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ABSTRACT OF THE DISSERTATION

Extended Two Dimensional Nanotube and Nanowire
Surfaces as Fuel Cell Catalysts

by

Shaun Michael Alia

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2011
Dr. Yushan Yan, Co-Chairperson
Dr. David Kisailus, Co-Chairperson
Extended network nanomaterials of platinum (Pt), silver (Ag), palladium (Pd), and gold (Au) are

synthesized and characterized as proton exchange membrane (PEMFC), hydroxide exchange

membrane (HEMFC), and direct alcohol (DAFC) fuel cell catalysts.

Porous Pt nanotubes (PPtNTs), 5 nm thick, are synthesized by the galvanic displacement of Ag
nanowires (AgNWs) for PEMFCs and DAFCs. PPtNTs produce oxygen reduction (ORR) and
durability characteristics significantly higher than supported Pt nanoparticles (Pt/C); prior to and
following durability testing, PPtNTs produce specific ORR activities 3.1 and 19.9 times greater
than Pt/C. The methanol oxidation peak specific activity of PPtNTs is 2.0 times and 1.3 times

greater than Pt/C and a polycrystalline Pt electrode.

AgNWs, 25-60 nm in diameter, are synthesized as HEMFC catalysts. In contrast to Ag
nanoparticles, the ORR specific activity of AgNWs increases and peroxide production decreases
with diameter reduction. AgNWs (25 nm) exceed the mass and specific ORR activity of 2.4 nm

AgNPs by 16 % and 5.3 times.



Pd and Au NTs, 5 nm thick, are synthesized as HEFMC and DAFC catalysts. PANTs and AuNTs
exceed the ORR specific activity of Pt/C by 42% and 21%. PANTs produce an earlier onset
potential than all conventional catalysts in methanol and ethylene glycol oxidation; PANTs further

meet or exceed the specific activity of Pt/C in methanol, ethanol, and ethylene glycol oxidation.

Pt coated PANTs (Pt/PdNTs) are synthesized as PEMFC catalysts by the incomplete galvanic
displacement of PdNTs. Pt/PdNTs express an ORR activity comparable to PtNTs while
containing 9-18 wt% Pt. Pt/PdNTs exceed the cost and specific activity benchmarks of the US
Department of Energy (DOE) and produce a Pt normalized mass activity 11.6 times greater than

Pt/C.

Pt coated copper NWs (Pt/CuNWs) are synthesized by the incomplete galvanic displacement of
copper nanowires. Pt/CuNWs exceed the cost and specific activity DOE benchmarks; durability

testing reveals improved retention of surface area and ORR activity in comparison to Pt/C.

Templated synthesis allows for the control of growth directions and lattice spacing. The use of
templated extended network nanomaterials has improved the electrocatalytic activity and

durability of conventional fuel cell catalysts.
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Introduction

Optimizing energy demand within the transportation field is a significant worldwide concern and
especially crucial within the United States (US). The transportation sector globally accounts for
20 % of energy demand and relies heavily on fossil fuels.'"! In 2008, oil prices reached historic
levels in part due to a strong increase in demand for transportation fuels.”” Transportation is of
particular concern in the US as the US accounts for 28 % of worldwide transportation energy
consumption.”! Within US energy, 29 % (27.03 quadrillion BTUs) is consumed in transportation

3, 4]

and 83 % is supplied by fossil fuels.! Though the US is the primary user of fossil-fuel based
transportation, from a global perspective, continual increases in worldwide demand will strain
fuel cost. It is anticipated that developing nations, or countries identified within the non-
Organization for Economic Cooperation and Development group, will significantly contribute
with an annual inflation rate of 2.6 % in transportation energy demands (2007-2035)."

Although a timeline for global peak oil production is not universally accepted, it is generally
understood that peak oil production among countries outside of the Organization of Petroleum
Exporting Countries has already passed, compromising energy security and impacting fuel
costs.” For example, the US currently produces (5.3 million barrels per day in 2009) 55 % of its
peak (1970) production, but the US petroleum demand continued to increase by 19 % over the
same time frame.”! In an effort to lessen the burden of fossil fuels on the transportation field, fuel
cells have been examined as a potential technology to develop non-fossil fuel based
transportation devices.

PEMFCs have been identified as a transformative technology intended to create a new paradigm

in the way energy is used. Although not limited to the transportation field, PEMFCs are well

suited as transportation devices due to a low operation temperature and high energy density.



Commercialization of this technology is principally limited by high material costs and low
catalyst durability.” "' These obstacles hinder the technology’s application in the transportation
field as they pose significant technological and financial risks to industry. In order overcome such
developmental obstacles and to advance PEMFC commercialization, a technological
breakthrough is required.

Utilizing hydrogen has allowed for such a breakthrough as it has resulted in the diversification of
energy sources and production methodology; methods of hydrogen production include, but are
not limited to fossil fuel reformation, the Kvarner-process, electrolysis, solar, nuclear, and
biological. As a beneficial PEMFC fuel source, hydrogen has an extraordinarily high specific
energy density (Table 0.1) resulting in fuel cell vehicles that can provide the same output as

8101 Estimations of

conventional combustion engine vehicles while using half the energy input.!
the Government Performance and Results Act conclude that oil savings of 5.3 million barrels per
day can be achieved from the use of light duty fuel cell transportation vehicles by 2050, assuming

a 37 % market penetration."!

Table 0.1. Specific energy densities of selected fuel sources.

W, W,
[MJ kg™ "] [MJL™Y]
Hydrogen, g 142.0 0.013
Methanol 21.9 17.3
Ethanol 28.8 22.7
Ethylene glycol 19.0 21.2
Gasoline, auto 45.8 33.9
Natural gas 46.6 0.037
Coal, anthracite 31.4 35.0




Since PEMFCs combine hydrogen and oxygen to produce the power output, water is the only
emission. Previous studies have established that carbon dioxide generation can be significantly
reduced using fossil fuels for hydrogen production in fuel cells as opposed to transportation

utilizing fossil fuels directly.!'?!

Greenhouse gas emissions from hydrogen production are
generated at a single point instead of at each end use application. Thus, on the occasion that fossil
fuels are used for hydrogen production, the formation of greenhouse gases can be properly treated
or sequestered at the singular production site. Overall, utilizing PEMFC based transportation
would result in an end use application that is a zero emission entity—entirely eliminating any
greenhouse gas emission contributions. An analysis conducted on a well-to-wheels basis asserted

that fuel cell vehicles produced from fossil fuels produce 42 % and 60 % less carbon than hybrid

electric and conventional internal combustion engine vehicles, respectively.!'’!

In addition to PEMFCs, alternative fuel cell configurations traditionally include, but are not
limited to solid oxide, alkaline, and direct alcohol fuel cells. Among these options, PEMFCs are
the most suitable for the transportation field: solid oxide fuel cells require high temperatures for
efficient operation; liquid alkaline electrolyte use requires a closed environment; and alcohols
have a specific energy density less than hydrogen and traditional transportation fuels (Table 0.1).
Therefore, a significant portion of this dissertation focuses on PEMFC development (Chapter 1,

Chapter 4, and Chapter 5).

PEMFCs utilize Pt for ORR and the hydrogen oxidation reaction (HOR). For PEMFC
development, highly active cathode catalysts are of particular interest since the overpotential for
ORR is significantly larger than HOR; it has previously been suggested that the stability of
adsorbed oxygen at high potentials prevents proton and electron transfer and creates the observed

ORR overpotential. '"* ' Pt is regarded as the most active ORR catalyst, in part due to a nearly



optimal binding energy with oxygen and hydroxide.'” Although non Pt and non noble metal
catalysts have been examined, larger overpotentials are generally observed, particularly in an

' 18 Early Pt development, therefore, focused on the reduction of particle size

acidic electrolyte.!
to 2 — 3 nm, thereby increasing surface area and ORR mass activity. The reduction in particle
size, however, decreased the ORR specific activity and the improvements in mass activity were

(1920 Therefore, further particle size reduction cannot ensure

disproportionate to the surface area.
the commercial viability of PEMFCs. In order to promote the development of Pt catalysts with
high ORR activity, the DOE set benchmarks (2010-2015) for mass (0.44 Amg ') and specific

(0.72 mAcm™?) activity.

In addition to cost concerns, PEMFC commercialization is also limited by catalyst durability. The
loss of ORR activity and surface area in PEMFC cathodes has been studied previously; Pt/C
degradation can be categorized into the following areas: erosion of the carbon support; surface
tension driven nanoparticle agglomeration; Ostwald ripening; and potential driven Pt dissolution

and migration into the membrane.”*"!

