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Polymer exchange membrane fuel cells have the potential to replace current fossil fuel-based
technologies in terms of emissions and efficiency, but CO contamination of H, fuel, which is derived
from steam methane reforming, leads to system inefficiency or failure. Solutions currently under
development are bimetallic nanoparticles comprised of earth-abundant metals in different architectures to
reduce the concentration of CO by PROX during fuel cell operation. Chapter One introduces the Pt-Sn
and Co-Ni bimetallic nanoparticle systems, and the intermetallic and core-shell architectures of interest
for catalytic evaluation. Application, theory, and studies associated with the efficacy of these
nanoparticles are briefly reviewed. Chapter Two describes the concepts of the synthetic and
characterization methods used in this work. Chapter Three presents the synthetic, characterization, and
catalytic findings of this research. Pt, PtSn, PtSn,, and Pt;Sn nanoparticles have been synthesized and
supported on y-AlI203. Pt;Sn was shown to be an effective PROX catalyst in various gas feed conditions,
such as the gas mixture incorporating 0.1% CO, which displayed a light-off temperatures of ~95°C. Co
and Ni monometallic and CoNi bimetallic nanoparticles have been synthesized and characterized,
ultimately leading to the development of target Co@Ni core-shell nanoparticles. Proposed studies of
catalytic properties of these nanoparticles in preferential oxidation of CO (PROX) reactions will further
elucidate the effects of different crystallographic phases, nanoparticle-support interactions, and
architecture on catalysis, and provide fundamental understanding of catalysis with nanoparticles

composed of earth abundant metals in different architectures.
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Chapter 1: Heterogeneous Catalysis using Earth-Abundant

Nanoparticles

1.1 Polymer Exchange Membrane Fuel Cells and Preferential Oxidation of CO

Environmental and economic influences have lead to the advancement of alternative
energy technologies, such as proton exchange membrane fuel cells (PEMFC)." These fuel
cells convert chemical energy into electrical energy for stationary and portable fuel cells
applications, such as vehicles. Oxidation at the anode splits H; into protons and electrons,
which transfer to the cathode via the polymer electrolyte membrane and the load circuit,
respectively, and combine with O, through a reduction reaction. The PEMFC does not
release greenhouse gases or pollutant emissions, only water and heat, possibly serving as
an alternative to current combustion-based technologies. One of the limitations that
prevent broader commercialization of this technology is the purity of hydrogen fuel for
the anodic processes of the fuel cell. Currently, ~95% of industrial hydrogen in the US is
produced by steam methane reforming (SMR) (eq 1).> Resultant syn-gas contains H, and
CO, which poisons the anodic catalyst of the PEMFC, causing an increase in the
overpotential of the hydrogen oxidation reaction’. Industrial applications typically
remove CO from syn gas in two steps: 1. The water-gas shift (WGS) reaction (eq. 2); and
2. Purification by pressure-swing adsorption (PSA) or membrane reactor.*’ Preferential
oxidation of CO (PROX) (eq. 3) is a smaller scale, alternative purification technique to

reduce the CO concentration below 10 ppm, which is necessary for stable PEMFC



operation.” Theoretical and experimental studies have evaluated monometallic,

bimetallic, and other catalytic systems for activity and selectively for the PROX reaction

to improve economic viability of the PEMFC.>"!

CH,; + H,O—» CO + 3H, (1)
Hzo +CO — C02 + H2 (2)
120, +H, + CO — CO, + H, 3)

Platinum group metals (PGM) are common catalysts, but expense and rarity
severely limit the commercial viability of the PROX and PEMFC system.® Findings have
shown that PGMs combined with earth abundant metals exhibit comparable or superior
PROX activity in comparison to commonly used Pt supported on y-Al,03.”'*'® Reducing

or removing PGMs can reduce the cost and increase the activity of PROX catalysts.

