

Like ALD, CVD is not restricted to a “line of sight” deposition allowing the deposition
to occur in deep recesses of various supports and sacrificial templates such as inside
nanotubes[90]. These voids can be coated or filed based on the concentration of
precursor used. The rate of deposition for CVD is high and is a function of the precursor
used. The variations in deposition rates are closely tied to the decomposition rates for
each precursor. Additionally, a high vacuum is not required for many CVD methods,
enabling the deposition of various elements at the same time such that vaporization
conditions for the limiting reagent are met[90]. Although these advantages describe CVD
to be a holistic solution to many problems in synthesis, there are some disadvantages
outside of cost that dismiss it as the absolute method. MOCVD has significantly reduced
the necessary temperatures required for conventional CVD (<600 °C); however, several
supports are nonetheless unstable even at the temperature range for MOCVDI[90].
Moreover, the decomposition by-products of CVD can be toxic, requiring neutralization of

these volatiles, potentially increasing cost as well.

Modified CVD Method

Cost, particle dispersion, and control of particle size must be considered in the
development of a commercially viable catalyst synthesis process. Sublimation of metal-
organic compounds has proven to be a convenient process at lower synthesis costs.
Recently, catalysts have been synthesized employing a modified CVD process at the
University of Tennessee, known as the Poor Man’s CVD method[89, 93-98]. This process

has produced highly dispersed catalyst on various supports verified by scanning
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transmission electron microscopy (STEM). In this process, a low-cost vacuum oven is
utilized to allow for lower decomposition temperatures of metal-organic salt CVD
precursors. One intriguing product of this process is unsupported Pt nanotubes
synthesized by depositing Pt on a sacrificial anodic alumina template, which exhibits
higher mass and specific activities than commercially available Pt/C catalysts[96].
Furthermore, the PMCVD process has been used to develop precious metal alloys
that exhibit better performance than Pt alone in a solid acid fuel cell, characterized by
polarization curves[93]. In addition to the capability of alloying metals with PMCVD,
unsupported bimetallic nanotubes have been synthesized, again with higher mass and
specific actives in comparison to conventionally synthesized commercial catalysts. The
nanotube synthesis process has produced extremely high geometric surface area
catalysts verified by the Brunauer Emmett and Teller (BET) surface area analysis method.
The PMCVD process involves mechanically mixing an electronically conductive
support with a chosen metal-organic salt precursor followed by sublimation of said
precursor at low pressure and elevated temperature. The typical precursors used for this
procedure are metal acetylacetonates (M(acac)x) [M*(CsH7Oa)x]. These precursors have
been chosen for their low decomposition temperatures and minimal oxidation of the
deposited metal at low-temperature ramp rates[66]. The decomposition temperature of
the air-stable and commercially available Pt(acac). complex is about 237 °C, and its vapor
pressure is approximately 0.5 kPa at 210 °C. The decomposition of the acac ligand results
in the deposition of metallic particles on the support on the order of ~2-4 nm confirmed

via scanning transmission electron microscopy (STEM)[93-95, 98].
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Studies of the decomposition of the metal-organic precursors’ mechanism
analyzed via gas chromatography-mass spectrometry (GC-MS) show that cationic metal
is reduced to metallic metal at the expense of the oxidation of the acac ligand. Oxidation
of the cationic metal subsequently occurs when the acac or HFac [M™(CsH1FsOa4)x] ligand
is not entirely oxidized, resulting in metal oxides depositing on the support[81, 82]. The
reduction or oxidation of the deposited metal was discovered to be a function of time,

temperature, and pressure [99, 100].
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CHAPTER Il

ON THE DEPOSITION MECHANISM AND MATERIAL

CHARACTERIZATION OF MODIFIED CHEMICAL VAPOR DEPOSITION

SYNTHESIZED CARBON SUPPORTED PLATINUM NANOPARTICLES
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Abstract

Chemical Vapor deposition (CVD) is a common technique utilized to synthesize
catalysts for electrochemical devices. Typical CVD processes involve the sublimation of
various metal-organic salt precursors in a separate reaction chamber, followed by the
vapor being transported through a deposition chamber via a carrying gas and subsequent
deposition of the metal on a support. Our modified vapor deposition process eliminates
the multistage reactor and simplifies the reaction to a single vat process. In this study, we
look at the deposition process's efficiency concerning the amount of recovered metal to
demonstrate its high metal recovery and throughput. We discuss the deposition
mechanism and rate laws for the modified process determined by varying the metal-
organic salt precursor's concentration and analyzing the deposited nanoparticles through
various material characterization techniques. Lastly, we do a thorough analysis of the
deposited species to confirm that the modified deposition process requires a single step
to produce fully reduced Pt nanoparticles, with diameters averaging 3 nm, which can be

immediately used as a catalyst for various reactions.

Introduction

Many techniques are used to develop electrocatalysts for electrochemical devices
such as fuel cells and electrolyzers. One common practice is chemical vapor deposition
(CVvD)[85-88]. Conventionally in this technique, a metal-organic salt is sublimed, passed
through a reactor tube via a carrying gas. The metal precipitates from the vapor due to
thermal gradients in the tube. The metal is then deposited onto a substrate or supporting

material, resulting in a final product. The products range from sheet deposition to
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nanoparticles[79-88]. The residual vapor, containing some undeposited metal, passes
along with the carrying gas as waste. The recovery of these metals can be significant
when using precious group metal precursors (e.g., Platinum, Palladium, and Gold) as the
production cost increases, resulting in a more expensive final product[83-85, 87,88].
Other synthesis methods offer higher recovery regarding mass conservation efficiency
than conventional CVD.

These aforementioned techniques, such as atomic layer deposition (ALD) and
sputtering, result in a lower deposited metal loss [60-69, 101-103]. Although these
techniques enable higher yields of recovered metal on the substrate, the manufacturing
cost and production time outweigh the efficacy increase when scaled for commercial
development[60, 61, 65, 66]. A more accepted process is solution-based synthesis, in
which the deposition reactions occur in a flask[70-78]. Utilizing a single vat process allows
for lower production costs. However, these heterogeneously synthesized electrocatalysts
often require post-synthesis treatments to refine the product, which decreases the output
efficiency for commercially sustainable products.

In 2012, a nonconventional CVD method was explored by the Zawodzinski Group
to synthesis electrocatalysts for various electrochemical reactions and devices. Similar to
conventional CVD, they utilized a metal-organic salt precursor[49, 93-98]. By mixing the
salt with supporting material, they have produced highly dispersed metallic nanoparticles
of uniform size while accounting for a large majority of the metal's initial mass in their final
product. This process typically occurs in a single-step, like ALD and sputtering, removing
the need for post-treatments necessary in solution-based methods. This streamlined

process ultimately reduces the time and cost of synthesis.
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Although this method consistently produces uniform and well-distributed metallic
nanoparticles, there is still much unknown regarding the CVD variant's deposition
mechanism. Many studies have been conducted to understand conventional CVD
precursors' decomposition mechanisms. Nesibulin et al. studied Cu(acac)2 extensively,
where they determined that the full reduction of the metal is at the expense of oxidation
of the acac ligand, leading to fully reduced nanoparticles deposited on a substrate[82]. In
addition to this process's unknown deposition mechanism, the impact of the metal-organic
salt precursor concentration on the product's nanoparticle size and distribution has not
yet been investigated.

In this study, we investigate the impact of varying the concentration of a platinum
acetylacetonate [Pt(acac)2] precursor on the modified chemical vapor deposition
process. Through this, we propose a stepwise deposition mechanism for the nucleation
and growth process during the deposition process and propose rate laws for the

associated deposition steps.

Experimental

Nanoparticle Synthesis. All catalysts were synthesized using a modified chemical
vapor deposition process using Vulcan Carbon XC-72R (Cabot) supports and a platinum
acetylacetonate precursor. The powdered Platinum (I1)(2,4)-pentanedionate [Pt(acac)2]
(Alfa Aesar) precursor was mechanically mixed with the Vulcan XC-72R carbon support
in glass vials to achieve the appropriate final metal loading of 10, 30, and 50 wt% Pt; total
mass was 50 mg for each sample. The vials were then placed into a vacuum oven along
with a separate vial containing a small amount of deionized water (Milli-Q, Millpore). The

oven was then sealed, evacuated with ultra-high purity N2 to 28.37 kPa, and the
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temperature was set to 210 °C. After 15 hours, the oven was turned off, and the residual
volatiles were purged from the oven chamber three times. The oven was then left to cool
until the oven temperature was 50 °C. At this time, the oven was then brought to
atmospheric pressures, and the vials were left to cool to room temperature in an ambient
environment. Once equilibrated, the products were then measured to determine the
deposited metal mass via a mass balance. Table 2.1 provides details of the mass balance

and the percentage of Pt recovered.

Materials Characterization: The various Pt/ XC-72 catalysts were analyzed using
x-ray diffraction (XRD), transmission electron microscopy (TEM), and x-ray photoelectron
spectroscopy (XPS). XRD patterns were obtained using a Siemens D5000 diffractometer
using Cu radiation (I=0.154184 nm, 30kV 40mA, 0.05° step, 1.0 °/min) in a Bragg-
Brentano geometry. Aliquots of catalysts suspended in isopropyl alcohol (IPA) were
smeared onto a zero-background quartz sample holder. The IPA was evaporated before
measurements. Peak width analysis was performed using Igor Pro using a Voigt wave
fitting function. TEM micrographs were taken using an FEI Titan ETEM with Image Cs
corrector operating at 300 keV, equipped with a Gatan K2-1S direct detection camera and
a Gatan single-tilt holder. The electron flux to the sample was limited to 10 e/px/s to
minimize beam damage. XPS measurements were performed on a Kratos Ultra DLD
spectrometer using a monochromatic Al Ka source operating at 150 W (1486.6 eV). The
operating pressure was 5 x 10-9 Torr. High-resolution Pt 4f and C 1s spectra were
acquired at a pass energy of 20 eV. The XPS data was processed using Casa XPS

software.

24



Table 2.1: Mass Balance/ Platinum Recovery

Sample Name| Initial mass Expected mass Recovered mass Recovery Efficiency
(mg) (mg) (mg) (%)

10% Pt/ XC-72 10.1 5.0 4.6 92

30% Pt/ XC-72 30.2 15 15 >100

50% Pt/ XC-72 50.4 25 24.4 97.6
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Results and Discussion

Our mass balance displayed in Table 2.1 shows that this nonconventional CVD
method is highly efficient in retaining Pt throughout the deposition process. The mass
efficacy was calculated by comparing the expected Pt mass, calculated based on the
initial measured mass, to the recovered Pt mass post-deposition. The scale used has a
reliability of 1.0 mg, thus our efficacies approximate the modified CVDs metal recovery.
The average recovered mass efficiency is 96.5%. This method proves to be a viable
option for developing products using precious metal-organic salt precursors as an
increase in recovery efficacy lowers production cost.

X-ray diffraction was used to determine our sample's phase and crystallite size.
Figure 2.1 shows the diffraction patterns for our three samples.
The Platinum (111) peak intensities relative to the carbon (002) peak results from varying
the concentration of Pt in our samples. The noise to signal ratio observed decreases as
we grow larger crystallites in our sample. We measured the crystallite size by analyzing

the Pt (111) facets’ peak width using the Scherrer equation, Equation 2.1. Where L is the

A x0.94

B xcosg ZD

crystallite size, bv is the Full Width at Half Maximum (FWHM), of the Pt (111) peak, | is
the wavelength of the incident x-ray beam (1.5406 A), and q is the Bragg angle of

diffraction for the Pt (111).
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Figure 2.1: Cu K X-ray diffraction patterns of varied wt. % of Pt on XC-72. The peak

intensities associated with the various planes of diffraction in the Pt nanoparticles

increase with an increase in Pt loading.
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Because of the small crystallite size, analyzing the crystallite size through Sheerer
equation alone, only provides an estimate of the deposit’s crystallite size. Other factors
such as microstrain and sample surface displacement can impact this calculation. A
Rietveld Refinement would allow for lower error in the determination of the crystallite
sizes. However, for comparison purposes, the utilization of Equation 2.1 is sufficient. This
rational is relevant though the document.

Table 2.2 provides the calculations of each sample's lattice parameters using the
peak location of the Pt (111) facet. To determine each sample's lattice parameter, we
calculated the interplanar spacing, d, using Braggs Law, Equation 2.2, using the same
variables defined in Equation 1. We then calculated the lattice constant, a, using Equation
2.3, where h, k, and | are the miller indices associated with the diffracted plane analyzed

in Equation 2.2.

A=2dsin@ (2.2)

a
dy) = — 2.3
N (2.3)

Figure A2.1 further illustrates our findings by plotting crystallite size vs. loading.
Using a linear fit, we show that by varying the metal-organic salt precursor's
concentration, we can tailor the crystallite size observed in our samples with a high
correlation factor of R>= 0.96. The slope depicts the crystallite size growth as we increase

the metal loading.
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Table 2.2: Crystallite size and lattice parameter of 10, 30, and 50 wt. % Pt/XC-72.

Standard deviation is included for the average measured particle size in parentheses.

Lattice parameters were calculated using Braggs Law. Crystallite size, L, was calculated

using the Scherer Equation. Particle sizes were determined by manually measuring the

diameter of 100 nanoparticles using ImageJ software.

Sample Name a Peak Position FWHM (°) L (nm) Particle Size
(A) (20) (nm)
10% Pt/ XC-72 3.91851 39.813 4.256 1.99 2.48 (.65)
30% Pt/ XC-72 3.91511 39.849 3.403 2.48 2.88 (.58)
50% Pt/ XC-72 3.92217 39.774 2.557 3.30 3.42 (.91)
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From the diffraction pattern analysis, we further assess that regardless of metal
loading, the deposition process provides consistency in the phase deposited at the given
reaction temperature and pressure. The indicated phase of the deposited nanoparticles
is metallic Pt (FCC). Moreover, we do not see any evidence of residual acac ligand or its
derivatives from the decomposition of the precursor in the diffraction pattern. Thus, we
can assume that the reaction conditions are sufficient for the metal-organic salt precursor
to fully decompose, producing reduced Pt nanoparticles as the deposited species on the
XC-72 carbon support.

To understand how varying the concentration of the metal-organic salt precursor
affects the deposition products, we analyzed the samples using TEM. Figure 2.2 depicts
micrographs of the varied concentration samples at two different magnifications. In the
upper line of micrographs, we show a large field-of-view, with a scale bar of 50 nm, clearly
displaying the Pt nanoparticles deposited on the XC-72 carbon support. In these
micrographs, we see that as we increase the Pt precursor concentration, we see a direct
correlation to the amount of agglomeration observed. The agglomeration appears to be
more predominant where the carbon support nanoparticles meet. We also see smaller,
less dense particles on the carbon particles' surface. The density of atoms found in the
nanoparticles can be assessed through the variations in contrast. The higher density
particles appear darker in bright-field scanning transmission electron microscopy (BF-
TEM). We see this phenomenon more in Figure 2.2f, where the concentration of Pt is
highest, as the particles on the carbon support surface are smaller in size than those

where the carbon particles meet.
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Figure 2.2: TEM Micrographs of (a &d) 10% Pt/ XC-72, (b&e) 30% Pt/ XC-72, and (c & f)

50% Pt/ XC-72. Insets of histograms of measured particle size included in higher

magnification images for the respective Pt loadings. Results show the increase in particle

size as Pt loading increases.
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We measured the average particle size for each of our samples using the higher
magnification micrographs. These measurements were accomplished by measuring the
diameters of 100 particles manually with ImageJ software. The average particle sizes are
included in Table 2.2, with standard deviation included. We found that as we increased
the concentration of the metal-organic salt precursor, the average particle size increased
accordingly. We also observed an increase in particle size distribution, shown through
variations in the x-axis of the histograms in Figure 2.2, leading us to infer that the size
distribution induced by the deposition process is a function of the support’s physical
properties. This finding concludes that the deposition process is a multi-step progression
beginning with the nucleation and propagation of Pt seeds that migrate along the carbon
surface to lower energy states on the carbon surface.

XPS was conducted to probe the surface of the electrocatalysts to verify the XRD
results of the deposited species, being metallic Pt nanoparticles. These results are shown
in Figure 2.3. Each sample was executed three times, and the results were averaged.
The symmetry in the Pt 4fs2,72 peaks shows that the deposited nanoparticles are indeed
metallic Platinum. We can also compare the measured intensities to the theoretical
envelope for metallic Platinum and asses them to be virtually the same. These findings
are evidenced in each sample, implying that the precursor concentration has no bearing
on the full decomposition of the acac ligand leading to the reduction of the Pt. These
results corroborate the XRD analysis proving that the modified CVD process successfully
produces metallic Pt nanoparticles of roughly 2-3 nm in diameter in a single-step, single-

vat process.
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Figure 2.3: XPS results from each electrocatalyst depicting the theoretical phase for
metallic Pt in dashed lavender. The black curve shows the average fit of the measured

data. The results indicate that each sample contains purely metallic Pt.
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Our characterization shows that our modified method is similar in form to
conventional CVD deposition process[81,82 85-88]. Figure 2.4 illustrates the proposed
deposition mechanism for the PMCVD process. In this figure, we only depict the relevant
molecules for each step. The process is initiated by the thermal decomposing of the
Pt(acac)2 precursor, breaking down the acetylacetonate ligand into its various gaseous
subcomponents previously uncovered via in situ gas chromatography, mass
spectroscopy experiments by Nesibulin[81,82]. These subcomponents remain in the gas
phase until purged out later in the deposition process.