Recent developments of Pt nanomaterials have led in two promising directions: extended Pt
networks that can improve ORR activity and durability; and Pt films that can decrease the catalyst
cost.”>?%1 Sun and Wang et al. recently synthesized Pt tetrahexahedrons, tailored from 20 nm to
240 nm in diameter by the electrochemical treatment of nanospheres; although the
tetrahexahedrons were not studied for catalytic activity, the synthesis allowed for controlled facet
growth.”” Xia et al. studied Pt Pd nanodendrites, approximately 20 nm in diameter; the ORR
activity, however, does not meet the DOE benchmarks and catalyst durability suffered due to the
presence of Pd.”™ In Pt coatings, Adzic and Mavrikakis et al. electrochemically applied Pt

monolayers to films of ruthenium, iridium, rhodium, gold, and Pd, finding improved ORR



activity in the case of Pd.**! Adzic et al. further applied a Pt layer to cobalt (Co) Pd core shell
nanoparticles, thereby improving ORR activity.”” Nerskov et al. also examined polycrystalline
Pt films alloyed with Co, nickel, iron, vanadium, and titanium.*® While the specific ORR activity
of the Pt;Co film was three times greater than pure Pt, each of the preceding publications required
electrochemical synthesis and is impractical in an industrial setting. Additionally, fundamental
studies were previously conducted on Pt facet activity and lattice tuning. Markovi¢ et al. found
that ORR activity on low index Pt surfaces increased in the order {100} < {111} < {110}.”*"
Mukerjee et al. also modified Pt-Pt bond distances and d-orbital vacancies with the introduction

of metal alloys; it was determined that lattice and electronic tuning impacted ORR activity.*

Although a significant amount of promising fundamental work has been completed in this area,
literature is void of the solution synthesis of Pt nanomaterials capable of exceeding the DOE
benchmarks for ORR activity. In order to accomplish this task, Pt catalysts were examined in
three sections: Pt nanotubes (PtNTs) with improved ORR activity and durability characteristics to
Pt/C (Chapter 1); Pt /PdNTs with ORR activity exceeding the DOE benchmarks (Chapter 4); and
Pt/CuNWs with improved ORR activity and durability characteristics to Pt/PdNTs (Chapter 5).
Through the evaluation of the aforementioned sections, the trajectory of PEMFC
commercialization can be outlined. As found in the following studies, the ORR activity and
durability of Pt catalysts can be dramatically improved with the use of extended surfaces, thereby

reducing the technological barrier to PEMFC deployment.

Additionally, HEMFC catalysts were studied as an alternative to PEMFCs. In contrast to alkaline
fuel cells, HEMFCs utilize a solid polymer electrolyte thereby eliminating the liquid electrolyte
and the need for a closed environment. HEMFCs have recently been developed as a potential

replacement for PEMFCs, allowing for the use of non-precious metal catalysts in place of Pt. The



current technological barriers impacting HEMFC commercialization includes the development of
stable membranes with high hydroxide conductivity, ionomers with a controllable solubility, and
non-precious metal catalysts with high activity and durability for ORR and HOR. Although
membranes with hydroxide conductivity and stability have been studied, catalyst development
has been limited and requires significant improvement to ensure HEMFC deployment.**>*! Due
to the higher ORR overpotential relative to HOR in an alkaline environment, ORR catalysts were
developed to lessen the technological barrier to HEMFC deployment.” *) AgNWs and Ag
nanoparticles (AgNPs) were examined to address inadequacies in literature and determine the
optimal morphology for ORR. Due to the low specific activity of Ag, PANTs were developed
with an ORR activity competitive to Pt, illustrating the benefit of the alkaline environment
(Chapter 3).

Additionally, DAFCs were studied as an alternative energy device. Although alcohols have a
relatively low specific energy density and are not ideal in the transportation field, DAFCs use a
convenient liquid fuel and are useful in portable electronics. The oxidation of alcohol, however,
requires a higher overpotential than HOR; supported Pt ruthenium nanoparticles (PtRu/C) are
typically utilized due to the high alcohol oxidation activity of Pt and the low redox potential of
ruthenium. PtNTs were examined for methanol oxidation to demonstrate that the extended
surface improved the activity for alcohol oxidation in addition to ORR (Chapter 1). PANTs were
also studied for methanol, ethanol, and ethylene glycol oxidation in an HEMFC, since the

alkaline electrolyte also reduces the overpotential for alcohol oxidation (Chapter 3).



Chapter 1 : Porous Platinum Nanotubes for Oxygen Reduction and Methanol Oxidation

Reactions

Abstract

PPtNTs with a wall thickness of 5 nm, an outer diameter of 60 nm, and a length of 5-20 pum are
synthesized by galvanic displacement with silver nanowires, which are formed by the ethylene
glycol reduction of silver nitrate. ORR and durability experiments are conducted for PPtNTs, Pt
nanoparticles supported on carbon (Pt/C), and bulk polycrystalline Pt (BPPt) electrocatalysts to
evaluate their catalytic properties for use as cathode catalysts in proton exchange membrane fuel
cells. PPtNTs demonstrate improved mass and specific activity for ORR and durability to Pt/C.
Following durability testing, PPtNTs exhibit specific ORR activity approaching that of BPPt.
Catalyst activity for the methanol oxidation reaction (MOR) is characterized through cyclic
voltammetry and chronoamperometry techniques to evaluate the materials for use as anode
catalysts in direct methanol fuel cells. The PPtNTs show improved specific activity for MOR and

chronoamperometry characteristics over Pt/C and BPPt catalysts.

Introduction

Platinum supported on carbon (Pt/C) is often the commercial electrocatalyst used in proton
exchange membrane fuel cells (PEMFCs). Small Pt particles (2-3 nm in diameter) are used due to
their high specific surface area and thus typically high mass activity. The carbon support spaces
the particles to prevent agglomeration. Commercialization of PEMFCs is predominantly
handicapped by the large amount of Pt catalyst required, mostly at the cathode, and low

durability.*"! The decline in activity in commercial PEMFC cathodes has been thoroughly



investigated and the degradation mechanisms can be generally categorized into the following
modes: Pt loss and aggregation due to corrosion of the carbon support; Pt nanoparticle
aggregation driven by surface tension; Ostwald ripening; and potential-dependent chemical

dissolution of Pt and migration into the proton exchange membrane.”"

Recently, a new class of electrocatalysts based on Pt or Pt alloy nanotubes has been developed.*”
These nanotubes are typically 3—8 nm in wall thickness, 30—80 nm in tube diameter, and 5-30 um
in length. Structurally these tubes are made of Pt nanoparticles when mild temperature is used in
the galvanic displacement reaction. PtNT catalysts have been demonstrated to be much more
durable than Pt/C catalysts under potential cycling conditions (e.g., 0—1.3 V versus a reversible
hydrogen electrode, RHE) because they eliminate the carbon corrosion problem and significantly
reduce aggregation, dissolution, and ripening. They also showed a significantly improved ORR
specific activity over the Pt/C catalysts, which is typically explained by changes in coordination

number, expressed crystal planes, and electronic structure of the surface Pt atoms.[' 2444

In this study, a slight modification was made to the galvanic displacement reaction conditions to
generate PPtNTs with a subsequent investigation of their ORR activity and durability. Durability
was examined using a protocol similar to the one recommended by the U.S. Department of
Energy. The catalytic activity and poison resistance for the methanol oxidation reaction (MOR) in
direct methanol fuel cells (DMFCs) was also examined for the first time. Slow kinetics and
intermediate adsorption at the anode during MOR, notably of carbon monoxide, often limit the
performance of DMFCs.*”! Reaction mechanisms for the oxidation of methanol have been
discussed in detail elsewhere, and the intermediates of formaldehyde, formic acid, and carbon

monoxide are formed in the oxidation of methanol to carbon dioxide.'*! Bulk polycrystalline Pt



electrodes (BPPt) have been previously found to have a higher degree of carbon monoxide

adsorption and poisoning as compared to electro-dispersed Pt.*" *¥!