1.2 Kinetics of Nanoparticle Formation

Finke and coworkers pioneered kinetic studies of transition metal nanoparticle
(NP) formation, and derived mechanisms from kinetic and spectroscopic data;'’ '
they have shown that NPs form through a series of steps: 1. Slow, continuous nucleation
of metal atoms from metal precursors; 2. Autocatalytic surface growth, where metal
precursors are converted into surface atoms on NPs'’; 3. Diffusive agglomerative growth
of NPs to form bulk metal particles’; and 4. Autocatalytic agglomeration of NPs and
bulk metal (scheme 1-1)."” In addition, dissolution of smaller nuclei and the re-deposition
of these atoms on larger nuclei in order to reduce surface energy, is another widely
accepted mechanism known as Ostwald ripening.”> There are many other theories and
kinetic studies on homogeneous nanoparticle formation, however, the aforementioned are

. . . . 21,2
considered major benchmarks in nanoparticle growth.*'*
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Scheme 1-2. Illustration of the 4-step mechanism of transition-metal nanoparticle formation
proposed by Finke and coworkers. Figure taken from reference 8.

1.3 Bimetallic Nanoparticles

1.3.1 Bimetallic Nanoparticle Architectures

Bimetallic NPs exist in the following architectures: heteroaggregate, random
alloy, intermetallic, and core-shell (fig. 1-1). Heteroaggregates consist of two types of
NPs linked through physical or chemical interactions.”* Random alloys have metals
distributed randomly on lattices resembling parent metals. Conversely, intermetallics
have distinct phases with well-defined lattices.'® The structure of a core-shell is a core of
metal or metal oxide covered by a layer, or shell, of a second metal.”> Each architecture

exhibits advantages and disadvantages in stability and catalytic activity.

Heteroaggregate Random Alloy  Intermetallic Core-Shell

Figure 1-1. Bimetallic nanoparticle architectures (left to right): heteroaggregate, random alloy,
intermetallic, and core-shell



Synergistic effects of surface metal species in intermetallics have been studied.
Direct methanol fuel cell (DMFC) electrooxidation experiments by Gasteiger and co-
workers showed CO to linearly adsorb to electron rich Pt (eq. 4), while adjacent Ru binds
the oxygen-based species (eq. 5) that migrates and oxidizes CO to CO, (Eq. 6).2**” This
bifunctional mechanism lowers the potentials necessary for CO electrooxidation on Pt-Ru
alloy in comparison to monometallic Pt, similar to the decrease in thermal energy
required for CO oxidation in Pt-Ru PROX studies.” In addition, Aricd and co-workers
proposed that Pt-Sn alloys exhibit charge transfer from Sn to Pt**, increasing free, active
Pt sites by promoting adsorption of oxygen-based species on electron poor Sn.”***
Random alloys can also benefit from synergistic effects, however intermetallics have

superior behavior due to increased stability and lack of isolated segregation of surface

1
metal atoms'®.

Pt-CH30H, 43 — Pt-CO,q¢ + 4H* + 4¢” @)
Ru + H,0 —> Ru-OH,4 + H" + ¢ (5)
Pt-COygs + Ru-OHyqs —> Pt + Ru + CO, +H" +¢ (6)

1.3.2 Electronic Effects of Core-Shell Architectures

DTF studies on the influence of d-band orbitals on molecular adsorption were
pioneered by Norskev and Hammer in development of the d-band theory''°>%. Orbitals
available for binding are adsorbate dependent; H, adsorption uses H 1s orbitals, while CO
adsorption occurs via the 5o and 27t* orbitals through hybridization with metal d-orbitals.

(fig 1-2).!1%°



Figure 1-2. Graphical representation of CO 5o (shaded) donation to the Pt surface (black), and
back donation from the Pt surface to the CO 2m* orbital; the latter interaction has a greater
influence on binding behavior. Figure adapted from reference 29.

The position of the d-band center, relative to the Fermi level, determines the
position of the surface-adsorbate hybridized orbitals. For instance, a d-band center
relatively higher in energy can produce a hybridized antibonding state above the Fermi
level, forcing electrons to occupancy the bonding orbital below the Fermi level; stronger
chemisorption is observed due to bonding orbital occupancy and an unfilled antibonding
orbital. Conversely, relatively lower d-band center results in occupation of the bonding

and antibonding orbitals, weakening chemisorption.''"!

This exemplifies the effect of
position of the d-band center on degree of filling of hybridized orbitals, and subsequent
effect on chemisorption profile.

Substrate heteroatoms can alter d-band center position, affecting the
chemisorption of adsorbate molecules and catalytic activity'®. Theoretical studies have
shown that d-band shifts depend on architecture and the alloyed elements’”. Experimental
catalytic studies of random alloy and intermetallic NPs confirm theoretical findings on
d-band shifts, demonstrated by the d-band shift of monometallic Pt compared to Pt in

CusPt (fig. 1-3)**2% however, charge transfer effects play a greater role in the catalytic

observations for this architecture.