Because the reaction takes occurs at temperatures and pressures above the
vaporization conditions for Platinum, we assume complete vaporization of the metal-
organic salt precursor[105-108]. Through the addition of H20 in the reaction chamber, we
drive the full reduction of the Pt by increasing the concentration of O2 in the reaction
chamber. This aids in reducing the amount of available free radicals produced through
the decomposition of the acac ligand with the metal surface, promoting the formation of
Pt dimer intermediates[107]. These fully reduced Pt dimers subsequently deposit on the
carbon surface as Pt seeds. The Pt seeds can then migrate across on the surface to lower
energy states, where they coalesce to form nanoparticles[109,110]. These lower energy
sites appear to be at the unions of the carbon nanoparticles, as previously described in
our TEM analysis. With higher concentrations of Pt, the nanoparticles then continue to

coalesce to form agglomerates.
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Figure 2.4: Proposed deposition mechanism for the modified CVD process using a

Pt(acac)2 precursor. Materials and their subcomponents are labeled in the legend.
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We use rate laws to express the deposition as variables that lead to nanopatrticle
growth and agglomeration development. We describe the deposition as a simple
interaction between the Pt molecules and the nucleation sites available on the carbon

support; this is shown in equation 2.4, where the * symbol denotes a nucleation site.

Pt ++xo Pt —=* (2.4)

The rate of this reaction is assumed to be bimodal in nature, where we assume a
rate law for nucleation and a separate one for growth. The rate for nucleation is assumed

to be second ordered given by equation 2.5:

RateNucleationl = ktl) [Pt] [NS] (2.5)

In this equation, Ns denotes the available nucleation sites for the support, S. Once
all sites are filled, e.g. [Ns]=0, the deposition rate changes, and the reaction continues
until the concentration of Pt, produced from the decomposition of the metal-organic salt
precursor, is zero. Thus, we propose a rate law to express nanoparticle growth,
coalesces, and agglomeration. Equation 2.6 describes the growth rate as a first-order

reaction, which is a function of the reduced Pt concentration.

Rategyowtn, = k3[Pt] (2.6)
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More energy is needed to initiate the decomposition of the metal-organic salt
precursor, leading to the nucleation necessary for particle growth; therefore,
Knucleation,1<<Kgrowth,2. These rate laws are supported by our microscopy analysis, where
higher concentrations of Pt lead to larger particles and subsequently more agglomeration.
Additionally, it is assumed that the concentration of nucleation sites is constant in each

sample to validate the variables in our proposed rate laws.

Conclusion

The modified CVD method utilized in this investigation provides a way to
synthesize reduced round Pt nanopatrticles supported on XC-72 carbon. Additionally, this
modified method achieves these results in a single-vat, single-step process. This study
provides evidence of the high metal recovery efficacy achieved through this process,
yielding an average metal recovery rate of ~97%. Furthermore, we show through both
XRD and XPS that the deposited metal is fully reduced. Through Scherrer analysis, we
calculated the crystallite size to vary from 2 -3.3 nm agreeing within error with our TEM
analysis were measured our nanoparticles to be an average of 2.9 nm. These
measurements varied linearly with the concertation of Pt used, agreeing with our
proposed rate law for growth. Through our materials characterization, we proposed a
deposition mechanism for our modified process that closely resembles previously
proposed mechanisms for conventional CVD. An important variation in comparing
mechanisms is our reactants and supports are present together in the initial step. The
findings in this study imply the tuning ability of this modified CVD process to achieve
desired particle size by varying the concentration of Pt within 10-50 wt. % on an

amorphous carbon support. The methods used to characterize the Pt(acac)2 precursor
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can be implemented with other metal-organic salt precursors to understand better their

impacts on the studied modified chemical vapor deposition process.
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CHAPTER Il

A PARAMETRIC STUDY OF CHEMICAL VAPOR DEPOSITION

SYNTHESIZED HYDROGEN ELECTROCATALYSTS FOR ALKALINE

MEDIA DEVICES.
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Abstract

The sluggish kinetics of hydrogen reactions in alkaline have precluded the
commercialization of alkaline-based electrochemical devices over the last decades.
Studies on improving the activities of the electrocatalyst used to overcome the energy
barriers for the hydrogen reactions in these devices are common. As such, a close
investigation into the microstructure of these electrocatalysts remains significant. The
study herein utilizes a modified chemical vapor deposition (CVD) method to tune the
microstructure of Pt-based electrocatalyst to enhance their activities for the Hydrogen
Oxidation and Evolution Reactions in alkaline media. We observe an increase in activity
of these electrocatalysts when the microstrain found in the crystallites of the deposited Pt
nanoparticles is minimal, and crystallite size is slightly increased relative to those
analyzed in this study. Furthermore, we gain insight into the parametric impact that
temperature and pressure have on the utilized deposition process, enabling us to better

understand the mechanism of the synthesis process.

Introduction

The development of catalysts for the electrochemical reactions found in hydrogen
systems (e.g., fuel cells and electrolyzer systems) continues to be a significant area of
research for renewable energy technologies. Currently, proton exchange membrane fuel
cells (PEMFCs) are being used commercially as stationary, automotive, and backup
power sources and electrolyzers are utilized to produce the required hydrogen to operate
these devices[2, 7, 9, 16]. The high cost of these devices is partly attributed to the value

of the precious group metal (PGM) catalysts[2, 14]. Within the last few decades, anion
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exchange membrane devices have been developed to operate in alkaline conditions
enabling the utilization of nonprecious metals to catalyze the oxygen reactions at a much
lower cost and thus streamlining commercialization[19-22]. The kinetics of the hydrogen
reactions, namely the hydrogen oxidation and evolution reactions (HOR/ HER),
decreases by two orders of magnitude in alkaline environments compared to acidic[23,
28]. Consequently, significant challenges in the development of hydrogen catalysts for
alkaline systems become more pronounced.

For alkaline media, the hydrogen reactions are depicted by equation 3.1, where
the forward reaction describes the HOR, and the reverse reaction depicts the HER. The
elementary steps associated with these reactions are the Tafel-Heyrovsky-Volmer
mechanism, Equations 3.2-4. Here the * symbol represents an active catalytic site. The
Volmer step, Equation 3.4, is widely accepted as the rate-determining step for both HOR

and HER[23, 28, 30].

HOR/ HER: H, + 20H™ & 2H,0 + 2e~ (3.1)
Tafel: Hy + 2 x& 2H —x (3.2)
Heyrovsky: H, + OH™ ++*< H —x +H,0 + e~ (3.3)
Volmer: H —+x +0OH™ &% +H,0 + e~ (3.4)

One supposition behind the sluggish kinetics of hydrogen reactions in alkaline
can be described by the Hydrogen Binding Energy (HBE) Theory, popularized by Sheng
et al.[28, 32] The binding energy of hydrogen increases with pH. This increase is apparent

when comparing the Epeak Of the hydrogen underpotential deposition (Hupp) region in
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cyclic voltammograms in acid and base environments[30, 32,]. The Epeak shifts to higher
potentials indicating the increased binding energy. This increased binding energy raises
the energy barrier necessary to move through the Volmer step of desorbing H* in the
HOR and adsorbing H20 in the HER[23]. The HER is also impacted in high pH through
an increase in hydrophobicity of Pt in the catalyst layer at low potentials, leading to a 0.13
eV increase in HBE[111].

Intrinsically, the Volmer step is limited by the utilization of active catalytic sites.
Thus, the tunability of a catalyst's physical properties (e.g. crystallite and particle size,
microstrain, and particle distribution) become links to enhancing HOR/HER kinetics.
Electrocatalysts were previously synthesized, employing a variant CVD process that
results in a highly dispersed catalyst on various supports[49, 93-98]. In this process, a
low-cost temperature-controlled vacuum oven is utilized to allow for lower decomposition
temperatures of metal-organic salt CVD precursors. The process involves mechanically
mixing an electronically conductive support with a chosen metal acetylacetoacetates
(M(acac)x) [M™(CsH70a4)x] salt precursor. These precursors were selected because of
their low decomposition temperatures and minimal oxidation of the metal at low-
temperature ramp rates. The precursor is partially sublimed at low pressure and elevated
temperature, and the metal is deposited on the support.

In this contribution, we investigate the HOR/HER activities on platinum-based
electrocatalyst, synthesized using the aforementioned modified CVD process, as a
function of varying the reaction temperature and pressure. Furthermore, we explain the
impact that these parameters have on the deposition process to better understand its

tuning capabilities. Studies on the effect of particle size and its impact on electrocatalysts'
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activity have been conducted extensively in acidic environments[112-114]. To our
knowledge, this is the first time a study of this sort has been conducted for Pt-based

electrocatalysts in alkaline media.

Experimental

Nanoparticle Synthesis. All catalysts were synthesized using a single-step
chemical vapor deposition process using Vulcan Carbon XC-72R supports (~70 wt%) and
an acetylacetonate precursor in a similar manner previously published. A powder of
Platinum (I1)(2,4)-pentanedionate [Pt(acac):] (Alfa Aesar) precursor was mixed with the
Vulcan XC-72R (Cabot) carbon support in a glass vial to achieve the appropriate final
metal loading of 30 wt% Pt. The vials were then placed into a vacuum oven along with a
separate vial of deionized water (Milli-Q, Millpore). The oven was then purged with ultra-
high purity (UHP) N2. The oven was then placed at various parametric combinations of
the temperatures (T) and pressures (P) shown in Table 3.1. During the deposition
process, the liquid water is vaporized, the metal-organic salt is partially sublimed, and the
metal is deposited onto the support, resulting in highly dispersed metallic nanoparticles
decorated on the carbon support. After 15 hours, the vacuum oven was evacuated,
purged again with UHP Nz, and cooled to room temperature. A mass balance was used

to determine the metal content of each catalyst post-deposition.

Spectroscopy/ Microscopy. The various 30% Pt/ XC-72 catalysts were analyzed
using x-ray diffraction (XRD) and scanning electron microscopy (SEM). XRD patterns
were obtained using a Siemens D5000 diffractometer using Cu radiation (A=0.154184

nm, 30 kV, 40 mA, 0.05° step, 1.0 ®*min') in a Bragg-Brentano geometry. Aliquots of
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catalysts suspended in isopropyl alcohol (IPA) were applied to a zero-background quartz
sample holder. The IPA was evaporated before measurements under air and ambient
temperatures. Peak width analysis was performed using Igor Pro using a Voigt wave
fitting function. SEM micrographs were obtained using a Hitachi FE-SEM S-5200 SEM
with an accelerating voltage of 10.0 kV. Images were taken of Low, Mid, and High T and
P samples. Small aliquots of these catalysts were suspended in acetone and deposited

on an aluminum sample holder.

Electrochemical Characterization. High, mid, and low T and P electrocatalysts
were characterized at room temperature in a Teflon three-electrode electrochemical cell
(Pine) with a reversible hydrogen reference electrode (eDAQ), Platinum mesh counter
electrode. Electrodes were made by depositing 8 pl of well-dispersed catalysts inks
comprising 5 mg of catalysts, four drops of DI water, and 1.0 g of IPA onto rotating glassy
carbon electrodes (Pine, A=0.1963 cm?) until dry. Electrode Loadings were measured
using XRF (Thermo Scientific ARL Quant' x EDXRF Analyzer) referenced against a <5%
error standard. An SP-50 potentiostat (BioLogic) was used throughout the
electrochemical characterization process. Electrodes were stabilized using cyclic
voltammetry (CV) from 0.01- 1.0 V versus RHE in a 1.0 M solution of potassium
hydroxide. Polarization curves were then measured from -0.25- 0.25 V versus RHE at
900 RPM in the positive direction. Potential electrochemical impedance spectroscopy
(PEIS) spectra were collected from 1 kHz to 1 Hz at -0.1, 0.0, and 0.1 V, with a 10 mV
sinusoidal amplitude modulation. The intercept of the spectrum along the real axis at high

frequencies was taken as the ohmic resistance of the electrolyte to produce iR-free plots.
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Table 3.1: Synthesis parameters for each sample synthesized at low, mid, and high T and

P, the sample parameters are indicated below.

Temperature (°C)

Parameters
185 200 210 220 235
= 38.50 -- - - - High T and P
<
S | 2837 - - Mid T and P - -
7
g
o 18.24 | Low T and P -- -- -- -

45



Electrochemical active surface area (ECSA) measurements were taken from the Hupp
region in a 0.1 M solution of perchloric acid at a rotation of 900 RPM and a scan rate of

100 mV*st,

Results and Discussion

The SEM images were taken of the samples at the highlighted temperatures and
pressures mentioned in Table 3.1. The micrographs in Figure 3.1 indicate that the Pt
nanoparticles are well dispersed on the carbon support. As the temperature and pressure
were increased, we observe an increase in agglomerates. In Figure 3.1A, we see distinct
nanoparticles, even when they are near each other. This indicates that the nanopatrticles
have not begun to coalesce to form agglomerates. As we increase our temperature and
pressures in our mid T and P sample, the particles are still well dispersed with slight
agglomeration. However, in our high T and P sample, we can identify multiple
agglomerates ranging from 15-30 nm in diameter in high concentrations. This increase in
agglomeration may be due to 2D Oswald ripening and/or coalescence facilitated by the
elevated temperatures and pressures[109]. Due to increased energetics of the
nanoparticles at higher temperatures, their ability to migrate on the carbon support
surface due to the weak Van Der Walls interaction between the carbon and the Pt
increases. This phenomenon also implies a secondary rate law for the PMCVD process
associated with the growth of these nanoparticles, further adding to our understating of
the PMCVD mechanism proposed in the previous Chapter. Additionally, these

agglomerates will, in turn, affect the overall active electrochemical surface area.
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Figure 3.1: SEM micrographs of as-synthesized samples at temperatures and pressures

of (a) 185 °C and 18.24 kPa (low T and P), (b) 210 °C and 28.37 kPa (mid T and P), and
(c) 235 °C and 38.50 kPa (high T and P). The particle agglomeration increases with

temperature and pressure.
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In Figure 3.2, we observe the diffraction profiles for each sample, where the phase
is identified to be metallic Pt supported on the carbon support, verified through XRD
analysis. The prominent peak is from the interaction of X-ray with the Pt (111) facet.
Based on our results from previous studies, we can assume that the Pt(acac)2 precursor
is fully decomposed, resulting in the reduction of the metal and subsequently the
deposition of the Pt nanoparticles.

The utilization of Williamson-Hall (W-H) plots allows us to further analyze our
diffraction results to understand better each of our samples' physical properties, e.g.,
crystallite size and microstrain. Peak broadening is induced when the crystallites in a
sample are smaller than 120 nm or when these crystallites are strained[115-116].
Mathematically we can associate the broadening effect of crystallite size (L) and strain

(Be) through Equation 3.5 and 3.6, respectively.

0.9x4

= 3.5
L™ Lxcoso@ ( )

B:=4ctan (3.6)

Equation 3.5 is known as the Scherrer equation; A is the characteristic wavelength
of the diffractometer source, L is the crystallite size, and q is the Bragg-angle of diffraction.
In Equation 3.6 ¢ is the crystallite microstrain. The sum of our (3 values represents the full
width at half maximum (FWHM) of the diffraction profile peaks. Therefore, L and B¢ both

contribute to the total breadth of the resultant diffraction peaks.
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Figure 3.2: (Left) Cu Ka X-ray diffraction patterns of Pt/ XC-72R synthesized catalysts via
CVD as well as Pt(acac): (inset). Patterns are labeled: Temp. XP, where the final
temperature is reported, and the initial pressures (XP) are denoted by an LP, MP, and HP
for low mid and high pressure. (Right) Crystallite size distribution as a function of final

oven pressure and temperature.
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Furthermore, we can combine these equations to form the Williamson-Hall

equation shown in Equation 3.8.

0.9x2
L

B cos(0)py; = 4 €sin(0) + (3.8)

Because this equation is in y-intercept form, we can calculate the microstrain
directly from the slope, where a negative slope implies relative compression of the
crystallites and a positive slope the converse. In addition, we can also measure the
crystallite size by extrapolating the y-intercept from a linear correlation fit to a fcos(0) vs.
4sin(8) scatter plot, otherwise known as a Williamson-Hall plot. Therefore, we can
guantify the effects varying the temperature and pressure have on the crystallite size and
microstrain in our samples by comparing respective W-H plots.