Results and Discussion

AgNWs were synthesized with a mean diameter of 60 nm and a length of 10-500 pm (Figure 1.1
a and b). PPtNTs were synthesized with a mean thickness of 5 nm and a length of 5-20 um
(Figure 1.1 ¢ and d). Though pores were observed on PPtNTs (Figure 1.1 e), crystal alignment
was clear among the Pt crystallites (Figure 1.1 f) possibly due to epitaxial growth of Pt
nanoparticles templated from the five-fold twinned AgNWs. Based on our diffraction analysis,
two sets of growth directions ([110] and [111]) were observed along the axial PPtNTs. It is
believed that the AgNWs (also exhibiting [110] and [111] growth directions, data not shown)
templates the Pt growth in a facile manner based on the close match in lattice constants between
FCC Ag and FCC Pt, leading to parallel growth directions. Analysis of this templating
mechanism is currently being investigated. The theoretical loading required for a monolayer
coating of PPtNTSs of this size on a glassy carbon electrode is 31.2 pg cm™ > and the theoretical
surface area of PPtNTSs with a perfectly smooth surface is 18.7 m* g~'. During this evaluation, the
electrochemically active surface area (ECSA) of this material (determined at a loading of 40 pg
cm ™) was 23.9 m* g, corresponding to a 127% utilization of Pt."*! The large utilization of Pt in
this material may be attributed to the wall porosity. In contrast, the ECSA of Pt/C observed at 40
ng cm > was 70.4 m* g~ compared to a theoretical surface area of 112 m* g, corresponding to
a 62.9% utilization. The ECSA for all materials was determined by calculating the charge

associated with an adsorbed monolayer of hydrogen.””!



Figure 1.1. a) SEM image of AgNWs; b) TEM image of AgNWs; c) SEM image of PPtNTs; d)
TEM image of PPtNTs; e) HRTEM image of PPtNTs; and f) selected area diffraction pattern of
PPtNTs. This pattern contained an interpenetrated set of two individual diffraction patterns, with
the one in square symmetry corresponding to the [001] zone axis and the other one in rectangular
symmetry corresponding to the [—112] zone axis. The mutual orientation of these two zones
induced the generation of double diffraction, which accounts for the remaining spots.”")

Polarization curves for oxygen reduction were taken at the potential scan in the positive direction
and were used to determine the mass and specific activities at the potential 0.9 V versus RHE
(Figure 1.2). Polarization curves were also taken in a positive potential scan in an argon-saturated

0.1 M HCIOy electrolyte. These curves were used to remove background currents associated with
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the oxidation and reduction of Pt and the adsorption and desorption of hydrogen from the oxygen
reduction polarization plots. The half wave potential of PPtNTs, Pt/C, and BPPt electrode are
0.889, 0.883 V, and 0.831 V, respectively. PPtNTs have a slightly higher mass activity than Pt/C
(PPtNT: 0.088 A mg™—'; Pt/C: 0.084 A mg™"), but they demonstrate a specific activity of 0.369
mA cm 7, 3.1 times higher than that of Pt/C. As expected, BPPt has the highest specific activity,
0.528 mA cm . The BPPt catalyst has a mass activity of 1.199 A mg~" when only the surface

monolayer Pt atoms are considered in the calculation.
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Figure 1.2. a) Polarization curves for oxygen reduction at 20 mV s, 1600 rpm for PPtNTs, Pt/C,
and BPPt in an oxygen-saturated 0.1 M HCIO, electrolyte. b) Mass and c) specific activities of
PPtNTs, Pt/C, and BPPt at 0.9 V versus RHE.

Durability testing was completed by cycling the applied potential 30 000 times in the range 0.6—
1.1 V versus RHE (Figure 1.3 a and b).1*"! Periodic voltammograms were taken every 6000 cycles
to monitor the ECSA. Oxygen reduction polarization curves for PPtNTs and Pt/C prior to and
following durability testing are shown as well (Figure 1.3 ¢ and d). The ECSA of Pt/C degrades
48.3% over the 30 000 cycles, while PPtNTs lose 23.5% of their surface area (Figure 1.4).
Following durability testing, the half wave potential of Pt/C decreased to 0.775 V, corresponding
to a shift of 108 mV. The mass and specific activities of Pt/C decreased to 5.33% and 20.9% of

their original values, respectively. Conversely, PPtNT activity for ORR increased following
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cycling. The mass and specific activities of PPtNTs following durability testing were 0.094 A
mg~' and 0.494 mA cm ™, increasing to 106.8% and 133.9%, respectively, of their original
values. The specific activity of PPtNTs following durability testing was 93.5% of the specific
activity of a BPPt electrode. Durability testing seemed to oxidize Ag and clean the active faces of

the PPtNTs. The activity increase corresponds to the removal of trace amounts of Ag left from the

templating process.
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Figure 1.3. a) Voltammetry curves taken at 20 mV s for a) PPtNTs and b) Pt/C at 0 and 30 000
cycles in an argon-saturated 0.1 M HCIO, electrolyte. The potential cycles were completed
between 0.6 and 1.1 V at a scan rate of 50 mV s~ . Polarization curves for oxygen reduction
taken at 20 mV s, 1600 rpm for ¢) PPtNTs and d) Pt/C before and after 30 000 cycles in an
oxygen-saturated 0.1 M HCIO, electrolyte. Mass activity bar charts for ¢) PPtNTs and f) Pt/C
before and after cycling at 0.9 V versus RHE. Specific activity bar charts for (g) PPtNTs and (h)
Pt/C before and after cycling at 0.9 V versus RHE.
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Figure 1.4. Loss of ECSA for PPtNTs and Pt/C as a function of cycles of durability testing.
ECSAs were calculated by hydrogen adsorption charges every 6000 cycles during the 30 000
cycles between 0.6—1.1 V versus RHE.

Voltammetry scans in terms of specific activity were conducted to demonstrate the improvement

to MOR specific activity with Pt catalysts (Figure 1.5). PPtNTs, Pt/C, and BPPt all have an
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initialization potential of 0.608 V versus RHE. Initialization potential has been defined as the
potential at which the material generates a specific activity equal to 0.05 mA cm™> for methanol
oxidation. Pt/C exhibits a peak specific activity of 0.809 mA cm™ at 0.850 V versus RHE, while
PPtNTs exhibit a peak specific activity of 1.62 mA cm™ at 0.863 versus RHE. BPPt produces a
peak specific activity of 1.29 mA c¢m™ at 0.830 V versus RHE. Therefore, PPtNTs produce a

peak specific activity 2.01 times greater than Pt/C and 1.26 times greater than BPPt.
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Figure 1.5. Voltammetry curves taken at 5 mV s~ for PPtNTs, Pt/C, and BPPt in an argon-
saturated 0.5 M H,SOy electrolyte containing 1 M CH;0H.

Chronoamperometry was conducted to determine the effect of carbon monoxide adsorption
during methanol oxidation. By holding the potential at 0.7 V versus RHE for 90 min, the potential
sweeps that serve to oxidize adsorbed carbon monoxide from the Pt surface were eliminated
(Figure 1.6). PPtNTSs produced an initial specific activity of 0.500 mA c¢cm™ and a final specific
activity of 0.245 mA cm ™, corresponding to 49.0% of the initial response. Pt/C produced an

2

initial specific activity of 0.408 mA cm™> and a final specific activity of 0.198 mA cm™ 2,

corresponding to 48.5% of the initial response. In this manner, PPtNTs maintained a specific
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activity 1.23 times greater than Pt/C for the oxidation of methanol during chronoamperometry.
The BPPt electrode produced an initial specific activity of 0.289 mA cm™ and a final specific
activity of 0.022 mA cm ™2 corresponding to 5.23% of the initial response. While PPtNTs
exhibited a peak specific activity more akin to BPPt, it did not suffer from the carbon monoxide
adsorption problem generally affiliated with BPPt catalysts. Chronoamperometry experiments
performed at a potential greater than the bulk carbon monoxide oxidation potential
(approximately 0.750 V versus RHE) yielded similar decay profiles for PPINT, Pt/C, and BPPt
catalysts. At fixed potentials lower than this threshold, however, BPPt activity for methanol

oxidation decays at a significantly faster rate than PPtNTs or Pt/C over a wide range of potentials.
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Figure 1.6. Chronoamperometry of PPtNTs, Pt/C, and BPPt at a constant potential of 0.7 V
versus RHE for 90 min.