CusPt; Pt (111) P(111)

U

Figure 1-3. Density of states diagram of H, adsorbed to (a) Pt (111) in CusPt and (b) Pt (111)
monometallic sites. Arrows indicate hybridized (o, — d) antibonding states. Relative to the Fermi
level (e-Er= 0 eV; solid black, horizontal line), the lower antibonding orbital of Cu;Pt confers
weaker hydrogen chemisorption. Figure taken from reference 30.

Surface atoms of core-shell systems also exhibit d-band shifts, but with greater
implications towards tailoring of catalytic properties (fig. 1-4)**. In work by Eichhorn and
co-workers, Ru@Pt core-shell NPs are able to oxidize CO to CO; in contrast to typical
CO poisoning of Pt surfaces.”” Electron poor core Ru atoms draw electron density from
surface Pt atoms, causing the Pt d-band center to shift lower in energy®. Finally, core-
shell NPs allocate catalytically active atoms exclusively to the surface, requiring precious
metal content only for catalysis, not bulk NP formation.
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Figure 1-4. Electrochemically measured chemisorption energies of hydrogen on various Pd-
based surfaces correlated to calculated shifts of the d-band center. Figure taken from reference 29.



Decreasing the cost of NPs by reducing Pt content and replacing Pt with earth
abundant metals is possible using intermetallic and core-shell bimetallic architectures.
Aforementioned bimetallic studies have shown that catalytic activities for these types of
proposed NPs are comparable to commonly used NP catalysts. Theoretical studies have
surveyed various monometallic and bimetallic surfaces to predict electronic and catalytic
properties. Herein, Pt-Sn and Co-Ni NP systems have been synthesized, characterized,
and analyzed for catalytic activity to investigate the efficacy of these NPs in an effort to

increase viability and abundance in commercial applications.
1.4 Bimetallic Systems of Interest

1.4.1 Pt-Sn Bimetallic Nanoparticle System

The landmark bimetallic Pt-Sn system study by Gasteiger and co-workers
investigated the electrochemical oxidation of CO and a H,/CO mixture by bulk Pt;Sn,
and compared subsequent results to previous studies of bulk PtRu.””’** As mentioned
previously, selective adsorption of CO and O, in the Pt-Sn system provides exceptional
catalytic activity through the bifunctional mechanism.” The intermetallic phases PtSn,
Pt;Sn, and PtSn; have been synthesized and analyzed for catalytic activity in H, oxidation
and PROX.'**** The investigation of support-catalyst interactions on thermal PROX

activity for different Pt-Sn phases is the objective of this comparative study.

1.4.2 Co-Ni Bimetallic Nanoparticle System

D-band theory and DFT calculations (fig. 1-5) predict a down-shift of the d-band
center of Ni in Co@Ni, resulting in lower CO and H, binding energies®>, and good

catalytic activity comparable to other catalysts. Monometallic Co and Ni NPs are



catalytic materials commonly used in applications such as Fischer-Tropsch reactions***’
and dehydrogenation reactions*™ 2. Co-Ni bimetallic NPs have minimal synthetic and
characteristic studies, and lack catalytic studies, allowing further evaluation of the
system.”>® The Co-Ni phase diagram illustrates thermodynamic restriction to form only
the random alloy. Novel synthesis of new Co-Ni core-shell variations will require
rigorous air-free synthesis to prevent the formation of Ni oxide or Co oxide compounds.
Although these bimetallic NPs may have slightly lower catalytic activities compared to
Pt-based catalysts, cost normalization in relation to catalytic activity could promote the

commercial application of the much cheaper, completely earth abundant catalytic

materials.
Overlayer
3d 4d 5d
Fe Co Ni CulRu Rh Pd Ag|lr Pt Au
Fel-092]
Go| | -
ad

- Ni 129 05-0.7 eV
le) Cu -2.67 03-05eV
< 1.41
g Ru L. 0.1-0.3eV
— -1.73 - -
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o) Pd -1.83 -04--0.1eV
-g Ag *430. -0.8--04eV
-
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5d Pt -2.25 <-13eV

Figure 1-5. Shifts in d-band center of core-shell architectures relative to monometallic metal
surface. Underlying host is the core and overlayer is the shell. Figure taken from ref. 27.