In figures 3a-e, we show W-H plots at the specific reaction temperatures, noted in
the top right corner of the subfigures, as a function of pressures. Similarly, in figures f-h,
we compare the samples synthesized at a particular pressure at various temperatures.
Finally, in figure I, we compare the W-H plots of the three samples synthesized at low,
mid, and high temperatures and pressures.

In looking at our first-mentioned data set, Figure 3a-e, we find that the averaged
value of the slopes decreases with an increase in the temperature, indicating the
compression of the crystallites in our samples is tied to the reaction temperature. More
specifically, we see that at low pressures, the crystallites are always compressed
regardless of the temperature. However, at mid and high pressures, there are variations

in the microstrain.
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Figure 3.3: Williamson-Hall Plots developed from Cu Ka X-ray diffraction patterns. (a-e)
Initial pressure dependence at constant temperatures (displayed in the top left). (f-h)
Temperature dependence at constant initial pressures. (i) W-H comparison of low T and
P, mid T and P, and high T and P samples. In each plot, the slope represents the

microstrain, and the y-intercept is the crystallite size for each sample.
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This finding is readily observed in Figure 3.3f-h. Here we identify that the deposited
nanopatrticles crystallite size and microstrain are sensitive to the reaction pressure. The
microstrain we determine is relative with respect to the variances measured in the sample
set. The apparent slopes only provide a way for us to compare the impacts of T and P on
the crystallite size of each sample when compared to each other. We can see this trend
more readily in Figure 3.2 (right), comparing the final temperature and pressures to our
crystallite size. Here, the surface fit slope is more affected by changes in pressure and
less so with temperature variations. The measured temperature dependence on crystallite
size, although not shown graphically, has a parabolic behavior with respect to crystallite
size. This is shown in Table A3.1, where the calculated microstructures for all samples in
this study are tabulated. The largest average crystallites are found at moderate
temperatures and smaller crystallites at our extreme temperatures (185 and 230 °C). In
Figure 3.3i, we compare samples synthesized at low, mid, and high temperatures and
pressures. As noted, we observe smaller crystallite sizes at the low and high
temperatures and pressures than at the mid parameters. Moreover, the compressive
microstrain on these particles at high and low T and P is more significant than the mid T
and P sample. The microstrain measured for the Mid T and P sample is negligible when
compared to the Low and High T and P samples while its crystallite size is roughly 80%
larger.

This indicates the possibility of a critical crystallite size that is temperature-
dependent. At higher temperatures, the decomposition of the metal-organic salt precursor
occurs more rapidly, leading to a faster increase in Pt concentrations, allowing faster

growth of the crystallites. Once this critical size is reached, factors leading to
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agglomeration are introduced, thus resulting in the increased agglomeration seen in the
high T and P sample. Conversely, at lower temperatures, the precursor decomposes
slower, allowing more time for the crystals to grow until they reach their critical size. In
the low T and P sample, the rate constants for nucleation and growth are assumed to be
smaller than at higher T and P, thus the minimal impacts of coalescence and the result of
small nanoparticles. A combination of these two postulates would lead to an increase in
crystallite size at moderate temperatures and pressures, aligning with our findings.

The electrochemical characterization of the three samples synthesized at low, mid,
and high temperatures and pressures provides information on how the variation in
physical properties of the nanoparticles deposited via the modified CVD process affects
their catalytic activity for the hydrogen reactions in alkaline media. As mentioned
previously, one of the primary descriptors for the sluggish kinetics of the hydrogen
reactions in alkaline was that the hydrogen binding energy increases with an increase in
pH. A relatively easy way to look at the HBE is by measuring the peak position of the
underpotential deposition region of hydrogen (Hupd), where a lower peak position indicates
a lower HBE. Utilizing this method, we assess the low T and P sample to have the lowest
HBE, whereas our Mid and High samples are slightly increased; this is indicated by the
vertical bars found at the top of Figure 3.4a. Additionally, we noticed a change in
electrochemical surface area (ECSA) in these three samples as a function of T and P.

The ECSAs were calculated for the three extensively studies samples by
integrating the Hupa region produced through cyclic voltammetry conducted in 0.1 M
HCIOa4. The values calculated through Equation 3.9 are shown in the inset of Figure 3.4b.

QHupd (C)

210uCemp?Lp,(mgp,cm=2)A g (cm?)

ECSAp,(m2g}) = (3.9)

53



Current Density (mA*em?2,, )

Current Density (mA*em25.,)

LowTand P
— Mid T and P

14

-3

—— High Tand P
[IJ 012 014 016 nls 1‘
Potential (V vs RHE)
c)
13
T
G 1.2
E
,E‘ 1.1
N
= 1
g
S 0.9
0.8
0.05 0.1 015 0z 025
LOW T and P Potential vs RHE (V)
—Mid T and P
——High Tand P
:') 0 I05 0|1 0 I15 0|2

Potential vs RHE (V)

0.25

Log, il (mA*em?,,)

Current Density (mA*emZ;,, )

Hupp fregion LowTand P

= Mid T and P
———High Tand P

b)

o
& 2

w

ECSAm2*gq )
L]

o o

24 LowT andP MidT and P HighT and P
0 01 02 03 04 06 06
Potential vs RHE (V)
\
0 ’\
NN
005 \\
0.1 \ f
015 pa
\/
LowT and P
025 { —— Mid TandP |
= High Tand P
03 i i
004 0.02 0 0.02 0.|04 O.IOG

Overpotential (V)

Figure 3.4: Electrochemical characterization of the low T and P (Red), mid T and P (Blue),

and high T and P (Green) samples. (a) Cyclic voltammograms (CVs)of each sample in

0.1 M NaOH at a scan rate of 100 mV*s*. (b) CVs conducted in 0.1 M HCIO4at 100 mV*s-

1 ECSAs were calculated by integrating the area above the dotted lines and are displayed

as a bar graph. (c) iR-corrected polarization plots were taken at 2 mV*s? in 0.1 M NaOH.

(d) Tafel plots of each sample.
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In this equation, we assume that a monolayer of hydrogen is absorbed onto the Pt
nanoparticles. By calculating the charge produced through the reduction of this
monolayer, integrating the Hupa region, the ECSA is resolved. In Equation 3.9, Qwu is
calculated by dividing the integral of the Hupd by the scan rate,100 mV*s; 210 mC*cm2
is the amount of charge needed to reduce a monolayer of protons on a platinum surface,
Auisk is the geometric area of the electrode, Lptis the platinum loading on the electrode.

As we increase temperature and pressure, the ECSA decreases from 53.28 (low
T and P) to 37.08 (high T and P) m?*gpt. The lower ECSA found in the high T and P
sample is due to the increased agglomeration. As the agglomerates are formed, less Pt
is accessible, reducing available sites for the hydrogen reactions[109]. The mid T and P
sample exhibited the highest activities for both the HER and HOR, in comparison to the
samples synthesized at the extreme conditions by comparing the reaction activities
through polarization plots found in Figure 3.4c. More descriptively, we find that our mid-

sample reaches a higher limiting current at lower overpotentials for the HOR than the

other samples producing 0.026 mA*cm'ZF,t at 10 mV vs. RHE and producing a specific

current of 0.071 mA*cm'ZF,t at -10mV vs. RHE for the HER.

The variations in the measured specific activity for the HOR are small across the
electrocatalysts, only varying by 0.001 mA*cm'ZPt. However, when we compare the mass
activities of these samples, we see the low T and P exhibits the highest HOR activity of
12.67 A*gpt'1. This is partly due to its high ECSA, promoting the procedure of the Volmer

step as the concentration of vacant catalytic sites is increased. However, we see a slight
decrease in this superior activity for the HOR when comparing activities for the HER. We

find that the mid T and P sample has the highest mass activity for the HER producing
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30.84 A*gpt'1. The deviation in high activity for the low T and P sample is attributed to both

the associated microstrain as well as the associated hydrophobicity of the Pt
nanoparticles endured at the necessary low overpotentials for the HER. Additionally, the
adsorption of the larger water molecule in H20 (2.8 A in diameter) is restricted due to the
compressed crystallite[117]. The energetically favorable lattice parameter for Pt which is
equal to the average spacing between crystal facets, is 3.92 A[118]. As such, the unitless
microstrain imposed on the low T and P sample of -0.00625 may be sufficient to prohibit
water adsorption, lowering its catalytic activity compared to the less strained mid T and P
catalyst.

The exchange current densities for each electrocatalysts were extrapolated from
the Tafel plots shown in Figure 3.4d. Here the mid T and P sample shows its superiority

in HOR/HER kinetics in comparison to the other samples. The measured exchange

current density for the mid T and P samples was 0.77 mA*cm'2Pt, which is higher than

previously published exchange current densities of 0.57- 0.69 mA*c:m'2Pt for commercially

available carbon-supported Pt electrocatalysts in alkaline media [24, 25, 32]. HOR and
HER activities for each sample are shown in Table 3.2. The Tafel plots shown have an
asymmetrical behavior; this is primarily due to the inability to reach a steady-state for the
hydrogen reactions as the electrode continuously changes with current and time in
unbuffered solutions[119]. These changes can include the increased repulsion of water
from the surface of the electrode at negative potentials, leading to variations in adsorption

of the reactants across the measured potential region[111, 119].
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Table 3.2: Hydrogen reaction activities of low, mid, and high T and P samples. Exchange
current densities were calculated from extrapolation of the linear Tafel region to 0 V
overpotential. Mass and specific activates were measured through linear interpolation of

the polarization curves at +10 mV vs RHE.

Exchange _
Loading Current Activities
SAMPLE *om 2 io i i i i

(mgpt cm’) " n(o mV)2 n(o mvl) n(-10 mV% n(-10 m\i)
(mATem ») | (mA%em™,) | (A*gp ) | (mA%em™,) | (A'g, )
Low T and P 0.022 0.75 0.024 12.67 -0.055 -29.45
Mid T and P 0.025 0.77 0.026 114 -0.071 -30.84
High T and P 0.027 0.70 0.025 9.21 -0.048 -17.83

57



Both HOR and HER are governed by surface coverage, 6, where the associated Tafel
slopes will vary as a function of 6, this giving rise to the asymmetric Tafel plots observed
throughout the study [120].

From our initial CVs, we expected the Low sample to exhibit the highest activities
due to its low HBE. However, in studying the data collectively, we can rationalize the
increased kinetics of the mid sample is due to the relaxed microstrain on the crystallite
compared to the other samples. We deduce this result from Figure 3.4d where the HER
branch, where overpotentials are negative, trends based on our samples' microstrain.
The more negative the microstrain, the more compressed the atoms are in the crystallite,
inhibiting the necessary H20 adsorption step for the HER to initialize via a Volmer limited
process. The High T and P sample exhibited the most negative microstrain in comparison
resulting in its lower activities.

As for the HOR branch, where overpotentials are positive, we are limited by the
rate at which we can desorb H* from the catalytic surface, assuming a Volmer rate-
determining step. In that case, the current is limited by the activity of the catalyst. Larger
crystallites and, in turn, nanoparticles tend to exhibit higher specific activities and lower
mass activities in both acid and base, although they have lower ECSA[109, 112, 114].
Thus, the activity trend shown for the HOR follows the Williamson-Hall plots with respect
to the crystallite size. The smallest crystallites are found in the low T and P sample, which
in turn exhibited lower specific catalytic activities, whereas the mid sample, having larger

crystallites, increasing its surface energies and, in turn, catalytic currents.
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Conclusion

Our findings suggest that both HOR and HER in alkaline media can be tuned by
altering the active catalytic material's physical properties of crystallite size and
microstrain. The modified chemical vapor deposition method used to synthesize the
electrocatalyst studied in this work produces highly dispersed nanoparticles on the carbon
support. We observed an increase in agglomeration as we increase our temperature and
pressure due to 2D Oswald ripening and coalescence driven by the increased
temperature. Furthermore, through W-H analysis, we showed that the CVD method
provides a way to tune the crystallites' microstructure characteristics. Although we did not
observe a broad distribution of our crystallite size or microstrain through the XRD
analysis, our study shows that these small changes impact the electrocatalyst's activity
for the probed hydrogen reactions. Our electrochemical characterization elucidates that
relaxed microstrain and large crystallites can lead to increased activities for the hydrogen
reactions in alkaline. Although the exchange current densities of the investigated
electrocatalysts are relatively similar, we observed fluctuations in the specific activities for
the analyzed samples for both HER and HER at low (£10 mV) overpotentials attributed
to the variations in crystal properties. These results show promise that this CVD method
can be used to further increase activities for other heterogeneous reactions by
manipulating the electrocatalysts microstructure, ultimately enhancing performance in

electrochemical devices.
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CHAPTER IV

SYNTHESIS AND CHARACTERIZATION OF BIMETALLIC PLATINUM-RUTHENIUM

AND PLATINUM-NICKEL ELECTROCATALYSTS FOR HYDROGEN REACTIONS IN

ALKALINE MEDIA
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Abstract

The development of highly active electrocatalysts for AEM devices is paramount
to these devices’ commercialization. Bimetallic Platinum-based catalysts have sown the
highest electrochemical activity for the sluggish hydrogen reactions. These catalysts are
typically synthesized in a solution using reduction or precipitation methods, which often
require several steps to produce an active catalyst. This study used a modified chemical
vapor deposition process to synthesize bimetallic PtNi and PtRu electrocatalysts. These
electrocatalysts were characterized through diffraction to show the modified deposition
method’s ability to alloy these metals and electrochemically to show these metals’
activities for the hydrogen oxidation and evolution reactions in alkaline media as a
function of the oxyphilic metals loading. In both cases, the measured activities showed
an increase compared to monometallic Pt, where the ascribed trends were more closely

related to the metal additive’s nobility.

Introduction

Lowering the system cost while increasing performance and durability is one
leading line of effort in developing proton exchange membrane (PEM) fuel cells. An
essential fraction of the cost is closely associated with the high cost of the electrode
material needed to catalyze the hydrogen oxidation reaction (HOR) and oxygen reduction
reaction (ORR) on the anodes and cathodes, respectfully. In these acidic PEMFCs, the
ORR is the slower reaction of the two, requiring more catalysts to increase efficiency. In

terms of monometallic electrocatalysts, platinum supported on carbon (Pt/C) has
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exhibited the highest activities for both reactions; however, its high cost has driven
research efforts towards lowering the overall Pt loadings[14,121].

These efforts center around the study of Pt-M alloys[75, 122-126]. Currently, the
state-of-the-art bimetallic electrocatalysts for PEMFCs are variations of PtCo alloys
supported on carbon[48, 124, 125, 127]. These alloys have shown an increase in activity
and stability over conventional Pt catalysts while lowering the electrode’s overall Pt. In
alkaline environments, oxyphilic PGM-free electrodes have shown high activities
comparable to platinum, ultimately eliminating the need for Pt on the cathode[18-21].
However, in alkaline media, the hydrogen reactions, namely the HOR and hydrogen
evolution reaction (HER), are two orders of magnitude slower[23-26].

Several rationales have been developed to explain the sluggish hydrogen reaction
in basic environments. The most accepted is the hydrogen binding energy (HBE) theory.
Previous studies have shown that through DFT calculations coupled with
experimentation, the HBE increases as a function of pH. Monometallic Pt has shown the
best relationship between activities relative to the HBE, making them the ideal hydrogen
catalyst in alkaline conditions. This over-binding of hydrogen lowers the rate of H*
desorption in each of the accepted elementary steps for HOR/HER. These steps are
known as the Tafel reaction, which is primarily ad/desorption driven, and the Heyrovsky
and Volmer reactions are electron-transfer steps. It is accepted that the vomer step is the
rds for the HOR/HER reactions through Tafel slope analysis. Monometallic Pt has shown
the best relationship between activities relative to the HBE making the metal the ideal

hydrogen catalyst in base.
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Another theory of merit is known as the bifunctional mechanism theory. This theory
suggests that the alloying of an oxyphilic metal with Pt aids the HOR by promoting H*
desorption and the HER by promoting water dissociation[35]. In each case, this lowers
the Volmer step’s energy barrier. H+ and OH- ions must compete for the limited reactant
sites in monometallic systems. Mukherjee et al. suggest more specifically that the addition
of an oxyphilic metal provides a secondary site for either H* or OH" adsorption based on
the nobility of the metal used[37, 128]. In the case of noble metals such as Ru, the
formation of a quasi-adsorbed hydroxide species is enabled[128]. Similarly, when a
transition metal is alloyed to Pt, a hydroxide species is fully adsorbed through a pacifying
oxide/hydroxide layer forms on the PGM-free metal surface at high pH[128].