Carbon monoxide stripping voltammograms were completed for PPtNTs, Pt/C, and BPPt (Figure
1.7). Carbon monoxide adsorption was conducted by exposing the catalyst to carbon monoxide at
a potential of 0.050 V versus RHE for a period of 10 min."* The applied potential ensured that all

available carbon monoxide was not oxidized prior to stripping voltammetry. The peak potentials
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for carbon monoxide oxidation for PPtNTs, Pt/C, and BPPt are 0.716 V, 0.816 V, and 0.712 V
versus RHE, respectively. Lower potential values in the PPtNT and BPPt electrodes indicate that
less applied potential is required to reach the hydroxide adsorption region and oxidize carbon
monoxide. A thin stripping peak as seen in the BPPt electrode also indicates an increase in

accessibility due to its flat morphology.

0 0.3 0.6 0.9 1.2 0 0.3 0.6 0.9 1.2
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Figure 1.7. a) Carbon monoxide stripping voltammogram taken at 20 mV s~ for PPtNTs with
accompanying cyclic voltammetry in argon. b) Comparison plot of PPtNTs, Pt/C, and BPPt
carbon monoxide stripping voltammograms in a carbon monoxide saturated 0.1 M HCIO4
electrolyte. Carbon monoxide adsorption was completed by immersing the rotating disk electrode

in a carbon monoxide saturated electrolyte at a fixed potential of 0.050 V versus RHE for a period
of 10 min.

Conclusions

PPtNTs were synthesized and tested for ORR and MOR for the first time. PPtNTs demonstrate an
elevated ORR mass and specific activity to conventional Pt/C. Trace amounts of silver present
within the material were dissolved into the electrolytic solution during durability testing,
positively affecting the ORR results of PPtNTs. The specific activity of PPtNTs for ORR

following durability testing approaches the value achieved with a BPPt electrode.
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The peak specific activity of PPtNTs in MOR outperforms Pt/C and BPPt catalysts. The onset
potential of PPtNTs for methanol oxidation is similar to that of Pt/C. Chronoamperometry results
demonstrate, however, that PPtNTs do not suffer from the carbon monoxide adsorption
characteristics associated with BPPt electrodes. Carbon monoxide stripping further shows a lower
potential required to oxidize the intermediate on the PPINT catalyst when compared to Pt/C, thus

indicating an improved intermediate tolerance.

It is expected that the elimination of the carbon support would allow for a thinner electrode
catalyst layer and for improved mass transport and platinum utilization within the catalyst layer.
The porous structure of the PPtNTs may also help facilitate the access of reactants (e.g.,

hydrogen, oxygen and methanol) and the release of reaction products.

Experimental

PPtNTs were synthesized by galvanic replacement utilizing AgNWs as a sacrificial template.!**!
AgNW templates were first synthesized via the ethylene glycol (Fisher Scientific) reduction of
silver nitrate (Sigma—Aldrich) with platinum particles provided for seeding and polyvinyl

pyrrolidone (Sigma—Aldrich) provided for shape control.

Prior to AgNW synthesis, ethylene glycol was refluxed in the presence of argon over a period
over four hours to ensure the removal of impurities. Ethylene glycol (15 mL) was heated to 170
°C in a 3-neck round bottom flask (100 mL) equipped with condenser passing argon, addition
funnel, thermocouple, and stir bar. Argon was passed through the condenser to ensure consistency
and minimal particle content. Following 10 min at 170 °C, a seeding solution of chloroplatinic
acid in ethylene glycol (1.25 mL) was added to the solution in the flask. The seeding solution was

left for five min to ensure complete platinum reduction and temperature stability. A separate
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ethylene glycol solution (18 mL) containing polyvinyl pyrollidone (0.1 M, My, = 40 000) and
silver nitrate (0.05 M) was loaded into the addition funnel and added dropwise over a period of 19
min. The reaction then proceeded for 10 min at 170 °C and subsequently was quenched in an ice
bath. Aliquots (5 mL) of the AgNW suspension were subsequently washed in ethanol, acetone,

and water.>>"

For the synthesis of PPtNTs, chloroplatinic acid was utilized in the galvanic displacement of the
AgNWs.P7 Cleaned AgNWs were dispersed in water (100 mL) and refluxed under argon in a
three-neck round bottom flask (200 mL) equipped with condenser, addition funnel, thermocouple,
and stir bar. Upon reaching reflux temperature at 100 °C, chloroplatinic acid (43 mL, 1.0 mM)
was added dropwise through the addition funnel over a period of 15 min. The reaction mixture
was refluxed for 10 min and subsequently quenched in an ice bath. After quenching, the product
was washed in a saturated sodium chloride (Fisher Scientific) solution to remove the silver
chloride precipitate, followed by washing in water and ethanol. Prior to electrochemical
experiments, the PPtNTs were acid treated in nitric acid (0.5 M) for 2 h and annealed at 250 °C

for 1 h. Both of these processes were carried out under the presence of argon.

AgNWs were examined by scanning electron microscopy (SEM) using a Philips XL30-FEG
microscope at 10 kV. PPtNTs were imaged by transmission electron microscopy (TEM) using a
Philips CM300 microscope at 300 kV, while the morphological features were investigated using a
FEI Technai TEM (T-20, 200 kV). The orientation/alignment of the constituent Pt nanoparticles
within the nanotubes were probed via selected area diffraction at a camera distance of 32 cm.
TEM specimens were prepared by pipetting a small amount (=50 pL) of AgNW or PPINT
ethanolic suspensions onto holey carbon copper grids (Ted Pella, Inc., Redding, CA). The grids

were dried at room temperature for 1 h.
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Electrochemical experiments were conducted using a multichannel potentiostat (VMP2, Princeton
Applied Research), a MSR type rotation controller (Pine Instrument), and a standard three-
electrode setup, equipped with a reference electrode, platinum wire counter electrode, and glassy
carbon working rotating disk electrode (Pine Instrument). The glassy carbon working electrode
has a 5 mm diameter or a working area of 0.196 cm® and was coated with a platinum loading of
40 pg cm . Following sample addition, 10 uL of a 0.05 wt% Nafion solution (5 wt% Liquion
solution diluted with 2-propanol) was added onto the glassy carbon surface to ensure catalyst

adhesion.

Oxygen reduction experiments utilized a double junction silver/silver chloride reference electrode
(Pine Instrument). Corresponding cyclic voltammetry experiments to measure the charge
associated with hydrogen adsorption were conducted in an argon saturated 0.1 M perchloric acid
electrolyte at a scan rate of 10 mV s—'. Oxygen reduction measurements were conducted in an

oxygen saturated electrolyte at a scan rate of 20 mV s~ and rotation rate of 1600 rpm.

Voltage cycling is typically utilized to evaluate catalyst durability since this method leads to a
faster platinum dissolution rate compared to chronoamperometry.’®” ®! Accelerated durability
experiments were conducted by cycling the working electrode between 0.6 V and 1.1 V versus
RHE in an argon saturated 0.1 M perchloric acid solution at a scan rate of 50 mV s '. Cyclic
voltammetry measurements were taken every 6000 cycles at a scan rate of 20 mV s™'. Oxygen

reduction experiments were conducted prior to and following the 30 000 cycles of the catalyst.

Methanol oxidation experiments utilized a double junction mercury/mercurous sulfate reference
electrode (Koslow Inc.). Methanol oxidation measurements were conducted at a scan rate of 5
mV s~ in an argon saturated sulfuric acid solution (0.5 M) containing methanol (1.0 M). The

corresponding cyclic voltammetry experiments were conducted in an argon saturated sulfuric acid
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electrolyte (0.5 M) at a scan rate of 10 mV s™'. Chronoamperometry experiments were conducted
by monitoring current over a period of 90 min while holding the potential constant at 0.7 V versus

RHE in an argon saturated sulfuric acid solution (0.5 M) containing methanol (1.0 M).[]

Values versus silver/silver chloride and mercury/mercurous sulfate electrodes were converted to
RHE by multimeter measurements between the experimental reference and a platinum wire in a

hydrogen saturated electrolyte.™
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Chapter 2 : Supportless Silver Nanowires as Oxygen Reduction Reaction Catalysts for