Based on experimental and theoretical studies, Pt-Sn and Co-Ni intermetallic and
core-shell NPs have been synthesized, characterized, and analyzed for catalytic activity
of the PROX reaction. Incorporating earth abundant metals in catalysts for PEMFC

applications will encourage the economic viability and ubiquity of this technology.



Chapter 2: Synthesis and Characterization of Pt-Sn and Co-Ni
Bimetallic Nanoparticles

2.1 Introduction

Described herein are the methods and theory of synthetic and characterization
procedures necessary to achieve the goals of this research, as presented in Chapter One.
Mechanisms of NP formation, development of different bimetallic architectures, and
methods for supported catalysis synthesis are discussed in Chapter Two. Also,

information necessary to catalytic analysis of supported NPs is presented in this Chapter.

2.2 Nanoparticle Synthesis

2.2.1 Reduction

The most common chemical route to form metal atoms in solution is the reduction
of soluble metal salts and precursors. NPs in various architectures and compositions have
been synthesized by reduction reactions using diols.*'*>*"*® The mechanism of polyol
reduction using ethylene glycol (EG) results in CO,, aldehydes, and carboxylic acids as
by-products of H-abstraction and electron transfer (scheme 2-1).°” Synthesis of Pt
monometallic and various core-shell NPs in this research employed this reduction
reaction due to the high boiling point and efficient reducing ability of polyols, as well as
facile removal from synthesized colloids.'® Air-free and water-free reaction conditions
were necessary for earth abundant nanoparticle synthesis to prevent unwanted oxidation,
prompting the use of solid 1,2-hexadecanediol in organic solvents such as diphenyl ether

(DPE) and 1-octadecene, as seen in Co-Ni bimetallic synthesis. >



Scheme 2-1. Ethylene glycol oxidation in the polyol reduction method of nanoparticle synthesis.
Adapted from ref. 13.

2e” /, - H 0]
H,C—CH, L HZC—C/ L, \C_C//
! L 2HT i ‘"H -2H' 7 .
OH OH OH ¢ H
Hzo lze— _2H+ 2H20 l4e-, -4-HJr
//O Hzo HO\ //O
H2C—C\ R : CcC—C
Cl)H OH 4e, -4H O// l \OH
2CO, + 2H™+ 2¢

Strong reducing agents were also used in NP synthesis, as explored below. NaBH4
reduction reactions’®’" occur by hydride donation from BHj4™ to the metal precursor. Air-
free reaction conditions, co-reduction of metal precursors, and the use of metal precursors
with significantly negative reduction potentials'® can require more reactive variations of

16,72

NaBHy, including superhydride ™™*, aluminum alkyls70, and tetraalkylammonium

. . 2 . .
7% Known as superhydride, LiE;BH'* is much more reactive

hydrotriorganoborates.
than NaBH4 due to the electron donation from the ethyl groups to the boron, weakening
the B-H bond and increasing hydritic character. The slightly less reactive analogue,
NaEt;BH, sufficed as the reducing agent in the Pt-Sn intermetallic'® syntheses to
simultaneously reduce these metallic species that have significant differences in standard

reduction potentials.'”” These reductions used 1-octadecene and DPE as solvents due to

violent reaction of NaEt;BH with water, which is prevalent in hydrophilic EG”.

2.2.2 Core-Shell Formation
Core-shell preparation required greater consideration of synthetic techniques
compared to random alloy and intermetallic syntheses. There are various routes to

produce core-shells, but the following were of interest to this research: 1. Sequential
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deposition, which can be epitaxial’® or non-epitaxial’’, where core NPs are first
generated, then shell atoms of another metal are deposited on the core®™®"’; 2. Redox
transmetalation, where metal precursor material is introduced to core NPs, causing
chemical reduction of the metal precursor due to lower reduction potential of core
atoms™™®'; and 3. Adsorbate induced surface segregation, where a random alloy or
intermetallic is exposed to an adsorbate, and strong surface-adsorbate interactions cause
one metal to migrate to the surface.'*'***® Core-shell synthesis focused on thermal
reaction conditions, eliminating electrochemical variations of aforementioned methods.
Constituent metal properties are the bases for determining proper synthetic
procedures. Co@Ni NPs were synthesized only using method 1 since Ni and Co have
similar reduction potentials, -0.25 V and -0.28 V, respectively. Electrochemical CO-
induced segregation has been used to produce PtSn@Sn NPs'®, but stability and size

control of Sn NPs prevent the direct synthesis of the Sn@Pt NPs**™. Regardless of

synthetic procedure, NP stability is paramount to catalysis.