The use of PtNi/C and PtRu/C electrocatalysts has greatly increased the
performance of alkaline exchange membrane fuel cells (AEMFCs) when used as an
anode electrode[49, 125-127, 129]. These electrocatalysts are typically developed
through solution-based synthesis methods, requiring post-treatment to reduce the metal
particles fully[129-131]. A more facile and controlled process for developing these
electrocatalysts can aid in the overall system cost, leading to the potential
commercialization of AEM devices. In this study, we synthesize PtNi/C and PtRu/C
electrocatalysts with varied mass ratios via a modified CVD process that has been shown
to produce reduced metallic nanoparticles in a single-step process[49, 93-98]. We
characterize these electrocatalysts’ electrochemical activities for the hydrogen reaction in

alkaline to provide evidence of the synthesis method’s versatility.
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Experimental

Electrocatalyst Synthesis. All catalysts were synthesized using a single-vat
modified chemical vapor deposition process. Vulcan Carbon XC-72R (Cabot) was used
as the support. Pta-xNix and PtuxRux and samples were developed to have a metal
weight percent (wt.%) of 30% supported on Vulcan XC-72R carbon (70 wt.%). Of that
30% metal, samples were prepared to contain 10, 20, and 30 wt.% Ni or Ru balanced
with Pt. For the synthesis method, metal-organic salt precursors of Platinum(ll)
Acetylacetonate; Pt(acac)z2, Nickel(ll) Acetylacetonate; Ni(acac)2, Ruthenium(lll)
Acetylacetonate; Ru(acac)s (Alfa Aesar) were mechanically mixed with the carbon
support in glass vials. The vials were then placed into a vacuum oven along with a
separate vial of deionized water (Milli-Q, Millpore). The oven was then sealed and purged
with ultra-high purity (UHP) N2, then set to 240 °C and 260 °C for the Pta-xNix and Ptg-
xRux samples, respectively. The oven was evacuated to 17.65 kPa for all sample sets.
More details about the deposition process have been previously described in earlier
chapters. A mass balance was used to determine each catalyst post-deposition’s metal
content. One (1) hour-long heat-treatments were conducted under forming gas (5% H-:
Bal. Ar) at the sample sets’ reaction temperatures to ensure the deposited metals were
fully reduced. Although not necessary, this step was used to mainly ensure the Ni particles
were fully reduced as preliminary studies, Figure A4.1, showed the evolution of oxidized
Ni nanoparticles on various carbon supports produced through the modified CVD

process.
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Materials Characterization. The catalysts were analyzed using x-ray diffraction
(XRD) and scanning electron microscopy (SEM). XRD patterns were obtained using a
Siemens D5000 diffractometer using Cu radiation (I=0.154184 nm, 30 kV accelerating
voltage, 40 mA accelerating current) in a Bragg-Brentano geometry. Aliquots of catalysts
suspended in isopropyl alcohol (IPA) were applied to a zero-background quartz sample
holder. The samples were left to dry in an ambient environment to ensure the IPA was
evaporated before measurements. Peak width analysis of the diffraction profiles was
performed using OriginPro peak analysis software using a Gaussian fitting function. SEM
micrographs were obtained using a Hitachi FE-SEM S-5200 SEM with an accelerating
voltage of 10.0 kV using a mixed backscatter and secondary electron detector to show z-
contrast and morphology of the samples. Small aliquots of these catalysts were
suspended in acetone and deposited on an aluminum sample holder. Metal content ratios
were measured using x-ray fluorescence (XRF) using a Thermo Scientific ARL Quant’x

EDXRF Analyzer. The samples were referenced against standards with <5% error.

Electrochemical Characterization. Electrocatalysts were characterized at room
temperature in a three-electrode, Teflon electrochemical cell (Pine) with a reversible
hydrogen reference electrode (eDAQ) and a platinum mesh counter electrode. Electrodes
were made by depositing 8 ml of well-dispersed catalysts inks comprising 5 mg of
catalysts, four drops of DI water, and 1.0 g of IPA onto a glassy carbon electrode (Pine,
A=0.1963 cm?) rotating at 500 RPM and left to dry in an ambient environment. Total
electrode metal loadings were measured using XRF using a Thermo Scientific ARL

Quant’x EDXRF Analyzer. Profiles were calibrated to a standard with <5% error.
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Electrodes were stabilized using cyclic voltammetry (CV), scanning from 0.01- 1.0 V
versus RHE ina 0.1 M solution of potassium hydroxide. Positive-going polarization curves
were then measured from -0.25- 0.25 V versus RHE at 900 RPM. Potential
electrochemical impedance spectroscopy (PEIS) spectra were collected from 1 kHz to 1
Hz at -0.1, 0.0, and 0.1 V with a 10mV sine perturbation amplitude. The measured high-
frequency intercepts were taken as the electrolyte’s ohmic resistance to produce iR-free

plots.

Results and Discussion

Material characterization began with microscopy of the PtaxRux/ XC-72
electrocatalysts. We analyzed the particle size distribution and patrticle distribution found
in each sample using scanning electron microscopy. The size of the deposited Pta-x)Rux
nanoparticles is 4 nm, averaged over each sample set, calculated through manually
measuring the diameters of over 100 particles through ImageJ. The micrographs in Figure
4.1 show the high dispersion of the bimetallic nanopatrticles achieved through the modified
CVD process. We do observe evidence of agglomeration in each sample, with more
agglomerates observed in the Pto.7Ruo.3/ XC-72 sample. This high nanoparticle density
allows us to assume a homogeneous distribution of metallic nanoparticles decorated on
the entire carbon support. Furthermore, due to the carbon support morphology, the
nanoparticles are decorated on the carbon support surface. We observe that the
nanoparticles deposit on the carbon support folds where the carbon particles join as
mentioned in previous studies Found in chapters 2 and 3. Images of Ptu-xNix samples

were not taken.
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Figure 4.1: SEM micrographs of CVD synthesized samples with weight fractions of a,b)
Pto.oRuo.1/ XC-72; ¢,d) Pto.sRuo.2/ XC-72; e,f) Pto.7Ruo.3/ XC-72. The sale bar on the images

in the top row are 300nm and the bottom, 100 nm, edge to edge.
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X-ray diffraction was used to determine the phases of the deposited nanoparticles.
Figure 4.2 shows the diffraction profiles for each of the prepared samples. At the bottom
of the image, we have included the reference profiles for the relative scan range of 15-
75° 208. Each sample shows a peak at ~25° 26, indicating the amorphous XC-72 carbon
supports (002) crystal facet peak. Furthermore, in the Ptu-xNix / XC-72 samples, we see
the increased Ni content through the shift in the peak position of the Pt (111) facet to
higher °28. This shift is attributed to the Pt and Ni’'s alloying within the sample, leading to
smaller lattice parameters. We determined the degree of alloying through Vargard’s Law,
Equation 4.1, as Pt and Ni both have an FCC crystal structure. Here, aa and as represent
the measured lattice parameters for pure Pt (3.192 A) and Ni (3.524 A), respectively, x is

the mass fraction of Ni in the deposited nanoparticles, and A4y, B, is the calculated

lattice parameter of the mixed metals from XRD.

s, B, = (1—x)a, + xag (4.1)

However, the PtNi samples show evidence of deposited HCP Ni, highlighted by
the asymmetric high-intensity peak found in the Pto.7Nio.3s/XC-72 sample. Due to this
evidence, the challenge of delineating the sample’s exact phase proportions increases.
Superficially, we measured the lattice parameters calculated from each sample’s high-
intensity peak in a similar fashion done in Chapter 2, and observed a decrease in the
lattice parameter as we increased the Ni content. This decrease in lattice parameter

provides evidence of alloying in the deposited nanoparticles.
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Figure 4.2: Cu Ka X-ray diffraction patterns of Pta-xNix / XC-72 and PtaxRux/ XC-72
catalysts synthesized via CVD. Bragg peaks for Pt, FCC Ni, HCP Ni, Ru, and C are shown

at the lower portion of the figure.
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Similar findings are observed in the PtuxRux/ XC-72 sample. In these diffraction
profiles, the lattice parameter decreases from the expected Pt lattice parameter (3.924
A), with an increase in Ru content. These results indicate partial alloying of the FCC Pt
with HCP Ru. Because of the difference in crystal structures, we must use a variant of
Vagrad’s Law by comparing the similar crystal facets of the (111) in the FCC Pt structure
to the (0001) in the HCP Ru[132]. This calculation is achieved through Equation 4.2,
where Imis the measured lattice parameter for the PtRu sample, Is is the lattice parameter
of pure Pt supported on XC-72, kru is the lattice dependence constant for Ru to attribute

its (0001) facet to the Pt (111) facet, and x is the mass fraction of Ru in the mixed sample.

Lp=1,—kgyx  (4.2)

One outlier regarding the change in lattice parameter was found in the
Pto.sRu0.2/XC-72 sample. We measured an unexpected higher lattice parameter
concerning the other Ru-containing samples, indicating less alloying of the Pt and Ru.
This result could be due to sample surface displacement. The sample may be misaligned
within the focusing circle, resulting in the x-rays not converging at the correct position for
the detector, skewing the measured angle of diffraction[115, 116]. This could be resolved
by adding a reference material to our electrocatalyst, allowing us to observe any shifts in
our peaks due to sampling surface displacement. This process was not conducted due to
the small quantity of catalyst synthesized and the need to conduct further analysis of the
samples. Additionally, the degree of alloying measured may be accurate. In the modified

CVD method, alloying will occur if the Pt and Ru metal-organic salt precursors are in close
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proximity to each other prior to the deposition. We can assume some variations in the
distribution of these salts as the sample is mechanically mixed. These variations provide
the key to enhancing the degree of alloying by mixing the precursors before mixing them
with the carbon support. This would help improve the proximity of the salts to one another
and potentially improve the amount of alloys produced using the modified deposition
method. We show the calculated lattice parameters measured from the high-intensity
peak and our calculated alloy percentages through Vegard’s Law in Table 2.

We measured the deposited wt% of the various metals in each sample through
spot XRF. We see that our measured values are within 90.1 5% of our expected values.
These wt% were measured against appropriate references that have an error of 5%. The
XRF and XRD analysis confirm that our modified vapor deposition process is efficient at
depositing the metals used in this study on a carbon support, as long as the reaction
conditions are above the vapor conditions for the metal-organic salt precursors. We can
compare the relative mass alloyed by comparing the x-value measured through Equations
4.1 and 4.2 to the wt% measured through XRF. Through this comparison, we measure a
74.1% average of Ni alloyed to Pt in the Ptu-xNix samples with no trend in % alloyed
concerning Ni content. In the PtuxRux samples, we measured a 23.4% average of Ru
alloyed to Pt. Because of the low degrees of alloying in each sample set, even with
respect to the 5% error acociated with the XRF results, we assume the residual metal
deposits as individual Pt, Ni, or Ru nanoparticles. These comparisons of weight percents
allow us to index the various samples to identify the alloying capabilites fo the modified
CVD method. Due to the nanoparticle’s size, our resolution for diffraction analyis is low,

thus we only offer an indexing of the samles to discuss the degree of alloying.
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Table 4.2: Lattice parameters of Pta-xNix/XC-72 and Ptu-xRux/XC-72 samples and weight

fraction, x, of the non-Pt metal calculated using Vegard’'s Law and Wt% of the various

samples calculated by XRF within a 5% error.

Pt (111) Vegard’'s Law XRF
Sample 20 a
X Wit.% Pt Wt% Ni_ | Wt% Ru
Pto.oNio.1./XC-72 40.204 3.88 0.083 87.66 12.34 --
Pto.sNio.2/XC-72 40.771 3.83 0.211 75.02 24.98 --
Pto.7Nio.3/XC-72 41.050 3.81 0.263 62.82 37.18 --
Pto.sRuo.1/XC-72 39.901 3.911 0.057 88.60 -- 11.40
Pto.sRuo.2/XC-72 39.853 3.916 0.016 76.97 -- 23.03
Pto.7Ru0.3/XC-72 39.887 3.913 0.040 69.63 - 30.37
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Electrochemical characterization techniques were utilized to determine these
electrocatalysts’ electrochemical activities for the hydrogen reactions in alkaline. The
electrochemical results are shown in Figure 4.3a-d. Figure 4.3a and c depict the initial
cyclic voltammograms, and Figure 4.3b and d show the polarization plot and respective
Tafel plots utilized to characterize the activates of the Pta-xNix samples and Pt@-xRux
samples, respectively. In Figure 4.3A, we observe increased oxidation in the anodic
scan’s higher potential region with the increased amount of Ni in the samples. The scan
range was varied to allow for the complete oxidization of the Ni in each sample. The
turning voltage for each sample was determined by incrementally increasing the peak
voltage until the solvent limit was reached. We also observe a reduction of
underpotentially deposited hydrogen relative to the double layer capacitance as the Pt
content decreased and the Ni increases.

We compare the Pta-x)Nix/XC-72 electrocatalyst activities through the polarization
plots shown in Figure 4.3b. The plot shows a decrease in the HOR/HER activity as we
increase the Ni content. Table 4.3 illustrates that at low overpotentials (10 mV) that the
Pto.oNio.1/XC-72 sample exhibited the highest specific activity of 0.65 mA*cm2geo. for the
HOR and 1.096 mA*cm2geo. for the HER. Additionally, through extrapolation of the
inserted Tafel plot, we measured the exchange current density of this sample to be 1.09
mMA*cm2geo., Which is higher than ~140% of the Pto.7Nio.3/XC-72. Although studies have
shown that the addition of oxyphilic metals will promote increased activities in alkaline
media due to the bifunctional mechanism, we find that increasing amount of Ni leads to
further oxidation of the metallic catalytic surface, blocking active sites, and ultimately

resorting to proposed monometallic phenomena for hydrogen reactions[128].
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Figure 4.3: Electrochemical characterization of our Ptax)Nix/XC-72 and Pta-xRux/XC-72
samples. (a) Cyclic voltammograms (CVs)of Ptu-xNix/XC-72 samples in 0.1 M NaOH
(pH=13) at a scan rate of 100 mV*sL. (b) iR-corrected polarization plots of Pt@-x)Nix/XC-
72 samples conducted in 0.1 M NaOH at 2 mV*s™; inset depicts the activities as a Tafel
plot. (c) Cyclic voltammograms (CVs)of PtaxRux/XC-72 samples in 0.1 M NaOH at a
scan rate of 100 mV*s. (d) iR-corrected polarization plots of Pta-xRux/XC-72 samples
conducted in 0.1 M NaOH at 2 mV*s™1; inset depicts the activities as a Tafel plot. Currents
are all displayed as the measure current density on a glassy carbon electrode (0.1963

cm?). Arrows are used to indicate the direction of voltage sweeps.
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Table 4.3: Electrochemical activities of Pta-x)Nix/XC-72 and Pta-xRux/XC-72 samples. The

exchange current densities are calculated via Tafel extrapolation. Specific activities are

normalized to the geometric surface area of the glassy carbon electrode (0.1963 cm?).

Exchange -
. Current Activities
Loading
SAMPLE 2 . . , . ,
MgMeta™CM io (10 mv) n10 mv) (10 mv) I10mv)

mA*cm “geo. mA*cm” oeo. A*Guetal mA*cm” 4eo. A*Guetal
Pto.oNio.1 0.025 1.09 0.65 26.0 -1.09578 -43.8312
Pto.eNio.2 0.024 0.78 0.34 14.17 -1.08779 -45.3246
Pto.7Nio.3 0.027 0.76 0.43 15.93 -0.71546 -26.4985
Pto.oaRuo.1 0.024 0.50 0.15 6.25 -1.19105 -49.6271
Pto.sRuo.2 0.019 0.52 0.45 23.68 -0.94412 -49.6905
Pto.7RuUo.3 0.012 0.81 0.75 62.5 -0.7282 -60.6833
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However, in the PtaxRux/XC-72 samples, we measure a continuous increase in
activity with the addition of the oxyphilic and noble Ru. In Figure 4.3c, we can see the
suppression of the second Hupd Stripping peak at ~0.25 V vs. RHE, with the increase in
Ru content in the samples. We also see an increase in the redox peak found at ~0.1 V
vs. RHE with the increase in Ru content. There are several schools of thought as to why
this peak grows with increased Ru. One rationale is due to the high oxyphilicity of Ru
providing the possibility of Ru-OHad at potentials less than 0.2 V vs. RHE; another reason
that due to the ligand effect of Ru on Pt, the Hupd On Pt is weakened, leading to a cathodic
shift in the Hupd peak[37, 133-134]. A more reasonable rationale for this growth is due to
Ru-Hupa as the formation of Ru-OHad has only been observed at potentials <0.2V vs
RHE[37]. These results align with the bifunctional mechanism in that the shift of the Hupd
to lower potentials through the addition of the noble Ru facilitates the HOR/HER by
lowering the energy barrier for the Volmer step[35].