Hydroxide Exchange Membrane Fuel Cells

Abstract

AgNWs with diameters of 25 nm, 40 nm, 50 nm, 60 nm are synthesized by the ethylene glycol
reduction of Ag nitrate. AgNPs with diameters of 2.4 nm, 4.6 nm, and 6.0 nm are synthesized by
the lithium triethylborohydride reduction of Ag nitrate. Rotating disk electrode (RDE)
experiments in 0.1 M oxygen saturated KOH show that as the AgNPs become smaller, they have
lower specific activity for ORR; AgNPs (2.4 nm — 30 nm) also have a lower ORR specific
activity than bulk polycrystalline Ag (BPAg). By contrast, thinner AgNWs demonstrate higher
ORR specific activity, with 25 nm, 40 nm, and 50 nm AgNWs each exceeding the specific
activity of BPAg. Particularly interesting is that AgNWs with a 25 nm diameter have an ORR
mass activity higher than 2.4 nm AgNPs. Rotating ring disk electrode (RRDE) testing
demonstrates a minimal degree of peroxide formation on AgNWs. The fraction of two electron
transfer increases with the use of AgNPs by as much as an order of magnitude. There is a direct
correlation between particle size reduction and increasing peroxide production, with 2.4 nm
particles exceeding 30 nm particles by a ratio as large as 3:1. All Ag catalysts demonstrate
minimal ORR activity loss in the presence of alcohols, illustrating the benefit of AgNPs and
AgNWs as ORR catalysts in hydroxide exchange membrane fuel cells when alcohols are used as

the fuel.
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Introduction

Polymer HEMFCs have emerged as a potential, commercially viable technology due to the use of
non-precious metal catalysts in place of Pt. Major technological barriers for HEMFC
commercialization have included: the development of hydroxide exchange membranes (HEMs)
with high hydroxide conductivity and high chemical, mechanical, and thermal stability; ionomers
with controlled solubility in addition to the same properties required for HEMs; and non-precious
metal catalysts with high activity and durability for ORR and HOR. HEM materials with high
hydroxide conductivity and alkaline stability by using novel cations and new crosslinking
methods have been successfully explored; however, catalyst development thus far has been

limited and requires substantial further efforts.!***

For ORR in HEMFCs, Ag is often regarded as the prototypical catalyst due to its low cost and
reasonably high performance.!'”’ Ag was further found to produce higher ORR activity at the
solid HEM electrolyte / electrode interface than at the liquid KOH electrolyte / electrode
interface.”"! Several studies have been completed evaluating Ag catalysts for ORR in alkaline

7278 Blizanac et al. studied the activities of low-index single crystal surfaces in an

electrolytes.!
alkaline electrolyte and suggested that ORR kinetics increases in the order of {100} < {111} <
{110}.Y Markovi¢ and Blizanac et al. subsequently studied the effect of pH on Ag ORR activity
and demonstrated that the shift from acidic to alkaline electrolyte resulted in a shift from a two-
electron to a four-electron process.””! Kostowskyj et al. synthesized AgNWs by electroless
plating using a polycarbonate track etched template; however, the resulting nanowires have a
relatively large diameter (> 50 nm) and were aggregates of AgNPs rather than a true single crystal
or twinned crystal nanowire structure.’* Ni et al. evaluated AgNWs for ORR activity; although

the nanowires had a multiple twinned crystalline wire structure, the ORR activity was modest and

the analysis was void of ORR specific and mass activity measurements.”””) On the other hand,
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studies on AgNPs have focused on the development of RDE testing protocols and methanol

76771 Currently, only one study has attempted to evaluate the Ag particle size effect on

tolerance.
ORR activity.”™ While a general correlation was made, the AgNPs examined were relatively

large (> 20 nm) and the analysis lacked ORR specific and mass activity measurements.

To address the critical data gap in literature, highly crystalline fivefold twinned AgNWs (25 - 60
nm) and small diameter AgNPs (2.4 - 6.0 nm) were synthesized and studied as HEMFC ORR
catalysts. The ORR specific and mass activities of these catalysts were investigated to evaluate
the effects of particle size and the extended 2-D nanowire surfaces. Furthermore, the impact of
morphology and size of the catalysts on ORR pathway and alcohol tolerance was studied. This
study is the first of its kind and was motivated by findings in PEMFCs, for which a dramatic Pt
particle size effect on ORR has been observed and extended 2-D Pt surfaces markedly improved

ORR specific activity and durability.**** "]

Results and Discussion

By manipulating reaction temperature and time, AgNWs with diameters of 25 nm, 40 nm, 50 nm,
and 60 nm were synthesized. Their median lengths are 1 um, 4 pym, 7 pm, and 10 pm,
respectively. Wire diameters and lengths were confirmed by TEM and SEM (Figure 2.1). AgNPs,
not present in the 60 nm AgNWs, appeared in the 25 nm - 50 nm AgNWs since wire shortening
decreased the molecular weight; AgNPs had a lower ORR activity than AgNWs and did not
provide any advantage to the 25 nm - 50 nm AgNWs. The AgNWs were previously shown to
have a fivefold twinned structure.”” Assuming the AgNWs have perfect pentagonal crossections,
the side surface of the AgNWs will be terminated with the {100} facet; however, TEM images

clearly show that both the side surfaces are rounded and as such are likely not exclusively {100},
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but a mixture of {100} and high-index facets.*” For example, repeated bisecting of the twinned
{100} facets would yield increasingly higher indices, with {211}, {922}, and {911} facets
exposed at 36° 18° and 9° incident to the {100} plane. Similarly, AgNWs with a perfectly
pyramidal tip surface would have corresponded to the {111} facet, but the flat tips as confirmed

by TEM (Figure 2.2) suggest a {110} dominant surface.
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c. 100 nm ==

Figure 2.1. TEM images of a) AgNWs 25 nm, c) AgNWs 40 nm, e) AgNWs 50 nm, g) AgNWs
60 nm. SEM images of b) AgNWs 25 nm, d) AgNWs 40 nm, f) AgNWs 50 nm, and h) AgNWs
60 nm.
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Multiple ligand concentrations were used in the synthesis of AgNPs, yielding particles with
diameters of 2.4 nm, 4.6 nm, and 6.0 nm (Figure 2.2 and Figure B.1). This is the first time that
AgNPs with diameters less than 10 nm were studied for ORR in an alkaline electrolyte. Small

diameter AgNPs are attractive as catalysts because they offer high surface area.

Figure 2.2. TEM images of a) AgNPs 2.4 nm, b) AgNPs 4.6 nm, and c) AgNPs 6.0 nm.
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The ORR activity and hydrogen peroxide production of AgNWs and AgNPs were assessed by
RDE and RRDE experiments (Figure 2.3). A commercial supportless AgNP catalyst (30 nm
diameter) and BPAg were included as benchmarks. While a surface redox induced ORR
hysteresis was not observed due to the high onset potential of Ag oxidation (1.17 V vs. RHE), the

anodic scan protocol was maintained to be consistent with those employed in noble metal catalyst

characterizations.!”’
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Figure 2.3. Anodic polarization scans and percent peroxide formation of a) AgNWs 25 nm,
AgNWs 40 nm, AgNWs 50 nm, AgNWs 60 nm, and BPAg and b) AgNPs 2.4 nm, AgNPs 4.6
nm, AgNPs 6.0 nm, and BPAg at 1600 rpm in a 0.1 M oxygen saturated KOH electrolyte. The
disk portion performed anodic polarization scans at 20 mVs~' while the ring was held at a
potential of 1.2 V vs. RHE.

RDE data revealed that the ORR specific activity of 60 nm AgNWs was 90 % of BPAg (Figure
2.4). The BPAg electrode typically consists of large grains tens of micrometers in size. Its

polished surface is highly crystalline without preferential growth directions and thus a mixture of
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low-index and high-index facets, producing an ORR activity that is a statistical average. While
the 60 nm AgNWSs surfaces were also a combination of facets, the extraordinarily high aspect
ratio resulted in a side surface to tip surface ratio of approximately 100:1. The side surface
dominance yielded a larger proportion of the {100} facet. Although historically there has been a
disagreement in literature, the {100} facet was recently shown to be the least active low-index Ag
facet for ORR.I"***! Consequently, it is likely that the prominence of the {100} facet on the 60

nm AgNWs lowered the ORR specific activity to a value less than BPAg.