2.2.3 Surfactants

Finke and coworkers®’ investigated surfactants for transition-metal NPs based on
electrostatic repulsion and steric hindrance properties that promoted kinetic control of NP
formation, and prevented NP agglomeration.*”® Synthetic conditions and NP stability
also influence surfactant choice. In this study, polyol syntheses used labile
polyvinylpyrrolidone (PVP, MW=55,000) due to excellent solubility in these solvents.
NaEt;BH reduction reactions in organic solvents used tightly binding surfactants, such as

oleic acid, oleylamine and/or trioctylphosphine, which were necessary to prevent surface
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oxides on earth abundant metal NPs.** While strong binding surfactants are difficult to

79,88

remove before catalysis™ ", researchers have investigated converting the surfactants into

. . . . 1 . 1
8890 sonication and centrifugation®®', and annealing procedures.'®

other compounds
Lastly, strongly binding surfactants may inhibit shell growth on core NPs in core-shell

syntheses. Surfactant-reaction pairings were made on the basis of literature and empirical

findings.

2.2.4 Deposition on Support Materials

The final step to sample preparation was the deposition of NPs on a high surface
area support material to effectively disperse the NPs, thereby reducing agglomeration and
optimizing active sites available for catalysis.'®”* Interactions between NPs and some
support materials are also known to increase catalytic activity. Carbon black (Vulcan) has
been used in countless electrochemical studies because of good electrical conductivity,

92-94

pore size, and surface area. In comparison to Vulcan, Graphene is used for increased

939 where nitrogen’’ or boron’® can be dopants to further

conductivity and stability,
improve various properties. Thermal processes commonly use metal oxides such as
v-AL,O; as support materials for stability and pore size as well’®, but the promotional
effects of metal oxides on thermal catalysis have not been fully studied.” This study used
impregnation methods to deposit NPs on support materials.” In addition, maximum

catalytic activity with minimal loading of 1 wt % of NPs on support materials was

implemented in order to decrease cost associated with catalytic material.
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2.3 Characterization and Catalytic Analysis

Characterization of supported and unsupported NPs provided a scientific basis for
observed properties and phenomena. Powder X-ray diffraction (XRD) was the
preliminary technique used to identify crystal structure and architecture. Transmission
electron microscopy (TEM) was used for size and shape analysis, while high resolution
TEM (HRTEM) provided more details of NP surfaces. Energy dispersive X-ray
spectroscopy (EDX), accessible in scanning transmission electron microscopy (STEM)
mode”’, provided approximate analysis of elemental composition of NPs. The Fourier-
Transform Infrared spectroscopy (IR) CO probe technique was used to observe core-shell
growth, and distinguish random alloys and intermetallics from core-shell NPs due to
energy differences in surface-CO interactions.®*>!%-1%2

Catalytic tests used 100 mg of NP-support material
(ie. 1 wt% PtSn on y-Al,O3) and occurred in a quartz fixed-bed flow-through reactor with
an inner diameter of 6.8 mm. The reactor bed composition was the following: 600 mg
quartz sand and 40 mg of quartz wool for gas homogenization; evenly loaded catalyst;
then, additional quartz wool and quartz sand for support. Temperature was monitored and
controlled with a K-type thermocouple in conjunction with Lab View software. Total
flow rate and inlet velocities were chosen to be similar to previous studies for proper
comparison.®”. Outlet of the reactor was monitored by a Varian Chrompack CP-3800
gas chromatograph (GC) equipped with a thermal conductivity detector (TCD). This
catalysis rig set-up and settings were inspired by previous studies.®*

Catalytic reactions used various ultra high purity (UHP) feed gases and

temperature profiles. Samples for PROX analysis were pretreated in flowing H, and He at
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250°C, and tested in flowing H, and O,, as well as CO in concentrations of 0.1%, 0.2%,
and 1% balanced by He, and heated to 250°C.° Catalytic analysis was used to determine
the efficacy of catalysts in terms of light-off temperature and selectivity for PROX. The
primary goal for these catalytic studies was the observation and explanation of the
relationship between catalytic activity and NP structure and architecture.