The increase in activities with the addition of Ru in our Pt-based catalyst is
illustrated in Figure 4.3d. We observe the highest current densities at low overpotentials
in the Pto.7Ruo.3 sample. More specifically, we measured the geometric-specific activities
at 10 mV to be 0.75 and 0.73 mA*cmgeo. for the HOR and HER regions of the
polarization plot, respectively. In comparing the Pto.7Ruo.3 catalysts with the Pto.sRuo.1
sample, we measured an increase in activities of 0.6 mA*cm2geo. in the anodic branch,
and 0.46 mA*cm ?geo. in the cathodic branch. This increase in activity is expected due to
the bifunctionality of the Ru in high pH, in that it is capable of underpotential deposition of
hydrogen (Hurp), promoting the formation of hydroxide adsorption as aforementioned[35,

37]. This functionality allows for the increased kinetics of both the HOR and HER.
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Conclusion

We synthesized carbon-supported bimetallic PtNi and PtRu electrocatalysts via a
modified CVD process. Electron microscopy shows the 2-3nm in diameter deposited
spherical nanoparticles are well dispersed on the carbon surface. X-ray analysis was
utilized to elucidate the nature of the deposited nanoparticles. XRF disclosed the
fractional metal content for each sample, which is closely aligned to our expected values
via a mass balance. The phase of the electrocatalysts was found to be partial alloyed
reduced metallic nanoparticles. The Pta-x)Nix samples lead to a higher amount of alloyed
metal due to the subcomponents’ similar FCC crystal structures. The Pta-xRux samples
showed a lower degree of alloying per the dissimilar crystal structures inherent to the
metals.

Electrochemical characterization of these samples for hydrogen reactions in
alkaline showed improved activities through the addition of the oxyphilic metals. In the
PtaxRux samples, we measured an increase in mass and specific activities with an
increase in Ru content. This improved performance would eventually decrease with
further addition of Ru, as the mechanisms driving the increase in activity imposed by the
bifunctionality of the catalyst would diminish as they support the activity on the Pt catalytic
surface, not the Ru. Additionally, we found the increased activity is not a function of the
degree of alloying for the Pta-xRux samples, as the inclusion of the oxyphilic metal aids
in the reduction of the energy barrier needed to drive the Volmer step in the HOR/HER
reactions.

The PtaxNix samples show a decrease in exchange current density with an

increase in metal content. We assume this is due to the increased pacified
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oxide/hydroxide layer formed on the Ni surface in high pH. In either catalyst set, a
thoroughgoing analysis to determine optimal stoichiometric ratios for these Pt-M
electrocatalysts has not been conducted using this modified CVD technique, allowing
room for further study. Additionally, the modified deposition process can be further
explored to understand better mixed crystal-structured metals’ alloying capability in this

single-step process.
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CHAPTER V

THE IMPACT CARBON SUPPORT HAS ON MODIFIED CHEMICAL VAPOR

SYNTHESIZED HYDROGEN ELECTROCATALYST FOR ALKALINE MEDIA
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Abstract

High surface area carbons have become primary supports for the catalyst of
various electrochemical devices. In previous studies of a modified CVD method to
synthesize electrocatalysts for fuel cell and electrolyzer devices, we proposed that the
rates for nucleation and, in turn, growth of the deposited nanoparticles were a function of
the concentration of nucleation sites of the supporting substrate. This study reinforces our
initial proposal by studying various carbons as supports for platinum-based
electrocatalysts for hydrogen reactions in alkaline media. After depositing 30 wt% Pt on
three different supports using the aforementioned modified CVD method, we determine
via material characterization that supports with higher surface areas lead to smaller Pt
nanoparticles. Agreeably, these smaller particles promote higher electrochemical surface
areas measured through hydrogen desorption and CO stripping analysis. Through further
electrochemical and materials characterization, we determined the hydrophilicity of the
carbon plays a significant role in the activities for the hydrogen reactions in alkaline,
showing a 79.5% increase in performance of average exchange current density
measured through Tafel and micro-polarization analysis, a 75% increase in specific
activity, and a 34% increase in mass activity averaged over both hydrogen oxidation and

hydrogen evolution when a hydrophobic support was used.

Introduction

Electrochemical devices are becoming essential components for the transition to
sustainable energy. Polymer electrolyte fuel cells (PEMFCs) are one of the leading

electrochemical devices that are being utilized in automotive and stationary power grids.
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Fuel cells convert hydrogen and oxygen into electricity via a galvanic process.
Furthermore, electrolyzers, which operate via an electrolytic process, offer a clean and
efficient way to produce hydrogen suitable for its increasing demand, particularly to
facilitate the use of FC devices. Platinum or platinum alloys are the most active catalysts
to promote these reactions. However, the high cost of platinum has driven research to
probe alternatives in order to reduce the cost of the catalyst.

Anion Exchange Membrane devices can employ platinum group metal-free (PGM-
Free) catalysts for the oxygen reactions. However, the hydrogen reactions, namely the
hydrogen oxidation and evolution reactions found in FC and electrolyzers, become
sluggish due to increased hydrogen binding energy with increased pH. This overbending
of H2 decreases the activity of these reactions catalyzed on Pt by two orders of magnitude.
Platinum is still the premier monometallic electrocatalysts, although the Hz kinetics are
slower in these devices.

Traditionally, particle size and distribution have led to an increased electrochemical
surface area (ECSA)[112-114]. Theoretically, the increased ECSA leads to higher
utilization in the catalyst layer in FC and electrolyzers increasing their performance[48,
135]. As such, variations in the synthesis process to develop platinum-based
electrocatalysts have led to changes in catalytic activities[75, 136, 137]. To lower cost
and increase ECSA, Pt-based electrodes have transitioned from Pt Black decorated on
gas diffusion layers or carbon cloths through atomic layer deposition (ALD) or chemical
vapor deposition (CVD) to Pt nanopatrticles decorated on high surface area (HSA) carbon
supports[43-45, 138]. HSA carbons are prized for their excellent electrical conductivity

and low corrosion, enabling low ohmic resistances and increase durability when used in
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the devices[139,140]. Traditionally the increased wettability allows for higher
concentrations of electrolyte available to the catalytic layer resulting in high catalyst
utilization through the electrolytes' uptake in half-cell reactions[141, 142].

Variations in the carbon's chemical and physical properties, e.g., functionality and
surface topography, directly correlates to changes in the density of nucleation sites,
regardless of the method used for catalysts synthesis[143,144]. In Chapter 2, we suggest
that the rate law associated with nucleation for the modified CVD process is a function of
the concentration of nucleation sites on the support material. Additionally, we discovered
the deposition sites of the nanoparticles were at the interfaces of the carbon
microparticles, where there are increased amounts of variations or defects in the carbon
support's structure. The study conducted in Chapter 2 utilized the same support, Vulcan
XC-72 (Cabot), for each sample to elucidate the impact varying the metal-organic salt
precursor has on the modified CVD method. However, this leaves a gap in understanding
the impact that the structure of the supporting material has on the PMCVD method.

In an effort to close this gap, we chose three different carbon supports: Vulcan XC-
72, Acetylene Black (A.B.), and Graphitized Nanoplatelets (GNP). Literature provides
insight into the variations of their surface areas which range from 45-600 m?/g, where
A.B. has the smallest surface area and GNP the highest[145-149]. Additionally, reports
on the degree of graphitization measured through ld/lg ratios assessed with Raman
spectroscopy varied across the field but agree with A.B. being more amorphous than the
others and GNP having the highest order[145-149]. We selected these carbon supports

because the trends for both surface area and graphitization concur, allowing us to assume
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the concentration of nucleation sites would vary similarly, with an assumed trend as
follows: A.B. < Vulcan XC-72 < GNP.

This assumption would enable us to validate our proposed rate laws for nucleation
and growth by measuring the particle size distribution of the Pt nanopatrticles deposited
on these various supports through our modified CVD method. This study analyzes the
synthesized electrocatalysts for both material properties and electrochemical activity for
the hydrogen reactions in an alkaline environment. We provide information regarding the
variations in activities due to the properties of the support material as a means to provide
information on additional ways to tune particle size and potentially increase hydrogen
reaction kinetics in AEM fuel cells and electrolyzers through carbon support material

selection.

Experimental

Nanoparticle Synthesis. Catalysts were synthesized using a single-step chemical
vapor deposition process. In this study, we utilized three different carbon supports: Vulcan
Carbon XC-72R (Cabot), Acetylene Black (A.B) (Alfa Aesar), and unfunctionalized
graphitized nanoplatelets (GNP) (cheaptubes). A powdered Platinum (11)(2,4)-
pentanedionate [Pt(acac)z] (Alfa Aesar) precursor was mechanically mixed with the
various carbon support in glass vials to achieve the appropriate final metal loading of 30
wt% Pt; total mass was 50mg for each sample. The vials were then placed into a vacuum
oven and a separate vial of deionized water (Milli-Q, Millpore). The oven was then sealed,
evacuated with ultra-high purity N2 to 28.37 kPa, and the temperature was set to 210 °C.

After 15 hours, the vacuum oven was evacuated, purged again with UHP N2, and cooled
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to room temperature. The samples were then removed from the oven and weighed to

confirm the metal content via a mass balance.

Materials Characterization: The various Pt/ XC-72 catalysts were analyzed using
x-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM); surface areas and pore size distribution were measured by employing
BET/BJH theories of physisorption isotherms. XRD patterns were obtained using a
Siemens D5000 diffractometer using Cu radiation (1=0.154184 nm, 30kV 40mA, 0.05°
step, 1.0 °/min) in a Bragg-Brentano geometry. Aliquots of catalysts suspended in
isopropy! alcohol (IPA) were smeared onto a zero-background quartz sample holder.
Peak width analysis was performed using OriginPro using a Gaussian wave-fitting
function after correcting the baseline. SEM images of the various carbons were taken
using an FEI Quant'a TA 400F scanning electron microscope at an accelerating voltage
of 20 kV and a working distance of 9.8 mm. Samples were placed on a carbon tape-
covered aluminum sample holder. TEM micrographs were taken using an FEI Titan ETEM
with Image Cs corrector operating at 300 keV, equipped with a Gatan K2-IS direct
detection camera and a Gatan single-tilt holder. The electron flux to the sample was
limited to 10 e/px/s to minimize beam damage. Surface area and pore size distribution
measurements were performed using a 3Flex Micromeritics analyzer at 77 K with nitrogen
as the absorbent. The apparent surface area covered by nitrogen was calculated using

the BET for a pressure range of p/p°® 10 to 0.9995.
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Electrochemical Characterization. The electrocatalysts were characterized at
room temperature in a Teflon three-electrode electrochemical cell set-up (Pine) with a
Mercury/ Mercury oxide (Hg/HgO) reference electrode (ALS) and a Platinum mesh
counter electrode. Electrodes were made by depositing 8 ul of well-dispersed catalysts
inks comprising of 5 mg of catalysts, four drops of DI water, and 1.0 g of IPA onto rotating
glassy carbon electrodes (Pine, A=0.1963 cm?) until dry. Electrode Loadings were
measured using XRF (Thermo Scientific ARL Quant' x EDXRF Analyzer) referenced
against a <5% error standard. An SP-50 potentiostat (BioLogic) was used throughout the
electrochemical characterization process. Electrodes were stabilized by performing cyclic
voltammetry (CV), sweeping voltages from 0.01- 1.0 V versus RHE in a 1.0 M solution of
potassium hydroxide at 100 mV*s-t until stable. Polarization curves were then measured
from -0.25- 0.25 V versus RHE at 2500 RPM in the positive direction. Potential
electrochemical impedance spectroscopy (PEIS) spectra were collected at frequencies
from 1 kHz to 1 Hz at -0.1, 0.0, and 0.1 V with a 10mV sinusoidal amplitude modulation.
The averaged intercept of the spectrums along the real axis, at the high frequencies, was
taken as the ohmic resistance of the electrolyte and used to produce iR-free plots.
Electrochemical active surface area (ECSA) measurements were calculated from CO
stripping using a 1000 ppm UHP CO bal. N2 source and Hupp region in a 0.1 M solution
of perchloric acid at a scan rate of 2 mV*s. Voltage was cycled from 0.05-0.25 V vs.
RHE for 1 hour. Stripping was conducted by scanning from 0.0-1.4 V vs. RHE in the
positive direction. Both areas of the hydrogen desorption region and CO oxidation peak

were obtained using OrginPro integration software.
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Results and Discussion

Figure 5.1 (Top) depicts XRD profiles of 30 wt% Pt/ varied carbon supports. These
profiles were collected to determine the phase and crystallite size of the deposited
nanoparticles. Scans were taken to show the Pt (111) and Pt (200) peaks by scanning
from 15-60° 20 as previous investigations showed that the phase of the deposited
nanoparticles is fully reduced Pt/C when synthesized using the PMCVD process. Within
this scanning range, we also observe the C (002) peak at ~26° 26. We measured the
crystallite size (L) in each sample using the Scherrer equation, Equation 5.1, by
measuring the Full Width at Half Maximum (FWHM), b., of the Pt (111) peak using
OrginPro software. In this equation, A is the wavelength of the incident x-ray beam (1.54

A), and 6 is the Bragg angle of diffraction for the Pt (111).

0.9x2

“L+cos0 (5.1)

B.

The measured average crystallite size for each sample was 2.39, 2.81, and 2.00
nm for 30% Pt/ XC-72, 30% Pt/ Acetylene black, and 30% Pt/ Graphitized nanoplatelets,
respectively. The calculated lattice parameters are in close agreement (+0.009 A) with
metallic Pt (3.92 A). The measured crystallite size of the 30% Pt/ XC-72 sample is in close
agreement with those calculated in Chapters 2 (2.48 nm) and 3 (2.314 nm) synthesized
at the same conditions (£0.08 nm), showing repeatability of the PMCVD method.

BET surface area analysis, Figure 5.1 (Bottom), depicts N2 adsorption and

desorption isotherms of the various samples post-deposition.
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Figure 5.1: (Top) Cu Ka X-ray diffraction patterns of 30% Pt/ XC-72, 30% Pt/ Acetylene
Black (A.B.) and 30% Pt/ Graphitized Nanoplatelets (GNP) vapor synthesized catalysts.
(Bottom) BET surface area of N2 adsorption and desorption Isotherms of 30% Pt/

Various Carbon Supports.
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The measured surface areas agree with the literature in that the surface area of A.B<XC-
72<GNP. We see this trend supports the variations in crystallite sizes of the deposited
nanoparticles, indicating an increase in support surface area results in a decrease in
crystallite size. Table 5.21 shows the measured crystallite size and surface areas. We
attribute this trend to the increase in nucleation sites available in higher surface area
materials per our proposed rate laws in Chapter 2. Because the concentration of Pt is the
same, the supports with lower surface area and less assumed nucleation sites will cause
the crystallites to continue to grow once all nucleation sites are occupied, e.g. [Ns]=0. This
result provides evidence of the tuneability of the crystallite size via changing the surface
area of the supporting material.

Without any surface chemical analysis to identify any moieties on the carbons
studied, it is challenging to assume the species of the nucleation sites outside of voids or
defects intrinsic to carbon structures. Thus, the identified deposition sites at the interfaces
of the carbon supports provide insight into the nucleation sites for the PMVCD method.
This directly ties the supporting materials' physical properties (e.g., topography, surface
areas, roughness, particle size, porosity, and graphitization) to the concentration of

nucleation sites available.
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Table 5.1: Lattice parameter (a), crystallite size, and BET analysis of 30%Pt/ XC-72, 30%

Pt/ Acetylene Black (A.B.) and 30% Pt/ Graphatized Nanoplatelets (GNP). Included in

parentheses are the standard deviations for the measured particle sizes.

Crystallite Particle Surface
Sample Name %o(; (E) FV\(/(,';M Size Size Area
(nm) (nm) (m**g)
30% Pt/ XC-72  39.907 3.929 3.699 2.39 3.02 (.12) 255.81
30% Pt/ A.B. 39.874 3.932 3.143 2.81 4.43 (.06) 79.75
30% Pt/ GNP 39.819 3.937 4.417 2.00 2.14 (.01) 356.12
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Figure 5.2a-c provides SEM micrographs of each sample. We can observe the
various morphologies of each support; a) XC-72, b) Acetylene Black, c) Graphitized
Nanoplatelets. XC-72 and A.B. are shown to be continuous mounds of carbon
microparticles. We perceive the microparticles found in A.B. are larger than in XC-72,
owing to A.B.'s reduced surface area. Figure 5.2c shows the conformation of the
graphitized carbon nanoplatelets as stacks of nanosheets varying in size. Unlike the other
supports, GNP shows defined edges in its microstructure because of its increased
graphitization.