As the AgNW diameter was reduced, the ORR activity increased so that each of the remaining
wires exceeded BPAg in specific activity. The most active wires, 25 nm AgNWs, produced an
ORR specific activity 44 % greater than BPAg. This is likely due to stronger presence of the
{110} facet at the wire tips, the most active low-index Ag facet.®™ While the side surface to tip
surface ratio of 60 nm AgNWs was 100:1, this ratio decreased to 10:1 in the case of 25 nm
AgNWs. Wire shortening dramatically increased the prominence of the more active {110} facet

at the wire tips, thereby increasing the ORR specific activity./’

Conversely, each AgNP catalyst failed to match the specific activity of BPAg and the ORR
specific activity further decreased as the particle size was reduced. As with the AgNWs surfaces,
the surface of the AgNPs is also terminated by a combination of low and high-index planes.
However, it is important to note that there is a fundamental difference between the inclusion of
high-index corner sites and high-index terrace sites. High-index corner sites are generally
regarded as unstable, isolated, and less active. High-index Pt and gold terraces, however, have
previously been shown to provide a greater density of edges, thereby creating a larger number of

22, 84, 85

active sites for ORR and increasing specific activity.t I Although these types of studies on

Ag are absent, it is possible that high-index Ag terraces produced a high level of ORR activity for
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the BPAg and AgNW catalysts. It is also believed that the higher indices on AgNWs qualify as
terraces due to the wire size and high aspect ratio. Although the side surfaces were rounded, the
wire diameters and lengths yielded high-index facets with widths and lengths immensely larger
than those possible on sub 10 nm nanoparticles. In contrast, AgNPs contain a large proportion of
high-index corner sites; as the nanoparticle size was reduced, the proportion of corner sites
increased, thereby decreasing ORR specific activity. Though not asymptotic, a distinct Ag
particle size effect was observed, significantly hampering the ability of AgNPs to meet the mass

activity of the AgNWs.

In commercial applications, mass activity utilimately determines the viability of a catalyst. It is
surprising that 25 nm AgNWs have a mass activity 16 % higher than 2.4 nm AgNPs in spite of

having only 18% of the ECSA.

a) 0.1 b) 7
i X
0.08 - a 61,
T x T 5 1 . X
i/ 008 fmmmmmmmmmmmmmmmmeee g 4 - x
MACMAs™0,04 - Agyt 37 °
2 .
0.02 1€ 1.
0 T T T T T T O T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
d/nm —> d/nm —>

Figure 2.4. a) Specific and b) mass ORR activity in relation to catalyst size. AgNWs are denoted

by crosses (x), AgNPs by circles (o), and BPAg by the dashed line (---). ORR specific and mass
activities were calculated at 0.9 V vs. RHE.
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RRDE data shows that AgNWs of all diameters produced minimal H,O, while significant H,O,
was produced by AgNPs. AgNW H,0, formation slightly decreased with thinning diameter, in
contrast to AgNPs, where the H,O, fraction of the 2.4 nm AgNPs ranged from two to threefold
that of the 30 nm AgNPs. The increase in H,O, formation with decreasing particle diameter was
previously attributed to an increased frequency of step or corner sites.” Although high index
surfaces were formed on the rounded AgNWs, the catalyst length and facet width prevented the
formation of corner sites. These terrace sites proved to favor four electron transfer and yielded an

ORR response with minimal H,O, formation.

Two electron transfer adversely effected the diffusion region of AgNP catalysts in ORR. Current
observed on the ring portion of the RRDE represented current lost from the disk portion due to
incomplete reduction. Whether due to H,O, formation or deficient ORR activity, AgNPs reached
the diffusion limited current at an overpotential 200 mV higher than AgNWs. AgNWs further

produced earlier half wave potentials (E;;,) than AgNPs (Table 2.1)

32



Table 2.1. ORR E;; and ORR E,; shifts following the addition of methanol, ethanol, and
ethylene glycol. E,,, shifts were calculated as the potential shift in potential vs. RHE required to
reach half the diffusion limited current of the catalyst excluding alcohol.

Methanol Ethanol

[mV][b] [mV] [c]
KOH [V]™ EG [mV]¥
NW 25nm  0.791 —5 —19 —36
NW40nm  0.789 —10 —23 —56
NW 50nm  0.765 —9 —30 —49
NW 60nm  0.752 —4 —15 —34
BPAg 0.752 —12 —12 —10
NP24nm  0.769 —17 —33 —74
NP4.6nm  0.768 —23 —53 —80
NP6.0nm  0.765 —18 —28 —56
NP30nm  0.722 —24 —31 —66

[a] ORR E;; in a 0.1 M KOH electrolyte. [b] ORR E;,, shift following the addition of 1.0 M
methanol. [¢c] ORR E,,, shift following the addition of 1.0 M ethanol. [d] ORR E;, shift following
the addition of 1.0 M ethylene glycol.

The effects of alcohol introduction on ORR were also examined with the use of RDE experiments
to systematically demonstrate the improved tolerance of Ag to Pt catalysts (Table 2.1 and Figure
B.5).l"" 7781 AgNWs showed reduced diffusion limited currents and mean E,, losses of 7 to 44
mV, increasing in the order of methanol to ethanol to ethylene glycol. Though AgNP deficits
were greater (E;p shifts of 21 to 69 mV), Ag ORR losses were minimal in comparison to

commercial Pt catalysts which typically yield E;; shifts of 400 to 600 mV (Figure B.4).
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Conclusions

In summary, our study demonstrates that AgNWs with small diameters are clearly the path for
ORR catalyst development for HEMFCs. Decreasing wire diameter yielded an increase in
specific activity; AgNWs with a 25 nm diameter still best the mass activity of 2.4 nm AgNPs, in
spite of having approximately one fifth the surface area. AgNWs in general produced hydrogen
peroxide an order of magnitude lower than AgNPs and decreasing AgNW diameter further
reduced the peroxide formation. The minimal hydrogen peroxide production suggests a nearly
complete four-electron ORR process. It is also anticipated that the nanowire extended surface will
reduce the modes of catalyst degradation during potential cycling, improving durability
characteristics. Supportless AgNWs can also improve mass transport since they provide a porous
and thinner catalyst layer due to the elongated wire morphology and the elimination of a carbon
support. The findings here are also of interest for water electrolyzers that are based on either a

liquid alkaline electrolyte or HEMs.

Experimental
AgNWs were synthesized by the reduction of Ag nitrate (Sigma Aldrich) with ethylene glycol
(Fisher Scientific).”” *”! Pt nanoparticles were provided for seeding to induce wire growth and

polyvinyl pyrollidone (Sigma Aldrich) was utilized to control growth direction and morphology.

Ethylene glycol was heated in the presence of argon to reflux for 4 hours to ensure impurity
removal. All morphologies of AgNWs were synthesized in the presence of argon under magnetic
stirring in a three neck round bottom flask equipped with thermocouple, addition funnel, and
condenser. In the synthesis of AgNWs 60 nm, 15 mL of ethylene glycol was heated to 170°C.

Following a 10 minute period at reaction temperature, 1.25 mL of 0.4 mM chloroplatinic acid in
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ethylene glycol was added to the flask. Reduction of the seeding solution proceeded for 5 minutes
to ensure reaction completion and to allow for the temperature of the flask contents to return to
170 °C. Following this period, an ethylene glycol solution (18 mL) containing 0.05 M Ag nitrate
and 0.1 M polyvinyl pyrrolidone was added dropwise over a period of 19 minutes. The reaction

was allowed to proceed for ten minutes at which time it was quenched with an ice bath.

AgNWs 50 nm, AgNWs 40 nm, and AgNWs 25 nm were synthesized with varying volumes,
temperatures, and reaction times. For reduced wire diameters, 15 mL of ethylene glycol was
heated to reaction temperatures of 180 °C (AgNWs 50 nm), 185 °C (AgNWs 40 nm), and 190 °C
(AgNWs 25 nm) and held for a period of 10 minutes. Chloroplatinic acid in ethylene glycol (0.75
mL, 0.4 mM) was subsequently injected into the flask. Following a 5 minute wait period, an
ethylene glycol solution (9 mL) containing 0.05 M Ag nitrate and 0.1 M polyvinyl pyrrolidone
was added dropwise and allowed to react for variable periods of time. Utilized drop and reaction
times included 10 and 5 minutes (AgNWs 50 nm), 5 and 5 minutes (AgNWs 40 nm), and 3 and 2
minutes (AgNWs 25 nm), respectively, followed by submersion in an ice bath. All AgNW

permutations were separated into 5 mL aliquots and washed in ethanol and acetone.

AgNPs were synthesized by the lithium triethylborohydride (Sigma Aldrich) reduction of Ag
nitrate (Sigma Aldrich) with didecylamine dithicarbamate (DDTC) provided for shape control.™**!
DDTC was synthesized by the stoichiometric combination of carbon disulfide (Sigma Aldrich)
and didecylamine (Sigma Aldrich), each prepared in a 10 wt % ethanol solution.®” Ethanol
solubilized didecylamine was added dropwise to the carbon disulfide solution, followed by

continued stirring for 30 seconds.