The objectives of this research were synthesis and characterization of Pt-Sn and
Co-Ni NPs, and catalytic evaluation. Different Pt-Sn phases on different support
materials were compared to the commercial standard Pt on y-Al,O;. Co-Ni NPs may
exhibit lower catalytic activity compared to Pt-Sn, but this new investigation into thermal
catalysis using Co-Ni may show comparable catalytic activities that can be normalized by
the decreased costs of these earth abundant metals. Theory and literature supporting these

hypotheses and rationales are outlined in the introduction.
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Chapter 3: Synthetic and PROX Analysis of Pt-Sn and Co-Ni
Nanoparticles

3.1 Introduction

Chapter Three introduces the synthetic work and catalytic analyses performed in
this research. Intermetallic and monometallic NPs composed of Pt-Sn and Co-Ni were
synthesized by methods reported herein. XRD and TEM were used for characterization.
Catalytic analysis of activity for the PROX reaction was investigated using PtSn and
Pt;Sn NPs supported on y-Al,O;. Representative synthetic and characterization methods
are presented, and detailed information can be found in the Supplemental Information

section.
3.2 Pt-Sn Nanoparticles

3.2.1 Synthesis and Characterization

Intermetallic PtSn (1:1 ratio) with average diameter of 2.3 nm were synthesized
by methods developed by Eichhorn and coworkers'. Co-reduction of Pt(acac), and 47.6
mM SnCly — heptane solution (1:1 molar ratio) in octadecene proceeded by hot injection
of metal precursor solution into NaEt;BH — Octadecene solution at 190°C, using oleic
acid and oleylamine. As-prepared NPs were deposited on y-Al,Os; and annealed at 400°C
to remove surfactants and attain intermetallic PtSn phase. TEM images show
monodisperse PtSn NPs, as well as agglomerates (fig. 3-1a). Analysis of lattice fringes in

HRTEM showed d-spacings of ~2.1 A (fig. 3-1b) of the (102) plane of hexagonal
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(P63/mmc) intermetallic PtSn. EDX data indicated an approximate 1:1 ratio of Pt and Sn

atoms. The XRD profile of intermetallic PtSn also showed the hexagonal phase (fig. 3-2).

12 3 4 5 6 7
Diameter (nm)

Figure 3-1. (a) Dark-field TEM image of 2.2 nm PtSn NPs supported on y-Al,O;. (b) HRTEM
image of PtSn NP supported on y-Al,O; with visible lattice fringes. (c) Histogram of NP size
distribution.

——PtSn

Intensity (arb. units)

40 50 60 70 80 20
2-Theta (Degrees)

Figure 3-2. Powder XRD diffraction pattern of 2.41 nm intermetallic PtSn NPs supported on
XC-72 vulcan (carbon black). JCPDS peak positions for PtSn are also displayed.

Synthesis of PtSn, and 3.9 nm Pt;Sn intermetallics used methods similar to PtSn
synthesis, with appropriate Pt and Sn precursor ratios.” XRD data of PtSn, supported on

XC-72 Vulcan (carbon black) show the presence of minimal PtSn (fig. 3-3). TEM and

EDX analysis of PtSn, on y-Al,O3 showed exclusive formation of PtSn, in the analyzed
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area (fig. S7-S8). Abundance of PtSn in PtSn, appears to differ with support material,

possibly due to pore size differences.

— PtSn2
—— PtSn

Intensity (arb. units)

)

40 50 6I0 70 80 90

2-Theta (Degrees)
Figure 3-3. Powder XRD profile of 7.5 nm intermetallic PtSn, NPs supported on XC-72 vulcan
(carbon black). Intermetallic PtSn NPs are present in the sample at ~33%, calculated in
conjunction with Rietveld refinement. JCPDS peak positions for PtSn, are also present.

Synthesis of monometallic Pt NPs with an average diameter of 4.0 nm was
performed via EG polyol reduction at 130°C, using PtCl, and PVP (MW=55,000).'" As-
prepared, unsupported NPs with a relatively small size distribution exhibit lattice fringes

of ~2.3 A, indicative of the (111) plane of cubic (Fm3m) Pt, also confirmed by XRD.

3.2.2 PROX Analysis
PtSn and Pt;Sn were evaluated for catalytic activity of the PROX reaction (eq. 1)
in H; fuel streams, as described in Chapter One. The NPs were loaded onto y-Al,Os at 1

wt% total metal. Catalysts were initially tested using an inlet gas composition of 1000

ppm CO, 6500 ppm O3, 49.9% H,, and balance He.