TEM micrographs of the platinum nanoparticles deposited on the following carbon
supports: Pt/ XC-72 (d,g), Pt/ A.B. (e,h), and Pt/ GNP(f,i)) with two variations in
magnification are shown in Figure 5.2d-i. These micrographs show the high distribution
of the Pt nanopatrticle deposited on each of the various carbons. We observe an increase
in particle agglomeration with a decrease in support surface area. This agglomeration is
seen in Figure 5.2e&h, where the nanoparticles deposited on the A.B. support have
coalesced in high concentrations of previously defined low energy sites on the unions of
the carbon microparticles. This is in comparison to the nanoparticles that are supported
on GNP, Figure 5.2f&l, which are highly uniform in size and well distributed on the carbon
surface, where even patrticles in proximity to each other can be easily distinguished.
These findings further corroborate our proposed rate laws associating nucleation with the

concentration of nucleation sites available.
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Figure 5.2: Microscopy analysis of Pt nanopatrticles deposited on various carbon support.
(a-c) SEM micrographs taken at an accelerating voltage of 20 kV and a working distance
of 9.8 mm to show carbon morphology of Pt/XC-72, Pt/AB, and Pt/ GNP, respectively.
TEM micrographs of Pt/ XC-72 (d,g), Pt/ A.B. (e,h), and Pt/ GNP(f,i) with varying
magnification to show particle size and particle distribution. Histograms are shown in the

bottom line of the figures for the respective analysis of 100 nanoparticles.
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With an increase in nucleation sites through an increase in surface area, we expect
smaller nanoparticles per our proposed rate laws. We validated this assumption through
particle size analysis by examining the diameters of +100 particles in various locations of
the sample. The average diameters were calculated through Gaussian fits of the
histograms produced from our particle size analysis in OriginPro software and were
measured to be 3.02, 4.42. and 2.14 nm on average for Pt/ XC-72, Pt/ A.B., and Pt/ GNP
respectively. Included in Table 5.1 are the measured patrticle sizes mentioned, with the
standard deviation included in paratheses. These variations in size of the highly dispersed
particle corroborates our proposed rate law for nucleation. The larger surface area GNP
support enabled the smallest particles to deposit, thus implying that the concentration of
nucleation sites is proportional to the surface area. This increase in nucleation sites would
allow for faster Pt deposition, lowering Pt concentrations, ultimately lowering particle
growth. The shape of the deposited Pt nanoparticles varies from spheres in the XC-72
and GNP supported sample to "bean-like" structures on the A.B. supported sample. A
rationale for the variations in shape is included in the conclusion of this chapter.

We measured electrochemical surface areas (ECSA) by calculating the charge
produced through both Hupda and CO stripping through the voltammograms produced in
0.1 M HCIO4 found in Figure 5.3 (Left). We conducted ECSA calculations from the Hupd
region in the same method found in Chapter 3. To calculate the ECSA of the CO oxidation
region produced through CO stripping, we use equation 5.2 after measuring the charge,
Qco, though integrating the areas under the dashed lines in Figure 5.3 (left) from 0.6-0.14

V vs. RHE using the solid lines as the baseline for integration.
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Figure 5.3: Electrochemical active area calculated from both Hupd desorption regions as
well as CO Stripping. (Left) voltammograms of CO stripping depicting the Pt's saturation
with CO thought the depressed hydrogen desorption region between 0.0-0.3 V vs. RHE
and CO oxidation at potentials <0.6 V vs. RHE. The dashed line profile shows the initial
stripping scan. Solid line profiles depict the second scan post-CO oxidation showing a

restoration to the Hupd region. (Right) A bar chart of ECSA for both CO stripping (blue)

and H2 desorption region (gray) for the various carbon supports.
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Qco(0)

ECSAp,(m?%g3!) =
pe(M°gpe) 420puCempiLp,(mgp.cm=2)A g (cm?)

(5.2)

Similar to variables found in Chapter 3, Lpt is the Pt loading measured through
XRF, and Abisk is the geometric surface area of the glassy carbon electrode. The charge
density to oxidize a monolayer of CO from the Pt's surface is 420 uC*cm2[150].
Electrodes were saturated with ultrahigh purity 1000 ppm, CO Bal. N2 while the voltage
was cycled within the Hupd region from 0-0.3 V vs. RHE for one hour. We determined the
saturation time by calculating the average current difference between three separate
scans. Once the change in current for hydrogen desorption reached <0.000005 mA, the
electrolyte was purged with UHP N2z for 30 minutes then the scan range was extended to
1.4V vs. RHE to strip the CO from the surface. Two additional scans were taken after the
monolayer of CO was stripped to ensure no redeposition of CO occurred. Table 5.2
(Right) includes the calculated ECSA values measured from both Hupda and CO stripping.

Although the chosen threshold regarding the change in current is stringent, we still
measure currents associated with Hupd, providing evidence that not all Pt surfaces were
covered by CO within the hours-time. The average standard deviation between the
ECSAs calculated is 3.37 m?*get!. This deviation can be associated with the different
chemistry that occurs on the surface of the electrode for the two adsorbents.

Hupa On Pt and Hydrogen evolution readily occurs at low overpotentials in acid and
thus increasing the relative concentration of hydrogen near the electrode's surface
impacting calculations[28]. However, in CO stripping, the concentration of CO in the bulk
electrolyte is assumed to be zero after the 30 min purge of Nz2. This variation in

concentration impacts the charge associated with hydrogen desorption, resulting in a
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higher calculated ECSA though Hupda On average. This can be compensated for by
scanning in a potential region starting >0 V vs. RHE, driving the HOR over the HER.
ECSA calculations measured through integration are estimates; thus, our standard
deviation between methods is acceptable[151].

Electrochemical characterization, displayed in Figure 5.4, was conducted to probe
the activities of the various Pt supported on carbon samples for the HOR/HER in alkaline
media. Figure 5.4a shows the initial voltammograms for each of the samples. Cycles were
scanned anodically from 0.05-1.0 V vs. RHE at 100 mv*s1. Each sample was cycled until
scans overlapped three times sequentially. We observed expected variations in the
associated double-layer regions, ~0.4-0.6 V vs. RHE, corresponding to the carbon
surface areas where 30% Pt/ GNP has the most significant double-layer capacitance per
its high surface area.

Figure 5.4b shows the measured performance for the HOR/HER though iR-
corrected polarization plots scanning from -0.075-0.25 V vs. RHE in the positive direction.
The inset shows the current densities at low overpotentials for the hydrogen reactions.
Through these plots, we observe the highest performance with 30% Pt/ A.B. with 30% Pt/
GNP exhibiting the lowest activity at small overpotentials for both HOR and HER. To
better present the kinetics of each sample, the exchange current densities for the
hydrogen reactions through Tafel, Figure 5.4c, and micropolarization, Figure 5.4d plots.
The exchange current densities were calculated through linear extrapolation, as similarly

done in Chapter 3.
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Figure 5.4: Electrochemical characterization of 30% Pt/ XC-72, 30% Pt/ Acetylene Black
(A.B.) and 30% Pt/ Graphitized Nanoplatelets (GNP) vapor synthesized electrocatalysts.
(a) Cyclic voltammograms (CVs)of each sample in 0.1 M NaOH at a scan rate of 100
mV*s-1. (b) iR-corrected polarization plots were taken at 2 mV*s-1in 0.1 M NaOH at 2500

RPM. (c) Tafel plots and (d) micropolarization plots of each sample.
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Additionally, exchange current densities of the three samples were calculated

through slope analysis of the micropolarization plot using equation 3.

In this equation, the exchange current density, io, is equal to the slope of the
micropolarization plot, j/n, multiplied by the ideal gas constant, R, and temperature in
Kelvin, T, divided by the number of electrons, n, transferred for the hydrogen reactions,
which in this case is 2, times Faraday's constant, F[153]. This equation is a rearrangement
of the linearized Butler-Volmer equation, where the at low overpotentials, the exponentials
of the Butler-Volmer equation, equation 4, where a is the transfer coefficient, can be
expanded through a Taylor series, resulting in the abridged form found in equation 3[152-

154].

i= io[e(l—a)nFn/RT _ e—anFn/RT] (4_)

Additionally, mass and specific activities were measured at overpotentials of £10
mV vs. RHE through linear interpolation of the polarization plot. The measured activities
as well as the calculated exchange current densities for each sample are given in Table
5.2. The current densities shown were normalized to the ECSA calculated through the

integration of the Hupd region.
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Table 5.2: Ptloadings measured by XRF, ECSA calculated from CVs using both Hupd and CO stripping, as well as hydrogen

reaction activities of 30% Pt/ XC-72, 30% Pt/ Acetylene Black (A.B.), and 30% Pt/ Graphitized Nanoplatelets (GNP)samples.

Micro polarization results were calculated from linear fitting of the polarization plots at low overpotentials. Mass and specific

activates were calculated through linear interpolation of the polarization plots at +10 mV.

ECSA Exchange Current Density Activities
. o .
Nl | ooy (mere) Polarization | Extrapolation | homo | baomy inc10my inc10my
Hupp S trﬁ)ging (mA*cm-2py) (mA*cm-2py) (mA*cmpt?) (A*gpt?) (mA*cmpt?) (A*gerl)
Pt/XC-72 26.34 71.11 58.98 0.66 0.89 0.46 27.41 0.71 41.98
Pt/A.B. 26.85 49.32 45.61 1.42 1.28 0.71 32.34 1.39 63.23
Pt/GNP 24.36 89.45 93.84 0.485 0.66 0.33 30.87 0.49 45.64
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The catalytic activity for the HOR and HER increases accordingly: 30% Pt/
Graphitized Nanoplatelets < XC-72 < Acetylene Black. As mentioned earlier in this
section, the wettability of the carbon support can lead to an increase in activities.
We conducted contact angle measurements on each sample by depositing a thick
layer of non-decorated carbon samples on a glass slide until an opaque film of
carbon was produced. A small bead of water (~3pul) was then deposited on each
sample, and the contact angle was measured through ImageJ software. Both XC-
72 and GNP samples exhibited hydrophilicity, adsorbing the water droplet before
an image could be rendered. The A.B. sample shows hydrophobic behavior with
an average contact angle of 42.95°. A depiction of these findings is given in Figure
A5.1.

We attribute the higher kinetics in the AB sample to its support’s wettability.
In the hydrophobic AB supported catalyst, channels are available for gas to escape
leading to higher hydrogen removal rates as the product of the reaction for the
HER. This postulate is supported by Le Chatelier Principle. This explanation holds
for the HOR as well in that the water produced through this reaction is easily
removed from the surface of the electrode per the material properties of the A.B.
support. We can evidence the increase in gas production at slower rotations given
in Figure A5.2. Here we see that at 100 RPM, a gas bubble indicated by the
sizeable oxidative peak appears as we produce H2 at low overpotentials for the
hydrogen evolution reaction. This peak decreases as we increase rotation,

enabling faster removal rates for H2 gas from the catalytic surface. This
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phenomenon is not seen in the other two samples, attributing this formation to the
hydrophobicity of the A.B. sample. Additionally, because of the voltage scan
direction, we increase the local H2 concentration per this theory, aiding to the
additional increase in activity for the HOR.

A study on the impact that electrode wettability has on the HER in acid
suggested that hydrophilic surfaces increase reaction kinetics[141]. In this study,
they utilized light-sensitive TiO2 nanotubes as the support to vary wettability. These
nanotubes still have capillary effects impacting the true wettability of the material
surface through the uptake of water in the nanotubes, making them more
hydrophilic. Our measurement for wettability is more realistic than what would be
expected in a device as we eliminate capillary impacts by using carbon supports.
Thus, our rationale for the increase in reaction kinetics of the hydrophobic AB
supported catalyst is valid, although it contradicts prior similar studies.

The high rate of H2 removal in alkaline devices has been a challenge for
electrolysis as a build-up of the gas at the surface due to the increase HBE in high
pH leads to slower removal rated to the desired product. Therefore, the AB
sample's hydrophobicity shows excellent promise as a catalyst for HER in an AEM
electrolyzer device. Additionally, the material property of A.B. can aid in water
management in both PEM and AEM to prevent flooding at high current densities,
allowing for higher efficacies and power outputs. This implies the need to tests
these catalysts in a device to verify our assumptions of the material's properties

leading to variations in activities.
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Conclusion

Platinum nanopatrticles of ~ 2-4 nm in diameter were deposited on XC-72,
Acetylene Black, and Graphitized Nanoplatelets support. The particle size
variations aligned with the differences in the support surface areas, where smaller
particles were achieved on higher surface area supports. Additionally, we see the
same trend concerning crystallite size. This provides another way to tune particle
size outside of the parameters mentioned in chapters 2 (concentration) and 3
(temperature and pressure). The electrochemical surface area follows an expected
trend where smaller particles lead to higher electrochemical surface areas. The
activities normalized to the ECSA, calculated through Hupa stripping, follow the
trend of Pt/ AB>XC-72> GNP. Although this trend is inverse of the rank order based
on the ECSA, we attribute the increased performance to the hydrophobicity of the
carbon supports where AB exhibits high hydrophobicity promoting gas removal
promoting the HER, and water removal for the HOR. Additionally, because of the
scanning direction for these polarization plots, the hydrophobic A.B. sample
promotes high concentrations of Hz near the catalyst surface aiding in the HOR
performance. It is challenging to predict the performance of these electrocatalysts
in a device. The materials' characteristics afford the AB sample promise as the
material properties will help with water management in both acid and alkaline FC
and electrolyzer devices.

Interestingly, the “bean-like “shape of the deposited nanoparticles on A.B.

are different from those supported on XC-72 and GNPs. Though disclosing the AB
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support's hydrophobicity, the water vapor produced through the synthesis process
may develop an envelope for these nanoparticles. The "bean" shapes produced
have their concave portions towards the outside of the carbon structure. Through
the water vapor interactions with the carbon supports during the deposition
process, there is a possibility of controlling particle shape using the PMCVD
method. This is challenging to verify without using more structured hydrophobic
supports. Because A.B. is amorphous, we found variations in the shapes produced
when it was used as support. By identifying variations in the size of the highly
dispersed nanoparticles on the various carbon supports, we provide additional
evidence that the rate of nucleation is a function of nucleation site concentrations,
and the rate of growth and agglomeration is a function of Pt loading. However, the
nature of nucleation sites on these amorphous carbons remains undefined. These
findings provide an additional area of investigation to better understand the

capabilities of the PMCVD method.
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CHAPTER VI

SYNTHESIS AND CHARACTERIZATION OF CHEMICAL VAPOR

SYNTHESIZED PRECIOUS GROUP METAL FREE ELECTROCATALYST FOR

HYDROGEN EVOLUTION IN ALKALINE MEDIA
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Abstract

The deposition of Ni and Co's in both mono and bimetallic conformations
using a modified chemical vapor deposition (CVD) mechanism was studied. This
modified CVD method utilizes acetylacetonate organometallic salt precursors
sublimed in a vacuum oven to produce crystallites ranging from 3.5-23.8 nm based
on the deposited phase. The phase of these samples, determined through
diffraction, varied from reduced metals to bimetallic oxide compounds. Herein, we
show a novel way to synthesize nanoparticles with metastable Ni and Co
hexagonal structures without using solution-based methods. The mono and
bimetallic samples were characterized for hydrogen evolution reaction activity in
alkaline environments. The activities were measured through polarization curves
allowing us to compare the various electrocatalysts. The most active phase was
hexagonal close-packed (HCP) structured Ni.

Additionally, we uncover the role water plays in the modified CVD process
regarding the deposition of these transition metals. This study was facilitated by
phase analysis of the various samples after post-deposition heat treatments. This
study began the necessary investigation on water vapor interaction with the

acetylacetonate ligand during the deposition process.

Introduction

Clean and efficient production of hydrogen is essential to reverse the effects

of reliance on nonrenewable resources. The most common ways to produce
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hydrogen are stem-methane reforming and electrolysis or water splitting[155, 156].
Steam-methane reformation involves the reaction between high temperature and
pressure steam with methane to produce hydrogen with byproducts still including
COx species. However, electrolysis offers a COx-free scheme for Hz2 production.
Electrolysis involves the splitting of water over a catalyst under electrical potentials.
Commercial electrolyzers are catalyzed on the cathode, where the hydrogen is
produced, by Platinum. The activity of Pt as a catalyst increases as pH decreases
per the Hydrogen binding energy theory[23,24,30-32]. As such, proton exchange
membranes (PEM) are uses as an ion-permeable separator for the anode and
cathode electrodes in these devices.

Ir typically catalyzes the anode process in these PEM devices. The use of
these two precious group metals (PGMs), Pt and Ir, leads to a more expensive
device due to their rarity and associated cost[175]. As such, PGM-Free electrodes
have been studied as electrocatalysts for both the anode and cathode in
electrolyzers. Similar activities to that of PGM electrocatalysts have been met by
utilizing PGM-free metals, mainly metal oxides, on the anode to catalyze the
oxygen reduction reaction (ORR) in alkaline media[18-22]. The use of single and
bimetallic transition metals such as cobalt, manganese, nickel, iron, and their
oxides has closed the performance gap between PGM and PGM-free
electrocatalysts, potentially driving down costs of the device[158]. However,
regardless of the metal type, the kinetics of the hydrogen evolution reaction (HER)

on the cathode decrease by two orders of magnitude because of increased
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hydrogen binding energies in higher pH. In higher pH, platinum still exhibits
superior HER kinetics to other metals, producing 1 mA*cm2 at overpotentials of
30 mV for unsupported and 50 mV for carbon-supported Pt[159].

This study investigates mono and bimetallic Ni and Co electrocatalysts for
the HER in alkaline to reduce device cost through synthesizing these PGM-free
electrocatalysts using a low-cost modified chemical vapor deposition (CVD)
method. These earth-abundant metals were chosen for their low cost and promise
as a substitute for Pt. Notably, Ni offers excellent corrosion resistance even in
highly concentrated alkaline media, and Co offers good durability and electrical
conductivity[158,159]. This study's modified CVD method involves the thermal
decomposition of acetylacetonate organometallic salt precursors to produce
various phased nanoparticles supported on carbon. We study the deposited phase
as a function of individual Ni and Co metal content in each sample and adjust the
reaction process to uncover the influence water has on the deposition method
when using transition metal-based precursors such as Ni(acac).. We further
investigate the activities of these various phases for the HER in 0.1 M NaOH via

half-cell reactions.