Ag nitrate (2.0 mmol) was dissolved in 8 mL of ethanol and added to a 500 mL round bottom

flask. Following dispersion, 80 mL of toluene and varying amounts of DDTC were added under
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stirring. AgNPs 2.4 nm, AgNPs 4.6 nm, and AgNPs 6.0 nm were synthesized with 3.0 mmol, 2.0
mmol, and 1.0 mmol of DDTC, respectively. Lithium triethylborohydride (20 mmol) was
subsequently added dropwise and the flask contents proceeded under stirring in an argon
environment for 3 hours. The resulting toluene phase was extracted with a rotary evaporator and
the AgNPs were cleaned in a glass frit (porosity E, Ace Glass) with exorbitant amounts of ethanol
and acetone to remove excess DDTC. AgNPs were solubilized in tetrahydrofuran, collected,
dried, and heated to 180 °C in oxygen for 1 hour to degrade the remaining DDTC prior to

electrochemical testing.

RDE experiments were completed using a three electrode system containing a mercury /
mercurous oxide reference electrode (Hg/HgO, Koslow), Pt wire counter electrode (Sigma
Aldrich), and a 5 mm outer diameter glassy carbon working electrode (Pine Instrument Company)
equipped with a modulated speed rotation controller (Pine Instrument Company). RRDE
experiments were completed in the same three electrode system using a 4.57 mm outer diameter
glassy carbon disk tip and a Pt ring with a surface area of 0.0370 cm’, collection efficiency of 22
%, and a ring-disk gap of 118 um (Standard MT28 Series Tip, Pine Instrument Company). All
electrochemical data was collected with a multichannel potentiostat (VMP2, Princeton Applied
Research). Commercial electrocatalysts were characterized as benchmark materials: AgNPs 30
nm (100 wt %, Quantum Sphere Inc.); and Pt/C (20 wt %, E-TEK). Catalyst loading for all RDE
and RRDE experiments involving Ag catalysts was set at 100 pgAgcm_z. Pt/C loading was set at
40 pgpem 2. Following catalyst loading, 10 pL of a 0.05 wt % Nafion solution was applied to the

disk electrode to ensure material adhesion to the glassy carbon.

Oxygen reduction experiments were conducted in an oxygen saturated 0.1 M KOH electrolyte at a

rotation speed of 1600 rpm and a scan rate of 20 mVs™'. Background scans were conducted in an
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argon saturated electrolyte to remove extraneous charge affiliated with hydrogen adsorption /
desorption and metal oxidation / reduction. KOH electrolytes were used for a minimal amount of
time to limit the possibility of electrolyte deterioration.”” Potential values reported in RDE and
RRDE experiments were converted to RHE by potentiostat measurements between a BPPt
electrode and Hg/HgO electrodes in a hydrogen saturated 0.1 M KOH electrolyte.”” Potential
values are reported here with reference to RHE in order to compare these results to ORR

. ST . [15,91-97
benchmarks and previous studies in acidic media.!'> """

ECSAs used in the calculation of specific ORR activity were obtained by the cyclic
voltammogram peak associated with Ag to Ag,O oxidation, assuming a coulombic charge of
400 pCem ™ (Figure B.3 and Figure B.4)."*'%! Regressions between NW size and surface area
show a less than theoretical increase with diameter reduction (Figure B.3 b). The synthesis of
reduced wire diameters yielded a mass similar to the AgNP byproduct, increasing the difficulty of
wire cleaning. The increased AgNP content also accounted for the marginal reduction in wire
ECSA. On the other hand, the synthesized AgNPs showed ECSAs lower than theoretical values
which were attributed to catalyst loading and the lack of a catalyst support leading to particle
agglomeration. Ligand elimination was confirmed by the lack of the ligand oxidation peak (0.5 V
vs. RHE) as observed in the catalysts uncleaned by the heating process. Analysis of BPAg further
yielded a rugosity of 1.36, within the anticipated range of surface areas for a polished BP

electrode.

Catalyst ORR electron transfer was gauged with RRDE experiments (Figure 2.3). The fraction of

peroxide formation was calculated according to equation (1):

21g/N
X = —
H202 = 1h+15/N

(1
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where I, Ip, and N were the ring current, disk current, and ring efficiency, respectively.!'> '°!

Peroxide formation appeared in the diffusion region of ORR due to the delayed onset potential of
the two electron pathway (0.67 V vs. RHE).!'"* %] AgNW catalysts each maintained two electron

transfer fractions less than two percent.
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Chapter 3 : Palladium and Gold Nanotubes as Oxygen Reduction and Alcohol Oxidation

Catalysts in Hydroxide Exchange Membrane Fuel Cells

Abstract

PdNTs and AuNTs with wall thicknesses of 5 nm, outer diameters of 60 nm, and lengths of 5-20
um were synthesized by galvanic displacement with AgNWs. ORR activity was measured on
PdANTSs, AuNTs, bulk polycrystalline electrodes (BPPd, BPAu), and NP catalysts (Pd/C, Au/C,
Pt/C) to evaluate activity for catalysts in hydroxide exchange membrane fuel cell cathodes.
PdNTs produced a specific ORR activity 87%, 17%, and 42% greater than Pd/C, BPPd, and Pt/C.
AuNTs produced a specific ORR activity 53%, 649%, and 21% greater than Au/C, BPAu, and
Pt/C. All ORR catalysts and Pt ruthenium (Ru) nanoparticles (PtRu/C) were examined for
methanol, ethanol, and ethylene glycol oxidation for use as DAFC anodes. PANTs produced an
earlier onset potential than all catalysts in methanol and ethylene glycol oxidation; PANTs further
met or exceeded the specific activity of Pt/C in the low overpotential region for all examined
alcohol oxidation reactions. AuNTs produced an earlier onset potential than PtRu/C and Pt/C in
ethylene glycol oxidation. Additionally, ORR experiments in the presence of alcohol confirmed

an increased tolerance of Au and Pd to alcohol introduction when compared to Pt.

Introduction

Solid polymer HEMFCs were recently developed as an alternative to solid polymer PEMFCs.
HEMFCs are potentially advantageous since the shift to an alkaline environment allows for the
use of cost effective, non- Pt catalysts for ORR and HOR. Technological barriers to the

commercialization of HEMFCs include the development of: stable HEMs with high hydroxide
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conductivity; soluble ionomers; and non-Pt catalysts with high activity for ORR and HOR. HEMs
with various cations and degrees of crosslinking have previously been developed; in comparison,
catalyst development is substandard and unable to adequately illustrate the potential benefit of
HEMFCs.”) Ag is commonly promoted as the benchmark HEMFC cathode catalyst since it is
cost effective and the shift to an alkaline environment reduces the ORR overpotential. Ag
catalysts, however, are generally of low surface area and express a specific ORR activity more
than an order of magnitude less than Pt.”® Recent increases in the price of Ag have further
diminished the benefit of Ag as a HEMFC catalyst. Pd and Au, however, can be used as

alternative ORR catalysts, producing comparable activity to Pt at a lower cost.!'** '**!

Pd has previously been studied as a catalyst for ORR in an alkaline electrolyte.'?"'”) Chen et al.
examined Pd particle size effects on ORR activity, determining that specific activity declined
with decreasing diameter."° Chen et al. also compared the ORR activity of Pd and Pt
nanoparticles; although the analysis was void of mass and specific activity measurements, it was
determined that Pd produced a higher ORR activity and required a lower activation energy than
Pt."”) Although unavailable in an alkaline electrolyte, individual low index facets of Pd were

[108

studied previously for ORR in an acidic medium.!"®® Beyond conventional morphologies, Pd is

typically examined as an ORR catalyst in the form of alloys.['®" ']

Au alkaline ORR catalysts have been studied with greater frequency.** '"""""'>] The effect of Au
particle size on ORR activity in an alkaline electrolyte was studied by McFarland.!"""! Although
qualitative comparisons were made, the limited activity and the lack of specific activity analysis
provided little insight into the application of Au as ORR catalysts. Numerous Au facets, however,
were characterized by Adzic et al. and Jiittner for ORR; low index facets were found to produce

ORR activity in the order: {111} < {110} < {100}.[%* >3] Beyond conventional morphologies,
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Geng et al. studied quasi-extended surfaces in the form of Au icosahedra; the ORR activity,
however, was extremely low and the analysis did not include mass or specific activity
measurements.!"'* Likewise, Solla-Gullén et al. examined Au nanocubes, but the ORR activity

was limited and the study did not determine mass or specific activities.!'"”!