120, +H, + CO —> CO, +H, (1
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PROX activity decreased in the order of Pt;Sn > PtSn, represented by decreasing
O, concentration as a function of temperature (fig. 3-4). It should be noted that O,
concentrations are measured in lieu of CO and CO, due to the following: CO readings are
less stable with the current GC protocols before the catalytic light-off temperature,
illustrated by a steep decrease in CO concentration; and CO; is captured by a saturated
Ca(OH); solution before injection into the GC to prevent peak overlapping due to longer
retention times in comparison to other gaseous species. Catalyst light off-temperatures,
indicating occurrence of the H, oxidation reaction and increased conversation rates of
some reactant gases, are shown by steep decreases in O, concentration. Although the O,
concentration decreases to ~ 0% of the original concentration due to the oxidation of H,,
the diminishing and disappearing CO signal also indicates that PROX is occurring; thus,
0O; is being consumed by the PROX reaction and the oxidation of H,, the latter of which
could potentially be monitored via generated H,O using different analytical conditions.

The presence of Sn surface atoms combined with a relatively high concentration
of Pt surface atoms led Pt3Sn to display PROX activity beginning at ~95°C. This supports
the theory that Pt;Sn is more PROX active than PtSn. Pt-Sn alloys have shown higher
electrochemical catalysis compared to Pt due to the bifunctional mechanism; thus, with

this assumption, Pt PROX analysis was not performed.
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Figure 3-4. PROX activity for PtSn and Pt;Sn using 1000 ppm CO. O, Concentration as a
function of temperature shows increased conversion rate at ~95°C for Pt3Sn and ~225°C for PtSn.

The effects of varying catalytic conditions on Pt;Sn PROX activity were further
investigated. Deviating from the industry-relevant concentration of 1000 ppm CO, gas
feeds containing 500 ppm CO and 2000 ppm CO were tested. As expected, PROX
activity and H; oxidation light-off temperature increased as CO concentration increased
(fig. 3-5), attributed to decreasing O, concentrations. As O, is necessary for the PROX
and H, oxidation reactions, more consumption of O, for PROX will require higher
temperatures to make PROX facile and less reliant on O,, whereby the O, can then be
utilized for H, oxidation. Furthermore, slight concentration and light-off temperature
differences were consistently observed in comparison of 1000 ppm CO and 2000 ppm
CO data, making this data notable for the study. This catalytic study will be used in
further investigations of support effects and variations in O, concentration on Pt;Sn

PROX activity.
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Figure 3-5. PROX activity for Pt3Sn supported on y-Al,O; at various CO concentrations,
showing increased O, conversion rates occurring at lower temperatures for lower CO
concentrations.

3.3 Co-Ni Nanoparticles
3.3.1 Synthesis and Characterization

1,2-hexadecanediol polyol reduction using PVP (MW=55,000) as the surfactant in
DPE at 255°C was used to synthesize monometallic Co NPs with an average diameter of
5.0 nm, which formed magnetic agglomerates with an average diameter of 51.5 nm.
HRTEM was used to confirm Co NPs using EDX for elemental analysis (fig. S25).
Polyol reduction in 1,4-butanediol at 235°C with PVP also yielded Co NPs as magnetic
agglomerates with an average diameter of 198.4 nm. Powder XRD profile showed the
peak at 20=46° of the (111) plane of cubic (Fm3m) Co. The presence of this relatively
intense peak supports the formation of cubic Co NPs. Reaction conditions yielding
smaller Co NPs and agglomerates were chosen for further Co-Ni experiments.

Three synthetic methods were used to generate Ni NPs. Polyol reduction of

Ni(acac), in DPE using 1,2-hexadecanediol produced NPs with an average diameter of
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9.1 nm. Lattice spacings of ~2.0 A and XRD analysis both confirmed cubic (Fm3m) Ni
NPs with minimal surface oxide. Polyol reduction in 1,4-butanediol with PVP gave
polydisperse NPs with average diameter of 57.8 nm. Lattice fringe analysis showed (111)
planes of cubic Ni visible in different geometric structures, including single crystal
tetrahedra and twinned particles (fig. 3-6)'°°. 25.0 nm Ni NPs were synthesized by polyol
reduction with 1,2-hexadecanediol in octadecene, similar to DPE reaction. Monodisperse,
cubic Ni NPs were confirmed by TEM, Ilattice fringe analysis, and XRD.
Similar to Co, the 1,2-hexadecanediol-DPE reaction produced NPs of smallest average

diameter, making this the preferred method of monometallic Ni synthesis.