Experimental

Nanoparticle Synthesis. The electrocatalysts were synthesized using a
single-step chemical vapor deposition process using a Vulcan XC-72R Carbon

(Cabot) support and various combinations of acetylacetonate precursors. The
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metal-organic salt precursors used in this study were Nickle (Il) Acetylacetonate,
Ni(acac)z, and Cobalt (lll) Acetylacetonate; Co(acac)s, (Alfa Aesar). The Ni, Co,
and NixCoy, where x and y denote the partial fraction of the total metal weight,
samples were prepared to have a metal weight percent (wt.%) of 30% supported
on the XC-72R carbon (70 wt.%). The total mass of each electrocatalyst was 50
mg. In the NixCo(-x) samples, the precursors were mixed to achieve Ni:Co ratios
of 80:20, 50:50, and 20:80. Once the precursor mixtures were prepared, the salts
were then mechanically mixed with the carbon supports in glass vials. The vials
were then placed into a vacuum oven along with a separate vial of deionized water
(Milli-Q, Millpore). An exception to the addition of the water was in the synthesis of
the Ni no H20 sample. The oven was then purged with ultra-high purity (UHP) Nz,
evacuated to 13.27 kPa, and the oven was set to 260 °C. After 15 hours, the
vacuum oven was evacuated, purged again with UHP N2, and cooled to room
temperature. A mass balance was used to determine the total metal content of
each catalyst post-deposition. Portions of the as-synthesized samples were then

heat-treated in a tube furnace with UHP O2 and saturated N2 at 260 °C for 1 hour.

Materials Characterization: The electrocatalysts were analyzed using x-ray
diffraction (XRD) and transmission electron microscopy (TEM). XRD patterns were
obtained using a Siemens D5000 diffractometer using Cu radiation (I=0.154184
nm, 30kV 40mA, 0.05° step, 1.0 °/min) in a Bragg-Brentano geometry. The scan

range was 15-60 ©°28. Aliquots of catalysts suspended in isopropyl alcohol (IPA)
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were smeared onto a zero-background quartz sample holder. The IPA was
evaporated before measurements. Each sample’s phase was determined through
a search and match process enabled by the PDF-4 database included in the
utilized Jade software (MDI). Additionally, the phases were confirmed by
comparing the diffraction patterns to those found in the literature by searching the
inorganic crystal structure database (ICSD). TEM images were taken on an FEI
Titan ETEM with an Image Cs corrector, operating at 300 keV. The microscope
was equipped with a Gatan K2-IS direct detection camera and a Gatan single-tilt
holder. To minimize beam damage, the electron flux to the sample was limited to

10 e-/px/s.

Electrochemical Characterization. Electrocatalysts were characterized at
room temperature in a Teflon three-electrode electrochemical cell (Pine) with a
Mercury/Mercury Oxide, Hg/HgO reference electrode (ALS), and a Platinum mesh
counter electrode (Pine). Electrodes were made by depositing 8 pl of well-
dispersed catalysts inks, comprising 5 mg of catalysts, four drops of DI water, and
1.0 g of IPA, onto glassy carbon electrodes (Pine, A=0.1963 cm?) and left rotating
at 500 RPM until dry. Electrode Loadings were measured using XRF (Thermo
Scientific ARL Quant' x EDXRF Analyzer) referenced against a <5% error
standard. An SP-50 potentiostat (BioLogic) was used throughout the
electrochemical characterization process. Electrodes were stabilized using cyclic

voltammetry (CV) in a 1.0 M solution of potassium hydroxide at 100 mV*s? at
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potentials within the water window for each sample. Polarization curves were then
measured at 900 RPM in the positive direction at 2 mV*s at potentials < 0.1 V vs.
RHE Potential electrochemical impedance spectroscopy (PEIS) spectra were
collected from 1 kHz to 1 Hz at -0.1, 0.0, and 0.1 V. with a 10mV sinusoidal
amplitude modulation. The intercept of the spectrum along the real axis at high
frequencies was taken as the ohmic resistance of the electrolyte to produce air-

free plots.

Results and Discussion

Ni, Co, and bimetallic NixCo-x) supported on carbon electrocatalysts were
synthesized via a single-step chemical vapor deposition process. XRD was utilized
to determine the phase of the mono and bimetallic electrocatalysts. Figure 6.1
displays the as-synthesized diffraction profiles for each sample. The phases were
determined by matching the diffraction patterns to powder diffraction files found in
the Inorganic Crystal Structure Database (ICSD) through a PDF 4+ plug-in
available through Bruker's Jade software as well as in the literature. We
determined the phase for the Ni/ XC-72 without H20 sample to be HCP Ni, Ni/ XC-
72 to be NiO, Nio.sCoo.2/ XC-72 and Nio.sCoo.5/ XC-72 to be FCC Ni and CoNiOz,
Nio.2Co0o0.8/ XC-72 to be CoO, FCC Ni and CoNiOz2, and the Co/ XC-72 sample to
be CoO. The crystallite size for these nanoparticles ranges from 3.5-23.8 nm
measured through the Scherer Equation.

Each of the bimetallic catalysts possesses a CoNiO2 phase in their

diffraction profiles shown through peaks located at 36.8 (111) and 42.8 (200) °26.
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Additionally, we observe a more crystalline Ni (FCC) phase indicated by peaks at
44.5 (111) and 51.8 (200) °26in each of the bimetallic samples. As expected, the
Ni phase's relative intensity decreases with an increase in Co concentration,
apparently promoting increased production of CoNiO2 nanoparticles. We do not
observe any other Co phases besides CoNiO2 until the Co concentrations are
above 80 wt%, e.g., Nio.2Coo.s and Co/ XC-72. For the bimetallic Nio.2C0o0.8/ XC-72
sample, we see small amounts of NaCl structured CoO peaks appearing at 36.5
(111) and 42.4 (200) °26 although the FCC Ni and CoNiO2 phases are more
predominate.

In the monometallic Ni/ XC-72 sample, we observe the FCC NiO phase
defined by peaks at 37.3 (111) and 43.2 (200) °26; this is the only phase found in
the monometallic Ni/ XC-72 sample. This, in addition to the results given in Figure
A4.1, shows the modified deposition processes propendency to produce oxidized
Ni through the deposition process when water is added to the reaction, and
Ni(acac): is used as the precursor. The NIiO crystallites produced appear to be
small relative to the other Ni crystals formed in the bimetallic catalysts. This
assessment is based on the relative peak breadth associated with crystallite size
and microstrain, where broader peaks indicate smaller particle size according to

the Scherer Equation.
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Figure 6.1: Cu Ka X-ray diffraction patterns of various PGM-Free electrocatalyts
synthsisized via a single-step modified CVD process. ldentified phases in each
sample are as follows: (black) Ni/ XC-72 without (w/0) H20; HCP Ni, (blue) Ni/ XC-
72; NiO, (green) Nio.gCoo.2/ XC-72; FCC Ni, CoNiOz2, (purple) Nio.sCoos/ XC-72;
FCC Ni, CoNiOgz, (red) Nio.2Coo.s/ XC-72; CoO, FCC Ni, CoNiO2, and (Orange) Co/
XC-72; CoO. The total weight of the deposted metals are 30% of the total mass of

the electrocatalysts.
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In the Co/ XC-72 sample, we observe a large amount of hexagonal Wurtzite
structured CoO given by peaks at 32.2 (100), 34.2 (002), 36.6 (101), 47.7 (102),
and 57.4 (110) °26 with small amounts of NaCl Structured CoO[160]. We found a
similar crystal structure for the Ni/ XC-72 sample when no water was added to the
reaction chamber. Here we find the crystal structure to be HCP Ni with peaks at
39.7 (100), 41.8 (002), 45.1 (101), and 59.0 (102) °26. Thermodynamically, both
Ni and Co will crystalize in a rock salt (NaCl) structure[161]. However, in the cases
where Ni or Co acetate precursors are used, the deposited species can vary based

on thermodynamic or kinetic driving forces [161-164].

Golosovsky et al. have well studied this transition in the crystal
structure[161]. For Co(acac)2, the decomposition and resultant deposition of the
Co nanopatrticles can arrange their atoms in a stable rock salt, metastable cubic
Zn blend, or hexagonal Wurtzite structure. The rock salt structure is formed when
the synthesis method is thermodynamically driven, implying there is a
concentration threshold where the synthesis method is more kinetically driven,
producing the two metastable conformations. They attribute the change in crystal
structure to variations in reaction conditions such as temperature ramp rates,
temperature, and time. This rationale holds for the synthesis of HCP Ni via the
modified CVD method. In studies using the same Ni(acac). sample precursor, HCP
Ni was achieved at temperatures of 240-260 °C under ambient conditions[164].

The temperature ramp rate of the vacuum oven utilized in the modified CVD

method varies with respect to the final set temperature. TGA analysis conducted
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in a study by Atkinson et al. shows that slow ramp rates lead to a higher onset for
various acac precursors' decomposition[98]. Additionally, slower ramp rates may
help stabilize the metastable structures in the Ni and CoO nanoparticles. Through
slower decomposition rates, the metal concentration increases slower than
imposed at high-temperature ramp rates. This can be verified for the PMCVD
process by varying and recording the ramp rate of the vacuum oven and analyzing
the phase of the the products.

A key observation is that the HCP Ni phase is only achieved without the
addition of water to the reaction chamber. The water has been found to help
promote the reduction of the metal through the increased oxidation of the
acetylacetonate ligand during the deposition process in Pt shown in our studies
and Cu-based acetyl precursors in studies by Nasibulin [81, 82]. In this study, we
assume that the inclusion of water in the vacuum oven increases the concentration
of oxygen in the reaction resulting in the oxidized species found in each sample
where water is present due to the highly oxyphilic nature of Ni and Co. A thorough
study regarding the role the water plays in the modified CVD process is necessary
to disclose its impact on the deposited species.

We begin this study by investigating if we can alter the phase of the samples
post-deposition. This was accomplished by conducting thermal treatments to the
as-synthesized electrocatalysts at 260 °C for 1 hour under UHP Oz and saturated

N2.To saturate the N2, the gas was sparged into a sealed bottle containing D.I.
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water. The rate of gas flow for the two different gases was ~2 sccm. XRD profiles
are given in Figure 6.2 for samples treated with Oz and Saturated N2, respectively.

In comparing the diffraction patterns of the as-synthesized samples with the
samples post-treated with saturated N2, we do not see any variations in the
deposited nanoparticles' phases. However, when the samples are treated under
UHP O2, we do observe changes concerning both the crystallinity and the phase
in the samples. One commonality between the three sample sets is found in the
Ni/XC-72 sample, where we observe virtually no change to the phase or crystal
structure with either heat treatment. In the Bimetallic NixCou-x) samples, we see
the suppression of the FCC Ni phase due to an increase in the intensity of the
CoNiOz2 phase. This shift in intensity provides evidence for the role the water plays
in the deposition process. As a finite concentration of Oz is available to produce
the CoNiO2 phase is depleted in the as-synthesized bimetallic samples, we see
suppression of its associated diffraction peaks. However, when the concentration
of Oz is increased, even post-deposition, we produce more CoNiOz, implying that
a higher volume of water in the reaction can drive the product of mixing these

organometallic precursors to the CoNiO2z phase.
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Figure 6.2: Cu Ka X-ray diffraction patterns of various PGM-Free electrocatalyts
post-deposition heat treated samples synthesized via a single-step modified CVD
process. (Left ) Diffraction patterns of post-synthesis heat treatment samples
under Saturated UHP N2. Identified phases in each sample are as follows: (black)
Ni/ XC-72 without (w/0) H20; HCP Ni, (blue) Ni/ XC-72; NiO, (green) Nio.sCoo.2/
XC-72; FCC Ni, CoNiO2z, (purple) NiosCoos/ XC-72; FCC Ni, CoNiO2, (red)
Nio.2C00.8/ XC-72; CoO, FCC Ni, CoNiO2z, and (Orange) Co/ XC-72; Co0O. (Right)
Diffraction patterns of post-synthesis heat treatment samples under UHP Oo..
Identified phases in each sample are as follows: (black) Ni/ XC-72 without (w/0)
H20; NiO, (blue) Ni/ XC-72; NiO, (green) Nio.sCoo.2/ XC-72; FCC Ni, NiO, (purple)
Nio.sC0o0.5/ XC-72; FCC Ni, CoNiOz2, (red) Nio.2Coo.s/ XC-72; C0304, CoNiO2, and
(Orange) Co/ XC-72; Cos0a. The total weight of the deposited metals is 30% of

the total mass of the electrocatalysts.
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This increase in Oz concentration is also evidenced in the Ni/ XC-72 without
water and Co/ XC-72 samples. We now observe crystal structure changes from
the metastable hexagonal structures to rock salt NiO with trace amounts of FCC
Ni in the Ni/ XC-72 without water sample and Co3O4 phase in the Co/ XC-72
sample. This transformation in crystal structure aligns with the aforementioned theories of
kinetics or thermodynamics driving the developed structure. The production of the
metastable phase is kinetically driven, as mentioned previously. As the concentration of O2
increased through heat-treatments under UHP O2, the as-synthisized samples resort to a
thermodynamically favorable crystal structure, FCC NiO and Ni in the Ni/ XC-72 without water
sample and FCC Co30a4in the Co/ XC-72 sample. The ramp rate of the furnace was set to
2 °C*mint to compensate for the low reactant gas flux and prevent any unwanted
reduction of the deposited species due to high ramp rates.

The slow ramp rate maintained the phases for the stable crystal structures;
however, the metastable crystal structures were able to restructure under the
increased temperatures and reactant gases, resulting in the more stable phases
observed in Figure 6.2 (Right). Additionally, in the Ni/XC-72 sample, the Oz aided
in increasing the NiO crystallite size defined by the narrow peaks associated with
the phase. This shift In crystal structure also provided evidence that the water
vapor interacts with the acetylacetonate ligand during decomposition, resulting in
variations in oxygen concentrations. We suggest that the oxygen concentration
produced from the vaporization of water decreases with its interactions with the

acac ligand decomposition byproducts. We assume this because there was no

116



change in the crystal structure when samples are heat treated with saturated N2,
but consistent changes in each product heat-treated with UHP O..

Particle size distributions were investigated using TEM. Figure 6.3 shows
the various phased nanoparticles deposited on the XC-72 carbon support.
Because of the multitude of phases on the various samples, particle size
distributions were omitted for this chapter. The provided diffraction profiles provide
a way to decouple the phases based on sizes, such as the difference in the larger
FCC Ni nanopatrticles' size compared to the smaller NiCoO2 given in Figure 6.3c
and d. By measuring the FWHM of the peak associated with the highest atomic
density for each phase, we can measure the crystal size by using the Scheerer
equation.

Although this method allows us to measure the crystal size for the various
phases in the samples, decerning the exact phase of the associated particles
within the micrographs is challenging and requiring additional analysis. This
process could be done using electron energy loss spectroscopy (EELS) by
scanning each particle to identify each nanoparticle’s elemental composition.
Nonetheless, we are able to observe variations in particle sizes that agree with the
range of crystallite sizes for the various phases found in each sample through

qualitative analysis.
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Figure 6.3 TEM Micrographs of a, Ni no H20 /XC-72; b, Ni/ XC-72; ¢, Nio.sCo0o.2/
XC-72; d, Nio.sCoo.s5/ XC-72; e, Nio.2Coo.s/ XC-72; and f, Co/ XC-72. Images show
the various particle size distributions with the variations in metal content and
reaction conditions. In each sample set, the dark regimes are the metallic
nanoparticles deposited on the lighter colored carbon supports. In g, we see large
CoO nanoparticles covering the support. If a phase is readily identified based on

particle size, it is indicated by arrows in the micrograph.
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Electrochemical characterization was conducted on the as-synthesized
samples in 0.1 M NaOH. Cyclic voltammetry was employed to stabilize the
electrocatalysts. Figure 6.4 (Top) shows the voltammograms for each of the as-
synthesized samples. All the samples possessing oxide phases show very low
anodic currents. This result is expected as the metallic surfaces are already
oxidized. The anodic currents are lowest in the Ni/XC-72 sample and increase with
the addition of Co.

Additionally, the water window shifts to lower potentials with the addition of
Co. The Ni no H20/ XC-72 sample shows features, where oxidation of the Ni
surface occurs at the anodic peak found at 0.1-0.5 V vs. RHE, and the reduction
of the Ni begins at 0.1 V vs. RHE followed by hydrogen evolution beginning around
-0.1 V vs. RHE. These CVs were conducted under Nz, so all oxidation is due to the
interactions between the electrolyte and the electrocatalysts. This implies the
adsorbate is OH" resulting in a Ni(OH)x complex, most likely Ni(OH)2 per Pourbaix
diagrams previously published[165].