4

Figure 3-6. TEM images of ~57.8 nm Ni NPs of different geometries (a) Triangular plates of
single-crystal Ni NPs (b) Ni NPs exhibiting several instances of twinning.

Co-Ni random alloy NPs were synthesized in anhydrous polyol reduction
reactions due to favorable conditions illustrated by Co and Ni monometallic NP
syntheses, and the desire to prevent oxide formation. Co(acac), and Ni(acac), precursors
(1:1 molar ratio) in DPE were co-reduced by 1,2-hexadecanediol in the presence of
trioctylphosphine, oleic acid, and oleylamine as surfactants.”®* CoNi NPs were
synthesized in distinctive agglomerations. XRD analysis showed a broad peak at 26 =
44.4°, corresponding to the (111) plane of cubic (Fm3m) Co-Ni. EDX confirmed

bimetallic NP agglomerations with 55 at% Co and 45 at% Ni (fig. S29).
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An additional method to CoNi NPs was explored. Co(acac), was reduced by 1,2-
hexadecanediol with PVP in DPE to generate Co NPs. The Co NP reaction solution was
added to Ni(acac); and 1,2-hexadecanediol. The mixture was heated to 255°C to induce
Ni reduction, and subsequently CoNi alloy NP formation.”**** CoNi NPs had an average
diameter of 27.1 nm. Also, these CoNi NPs did not form agglomerates, allowing for
further testing and characterization in contrast to CoNi NPs synthesized in the above
procedure. XRD analysis showed a broad peak at 20 = 44.4°, corresponding to the (111)
plane of cubic (Fm3m) Co-Ni. Lattice spacing of ~2.0 A further confirmed cubic Co-Ni
NPs. Lastly, EDX line scan analysis showed even dispersion of Co and Ni across NPs,
combining with aforementioned characterization to signify successful synthesis of CoNi
NPs.

Co@Ni core-shell NPs were synthesized in a method similar to the second
synthesis of CoNi NPs. This modified procedure heated the Co NP and Ni(acac); solution
to 220°C to produce core-shell architectures with an average inner diameter of 54.3 nm
and average shell thickness of 3.0 nm. Similar to the random alloy NPs, the core-shell
NPs were magnetic, forming nanowire structures (fig. 3-7). HRTEM lattice fringe
analysis showed d-spacings of ~2 A corresponding to the (111) plane of cubic (Fm3m)
Co and cubic Ni, further confirmed by the peak at 20 = 44.4° in XRD analysis; similar
peak positions for cubic Co and Ni did not aid in distinguishing the core-shell structure.
Similar d-spacings of ~2 A were observed in the core and the shell of the structure (fig.
S31), indicative of epitaxial growth. EDX line scans of elemental composition presented
varying Co and Ni compositions across the NPs, confirming the core-shell structure (fig.

3-8).
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Figure 3-7. TEM of Co@Ni NPs synthesized in DPE using 1,2-hexadecanediol.

100+

504
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Figure 3-8. EDX line scan data for Co@Ni. Green profile represents Ni, red profile represents
Co, and blue profile represents O,. Lack of near-vertical slope on Co profile edges indicates
transmetallation mechanism of NP formation.

The profile of the EDX line scans supports the transmetallation mechanism of NP
formation, where Ni atoms replaced some of the outer atoms of the seed Co NPs instead
of forming a shell around these outer atoms. Co@Ni core-shell NPs will be compared to
Pt;Sn and other Co-Ni catalysts for PROX activity to investigate viability of the catalyst

in terms of cost and activity.
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3.4 Conclusion

The work presented herein was performed towards the objective of making and
characterizing Pt-Sn and Co-Ni intermetallic and core-shell NPs, and analyzing these
systems for catalytic activity. Pt-Sn system NPs have been synthesized, characterized,
and evaluated by catalytic studies, showing Pt;Sn as an effective PROX catalyst. Co-Ni
monometallic and bimetallic NPs of different architectures, notably target Co@Ni1 NPs,
have been synthesized and characterized, and will be utilized in future catalytic studies.
Aforementioned research was implemented on the basis of theoretical and experimental

work presented in the literature.
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