Polarization plots of the as-synthesized samples were conducted under H>
to probe the electrocatalytic activity for the hydrogen evolution reaction. Figure 6.3
(Bottom) shows the collected and averaged | vs. V plots over three iterations for
each sample. The Co/ XC-72 sample shows the initiation of a reduction peak
around -0.3 V vs. RHE where hydrated Co is reduced at these potentials[166]. The
Co/XC-72 sample exhibited low currents at higher overpotentials, which prompted

only a small portion of the polarization plot for this sample to be presented.
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Figure 6.4: Electrochemical characterization of PGM-free electrocatalysts in 0.1M
NaOH. (Top) Cyclic voltammograms (CVs)of PGM-free electrocatalysts at a scan
rate of 100 mV*sl. (Bottom) iR-corrected polarization plots of PGM-free
electrocatalysts conducted at 2 mV*s. Currents are displayed as the measure
current density on a glassy carbon electrode with an active area of 0.1963 cm?.
Scans were swept in the positive voltage direction for each sample. Phases for

each sample are included in brackets in the legend.
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We calculated the mass activities for each sample at -0.25 V vs. RHE as
well as the overpotentials at specific current densities relative to the geometric
surface area of the glassy carbon (GC) electrode (0.1963 cm?) at both 1 and 10
mA*cm2. These results are found in Table 6.1. In comparing the HER activities for
these six samples based on both mass activities and achieved currents at
measured overpotentials, we find the activities of the electrocatalysts to decrease
as follows: Ni no H20>> Nio.5C00.5> Co>Nio.8C00.2>Nio.2C00.6>Ni. The Ni no H20/
XC-72 sample exhibited the highest mass activity at 86.58 mA*mg-1 and low
overpotentials, generating 1 mA of current normalized by the geometric GC
electrode area at an overpotential of 150 mV. This is an increase in activity of over
30% with respect to the current produced by the next highest performing catalyst,
Nio.5C00.5/XC-72.

The Nino H20/ XC-72 sample's increased performance is due to the phase
of the deposited species. HCP Ni has been extensively studied as a candidate for
HER in alkaline by Shao et al., wherein they investigated the increased activities
of HCP Ni by characterizing the adsorption energies of H20 through measuring d
band centers on both FCC (111) and HCP Ni (0001) through DFT calculations.
Their results indicated a slight increase in d-band centers, increasing the water-
binding energy on the HCP Ni surface over the FCP Ni. These results indicate the
HCP Ni’s proclivity to rapidly adsorbed H20 initializing the HER. This up-shift in d-
band centers results in a lowered energy barrier for the Volmer step enabling the

increased kinetics of the HER thermodynamically[167].
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Table 6.1: Electrochemical activity of PGM-Free electrocatalysts for the

HER. Specific activities were calculated from linear interpolation of the collected

polarization plots at 1 and 10 mA*cm- 2 normalized by the glassy carbon electrode's

geometric surface area (0.1963 cm?).

Overpotentials
cuyss g Qomet o MesAy oy
(mA*cm2)

Ni no H20 0.072 116 ;gg -86.58

Ni 0.15 116 3?1 -2.55
NisoC020 0.061 116 3(_)5 -5.46
NisoC0s0 0.103 116 iéi -14.54
Ni20C0so 0.11 1]6 igg -1.37

Co 0.15 116 2£_13 -8.21
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Although we do not recommend the other deposited phases as promising
candidates for HER in alkaline media, these phases have benefits in other areas
of research. Nanopatrticles of any type possess electrical, magnetic, and optical
properties. NiO nanoparticles can be used as a semiconductor with a wide
bandgap ranging from 3.6-4.0 eV, studies show that the bandgap increase as
particle size decreases[168-170]. CoNiO2 nanoparticles have higher electrical
conductivity and specific capacitance than those of the single component nickel or
cobalt oxides, making them useful in semiconductors and are also efficient
candidates for oxidation of glycerol[171, 172]. HCP CoO possesses paramagnetic
properties, unlike its antiferromagnetic counterpart FCC CoOJ[173]. These
mentioned properties are just a brief highlight of the capabilities of these
nanoparticles. The described versatility in deposited phase and tunability of
crystallinity and phase through various heat treatments mentioned shows the

flexibility and utility of the modified CVD method used in this study.

Conclusion

Mono Ni and Co and bimetallic NixCo-x) supported on Vulcan XC-72 carbon
were synthesized using a single-step modified CVD process. One sample was
prepared in the absence of an additional vial of water placed in the reaction
chamber. The synthesized samples were characterized using XRD, TEM, and
electrochemical characterization techniques. Diffraction analysis provided

information on the versatility of the modified CVD method's ability to deposit mixed
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phase nanoparticles on carbon supports. When water was included in the system,
all samples possessed metal oxide phases, with some entirely reduce rock salt
structured Ni nanoparticles in the bimetallic samples. When the water was
removed, we produced HCP Ni nanoparticles.

We probed the impact of water through post-synthesis heat treatments
under both UHP O2 and saturated UHP N2. We observed no change to the phase
with saturated N2 as the reactant gas; however, with the UHP O2, we saw changes
in both phase and crystallinity of the deposited nanopatrticle. The two synthesized
phases of merit in this study were the hexagonal Wurtzite structured CoO found in
the Co/ XC-72 sample, and HCP Ni found in the Ni no H20/ XC-72 sample. The
generation of these structures is assumed to be kinetically driven, wherein the
ramp rate of the vacuum oven, the concentration of metal-organic salt precursor,
and deposition time drive the stability of these metastable structures. Additionally,
TEM analysis corroborated the variations in crystallite size through qualitative
particle size analysis, where we observed variations in the nanoparticles deposited
on the carbon support. We further reiterate that a qualitative analysis of the
deposited nanoparticles by identifying the phase of each individual particle would
require additional characterization techniques outside of this study's specific
scope.

Lastly, through electrochemical characterization, we determined the
activities of the as-synthesized samples for the HER. We measured the highest

activities in the Ni no H20/ XC-72 sample, owing to its high mass activity as well
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as its ability to generate moderate currents at the lowest overpotentials. Due to the
various metal oxides present in the other samples, HER activities are suppressed
as active sites are restricted by the addition of oxygen in the catalyst crystal
structure. These materials can be advantageous in other fields, such as use in
superconductors as well as in applications where tunable optical or magnetic
properties are desired. Though findings in previous chapters, where we investigate
particle size as a function of reaction conditions, we can assume that these
nanoparticles' size can also be tuned, resulting in variations in their phase, band
gaps, magnetic and optical properties. These results are the initial steps to
developing a better understanding of the deposition of transition metals through

this modified CVD method.
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CHAPTER VII
CONCLUSION
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Controlled synthesis methods to prepare electrocatalysts for fuel cells and
electrolyzers are imperative to increase their performance and lower these
devices' overall cost. Chemical vapor deposition enables the use of inexpensive
organometallic salt precursors. Additionally, the use of these precursors in the low
cost PMCVD method provides additional aide to efforts to lower device costs.
Furthermore, through this study, we identify methods to tune both the chemical
and physical properties of electrocatalysts prepared through the modified CVD
process in a controlled manner. Due to this increased control, we show several
ways to improve hydrogen kinetics in alkaline media, increasing this method's
viability to produce electrocatalyst for the hydrogen oxidation (HOR) and evolution
reactions (HER) in alkaline media.

In Chapter 2, we prepared three Pt/ C samples with metal loadings of 10,
30, and 50 wt% Pt using the PMCVD method. We measured this method's metal
recovery efficiency through a mass balance, measuring an average metal recovery
rate of ~97%. The deposited nanoparticles' average particle size was 2.9 nm, with
crystallite sizes varying from 2-3.3 nm. The Pt nanoparticles were fully reduced
through the single-step deposition process verifying the reaction temperature and
pressure of 210 °C and 0.28 kPa, respectively, are sufficient to oxidize the acac
ligand of the organometallic precursor fully. By analyzing the variations in particle
size as a function of metal concentration, we developed rate laws for both the
nanoparticles' nucleation and growth. These rates are linear in that an increase in
metal content will lead to larger nanoparticles. We provide a mechanism to
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describe the deposition mechanism where growth and agglomeration occur after
nucleation sites are filled. This is the first study showing the ability to control particle
size via the PMCVD method.

Because we achieved metallic nanopatrticles at the established reaction
temperature and pressure, we were motivated to investigate the impact varying
these parameters would have on the deposited nanoparticles. Chapter 3 discusses
a parametric study where we varied the temperature from 185- 235 °C and initial
pressure from -.18- 0.38 kPa, utilizing 210 °C and 0.28 kPa as the center point.
We found no variation in phase between the samples and observed no evidence
of organics deposited on the metal surface as artifacts of the decomposition
process. Variations in physical properties, namely crystallite size, and microstrain
were observed. We saw an increase in particle size and minimal strain on the
crystal structure at the central temperature and pressure. Most of the other
samples exhibited negative microstrain, implying compressed crystallites.

In investigating the electrochemical activities for the HOR/ HER, we studied
the samples at the parameter extremes (high and low) and compared the results
to the sample prepared at the established temperature and pressure (mid). We
found similar activities in the samples at the extremes and increased activity in the
mid samples through electrochemical characterization methods. We attribute the
higher activities to the minimal strain imposed on the crystallite, aiding in the

adsorption and desorption of reactants and product, respectively, for both the HER
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and HOR. This study further describes the increased control over both physician
and electrochemical properties achieved using the PMCVD method.

In Chapter 4, we extended our study to bimetallic catalyst by synthesizing
XC-72 carbon-supported PtxNia-x) and PtxRu(-x) catalyst where x equaled 0.7, 0.8,
and 0.9. The total metal loading in these samples was 30%. The diameters of the
deposited nanoparticles ranged from 2-3 nm. We evaluated the degree of alloying
for each sample and showed the ability to alloy similarly structured metals in the
PtxNia-x), where each of these metals has an FCC crystal structure. Here we
achieve a high degree of alloying across the variations in x. When analyzing the
PtxRu(-x) catalyst, we see small amounts of alloying with no trend in the degree of
alloying with the addition of the noble metal Ru.

We measured an increase in catalytic activity with the addition of these
oxyphilic metals per the bifunctional mechanism through electrochemical
characterization. The PtxRuax) samples measured a steady increase in both
exchange current density and specific activities with an increase in Ru content. In
the PtxNiax samples, we measured the highest actives in the sample with the
lowest Ni content. The activity decreased with the further addition of Ni. we
Attribute these variations in activities between the two sample sets to the difference
in the nobility of the added metal. The addition of Ru offers the ability to adsorb
hydrogen under low overpotentials, lowering the energy barrier for the Volmer step

to proceed. In the Ni samples, we assume the development of a passivation layer
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of oxide/ hydroxide that increased with Ni content due to the metals increased
oxyphilic nature restricting the access of reactants to the catalytic surface.

After investigating the impacts of metal content, reaction parameters, and
alloying capability of similar and mixed crystal structure metals, we investigated
the impact of varying the carbon supports' properties on the PMCVD method. We
deposited 30 wt% Pt on Vulcan XC-72, Acetylene Black (AB), and Graphitized
Nanoplatelets (GNP). The surface areas and degrees of graphitization of these
supports differed in AB<XC-72<GNP. The deposited nanoparticles ranged from
~2-4 nm in diameter and grew with a decrease in surface area. These results
corroborated our finding in Chapter 2, where the rate law for nucleation is a function
of nucleation sites which is closely tied to the materials surface area. This provides
a third way to control the particle size and can be employed when support material
properties are negligible or when the support's surface area can be affected by
thermal treatments.

The three samples' electrochemical surface areas followed the trend
regarding nanoparticle size in that Pt/ GNP has the largest ECSA and Pt/ AB the
smallest. When we measured these catalysts' electrochemical activity for the
HER/HOR, we saw performance increases were activities on Pt/ GNP< XC-72<
AB. We determined the increased performance was due to the hydrophobicity of
Acetylene Black, promoting the removal of H2 gas from the electrode surface for
the HER resulting in increased H2 concentrations promoting the HOR. We also

observed an irregular "bean-like" shape of the nanoparticles deposited on AB. This
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sparked intrigue as to the role water plays in the deposition process. In this case,
we assume the water vapor interacts with the carbon support during the deposition
process resulting in the unique shape of nanoparticles deposited on AB.

This work concluded with an investigation of Mono Ni and Co and bimetallic
NixCou-x) supported on Vulcan XC-72. Monometallic samples exhibited single
phases, whereas we observed multiple phases in the bimetallic samples with
varying degrees of crystallinity between the deposited phases. The deposited
nanoparticles ranged from 3.5-23.8 nm in diameter. When water was included in
the deposition process, the deposited species were metal oxides. In the one Ni
sample where water was not included, the phase produced was metastable
hexagonal Ni. We observed a similar hexagonal Wurtzite structured CoO found in
the Co/ XC-72 sample. These samples prompt the idea that the PMCVD process
is kinetically driven at the given parameters, wherein the ramp rate of the vacuum
oven, the concentration of metal-organic salt precursor, and deposition time drive
these metastable structures' stability.

We begin investigating the impact water has on the deposition process by
conducting heat treatments of the as-synthesized samples under UHP O:2 and
saturated UHP N2. This process simulates the various conditions the reaction
chamber could be in during the growth process of the PMCVD method of high
oxygen concentrations or high-water vapor concentrations. Under saturated UHP
N2, we observed no change in phase or crystallinity. Under Oz, each sample

experienced a change of some type to include the restructuring of the metastable
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hexagonal Ni and CoO to FCC crystal structures and a selective increase in
crystallinity for the CoNiO2 phase found in the bimetallic samples. This alludes to
a way to selectively deposit desired phases during the deposition process.
Additionally, the phase change provides evidence that the water vapor plays a
pivotal role in the alloying and crystal growth process of the PMCVD method.
Through electrochemical characterization of these transition metal
nanoparticles, we identify the HCP structured Ni phase found in the Ni no H20/
XC-72 sample showed the highest activity for the HER. This is due to its increased
water binding energy achieved through the HCP crystallites' atomic structure.
Because the other samples contained metal oxides, similar phenomena of reactant
blocking in Chapter 4 lowers their activities. We close this study by presenting
other fields of study where these metal oxide nanoparticles can play a role due to
their inherent electronic, optical, and magnetic properties, further describing the
versatility of the PMCVD to produce highly dispersed nanoparticles useful in a

myriad of applications.
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Figure A2.1: Scatter plot depicting the relationship of particle size, measured

through manual diameter measurements of +100 particles via ImageJ, and

crystallite size, measured through Scherrer analysis as a function of expected

platinum loading. Average linear fit correlation (R%= 0.97).
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Table A3.1: Quantitative analysis of Williamson-Hall plots for samples prepared
using a modified CVD method at various temperatures and pressures. The
crystallite size and microstrain were calculated from the y-intercept and slope of

Initial Final Crystallite Relative

Sample Name Pressure Final Pressure  Temperature Size Strain
(kPa) (kPa) (°C) (nm) (unitless)

Low T and P 18.24 83.55 185 1.858 -0.00625
185 MP 28.37 65.77 185 1.931 -0.00652

185 HP 38.5 50.53 185 2.366 0.0017
200 LP 18.24 84.39 200 1.991 -0.00541
200 MP 28.37 65.77 200 2.149 -0.00324
200 HP 38.5 53.92 200 2.214 -0.00202
210 LP 18.24 86.63 210 2.057 -0.00334
Mid T and P 28.37 74.23 210 2.314 -9.51E-05
210 HP 38.5 51.55 210 1.995 -0.00677
220 LP 18.24 88.63 220 2.098 -0.00274
220 MP 28.37 75.93 220 1.956 -0.00706
220 HP 38.5 54.76 220 2.501 0.00157
235LP 18.24 100.48 235 1.913 -0.00749
235 MP 28.37 74.23 235 1.914 -0.00865
High T and P 38.5 55.61 235 1.855 -0.01271

Williamson-Hall plots, respectively.
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Figure A4.1: Cu Kaq X-ray diffraction patterns of NiO nanoparticles deposited on
various carbon supports synthesized through the modified CVD method utilizing
Ni(acac)z as the organometallic precursor. Peaks at ~25 026 are formed by the C
(200) facet. Additional peaks at 37.3 (111) and 43.2 (200) °26 correspond to the

NiO phase.
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Figure A5.1: Contact angle measurements of XC-72, Acetylene Black, and
Graphitized nanoplatelets. The XC-72 and GNP carbons adsorbed the aliquot of

water immediately due to their hydrophilicity.
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Figure A5.2: Polarization plot of 30% Pt/ A.B. in 0.1M NaOH at 2 mV/s at various
rotations. The oxidative peak found around 0.025 V vs. RHE indicates the
formation of a hydrogen bubble that is removed through higher rotation rates. The
increased currents found in this region are due to higher concentrations of Hz near
the surface of the electrode due to the inability to remove the gas bubble at slower

rotations.
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