Solid polymer HEM DAFCs are also of interest in this study since the use of an alkaline
environment reduces the overpotential for alcohol oxidation, the catalyst cost, and the rate of

(1161171 pq and Au have previously been utilized in

alcohol permeation through the membrane.
catalysts for MOR, ethanol (EOR), and ethylene glycol oxidation (EGOR).!"'*'*! Although pure
Pd or Au catalysts have not matched the activity of Pt for MOR, these metals are commonly used
as a Pt alloy.""® ') Lamy et al. examined Pt and Pd alloys in for MOR in electrolytes with a
variety of pHs, finding a synergistic effect and improved MOR activity in an alkaline
environment.!""® Watanabe and Motoo studied Pt, Pd, and Au alloys for MOR in an alkaline
electrolyte and determined that the activity improved with the additional of each ad-metal.""! Pd

£.1120122] Liy et

is frequently reported as an alkaline EOR catalyst, often with activity greater than P
al. demonstrated that the use of Pd nanoparticles produced an EOR activity fivefold greater than
Pt fivefold.!"*"! Xu et al. also studied Pd nanowires which produced a significantly higher EOR

122l Due to the template based synthesis and the large nanowire diameter

activity than a Pd film.!
(80 nm), the catalyst is impractical for commercial use. For EGOR, Au was previously studied by
Moussa et al., who found that Au electrodes produced a higher peak activity and required a higher

onset potential than Pt or Pd.''**! Pd is also commonly studied as a methanol or ethanol tolerant

ORR catalyst.!' 124

This study is the first to examine the intrinsic activity of extended, high surface area, highly

active Pd or Au catalysts for ORR and alcohol oxidation reactions. The work presented here was
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motivated by finding for Pt, where the use of extended network catalysts dramatically improved
activity for ORR and MOR."* ™! Previous studies have suggested that a similar effect could be
observed for Pd and Au catalysts in an alkaline environment. Although fundamental work has
demonstrated the potential use of Pd and Au as HEMFC and DAFC catalysts, promising extended
network catalysts in this area are largely absent. To address these inadequacies in literature,

PdNTSs and AuNTs were studied for ORR and alcohol oxidation.

Results and Discussion

PdNTs and AuNTs were synthesized with a thickness of 5 nm and an outer diameter of 60 nm
(Figure 3.1 a-d). The length of PANTs and AuNTs was found to be 5 — 10 uym and 5 — 20 pm,
respectively. Nanotube morphology was templated from the AgNWs, found to have diameters of
60 nm and lengths of 10 — 500 pm (Figure 3.1 e-f). Growth directions and lattice spacing of the
nanotubes was also templated from the fivefold twinned nanowires; nanotubes were confirmed to
have <110> and <111> growth directions (Figure C.1). PANT spacing between the {100}, {110},
and {111} lattices was 2.48 A, 2.49 A, and 3.05 A. AuNTs spacing between the {100}, {110},
and {111} lattices was 2.61 A, 2.47 A, and 3.08 A. These lattices are significantly smaller than

previously observed for nanoparticles or bulk polycrystalline forms of Pd or Au.!?> 26!
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Figure 3.1. SEM images of a) PANTs, c) AuNTs, and ¢) AgNWs. TEM images of b) PANTs, d)
AuNTs, f) AgNWs.

PdANTSs and AuNTs each produced a specific ORR activity greater than conventional nanoparticle
catalysts (Figure 3.2). PANTs exceeded the ORR specific activity of Pt nanoparticles supported
on carbon (Pt/C), Pd nanoparticles supported on carbon (Pd/C), and BPPd by 42 %, 87 %, and
17%, respectively. AuNTs exceeded the ORR specific activity of Pt/C, Au nanoparticles

supported on carbon (Au/C), and BPAu by 21 %, 53%, and 649 %.
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Figure 3.2. Mass and specific activities of a) PANTs, Pd/C, and Pt/C and b) AuNTs, Au/C, and
Pt/C. All activities were determined at 0.9 V vs. RHE in a 0.1 M KOH electrolyte during an
anodic polarization scan at 20 mVs™" and 1600 rpm. a) BPPd and b) BPAu specific activities were
denoted with a dotted line (---).

In the case of PANTs, the high activity for ORR was attributed to the extended surface and lattice
tuning. Although ORR studies on single Pd facets in an alkaline electrolyte are unavailable, it is
possible that the higher frequency of facets in the <110> zone axis contributed to the high ORR
activity. In comparison to BPPd, it was anticipated that the compressed lattice spacing
predominantly improved the ORR activity of PANTs. The particle size of Pd/C was further found
to be extremely small (2 nm) and this particle size effect significantly hampered the specific

activity in comparison to PANTs (Figure C.2).

The high activity of the AuNTs was likewise attributed the extended surface and lattice spacing.
The expressed facets, however, significantly contributed to the activity disparity between the
AuNTs and BPAu. Previous studies found that there is a large gap in ORR activity between the
low index Au facets. The half wave potential of the {111} facet was determined to be
approximately 0.4 V lower than the {100} facet; this gap was much larger than observed on Pd in

84,108, 112, 113

an acidic electrolyte.! I Since the BPAu electrode is a statistical average, the presence

of the {110} and {111} facets, as well as higher indices along these zone axes, dramatically
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decreased the ORR activity of BPAu. AuNTs exclusively express the {100} facet and higher
indices along the <110> zone axis, all facets with high activity for ORR. Therefore, there is an
enormous disparity between the activity of AuNTs and BPAu. Furthermore, although Au/C
consists of nanoparticles, these particles are large in size (10 — 40 nm) and the anticipated ORR
particle size effect was largely adverted (Figure C.2). The ORR mass activity of AuNTs was also
more than ninefold greater than Au/C, attributed to the large AuNT surface area as determine by

cyclic voltammetry and confirmed by high resolution TEM (Figure C.1 and Figure C.5).

The quasi steady activities of Pd, Au, and Pt catalysts were determined for MOR, EOR, and
EGOR in an alkaline electrolyte (Figure 3.3). PtRu/C was included in the analysis, since this
catalyst is commonly used in acidic DAFCs. Complete voltammograms were performed but are

not the focus since the onset potential region typifies the demand of DAFC anodes (Figure C.6).
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Figure 3.3. Quasi steady state activities of Pd and Au catalysts for alcohol oxidation, performed at
1 mVs' in a 0.1 M KOH electrolyte containing 1.0 M alcohol. a) Methanol, c) ethanol, and e)
ethylene glycol oxidation of PANTs, Pd/C, BPPd, PtRu/C, and Pt/C. b) Methanol, d) ethanol, and
f) ethylene glycol oxidation of AuNTs, Au/C, BPAu, PtRu/C, and Pt/C.

PdANTs produced a lower onset potential than all examined catalysts for MOR and EGOR . PANTs

further met or exceeded the specific activity of Pt/C in the low overpotential range for all alcohol
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oxidation. Among Pd catalysts, PANTSs significantly outperform Pd/C, producing a peak specific
threefold to ninefold higher and an onset potential 0.15 to 0.20 V lower. In the low overpotential,
PdNTSs also produced a specific activity at least an order of magnitude greater than Pd/C for all
alcohol oxidation experiments. It is also important to note that the PANTs exceeded the mass
activity of Pd/C regardless of potential or alcohol while only expressing one fourth the surface

area.

AuNTs produced a lower onset potential than all Au or Pt catalysts in EGOR. Among Au
catalysts, AuNTs produced a lower onset potential than Au/C in alcohol oxidation experiments.
In terms of specific activity, AuNTs narrowly outperformed Au/C in both the low and high
overpotential regions. Due to a significantly larger surface area, AuNTs produced approximately

an eightfold higher mass activity for alcohol oxidation.

In the low overpotential region, extended networks and compressed lattices are beneficial
characteristics. Previous studies of Pt in acidic electrolytes found that lattice compression
improved the onset potential for MOR and carbon monoxide oxidation. "?” '**! The extended
PANT surface improved the alcohol oxidation activity in comparison to the small isolated

particles of Pd/C; the compressed lattice of PANTs further improved the onset potential.

Carbon monoxide oxidation experiments were conducted to independently examine the
intermediate tolerance of catalysts during alcohol oxidation (Figure 3.4). PANTs, Pd/C, and BPPd
expressed peak carbon monoxide oxidation potentials of 0.695 V, 0.881 V, and 0.794 V,
respectively. Although the PANTs required a high potential for peak oxidation than Pt/C (0.668
V), the carbon monoxide onset potential for PANTs (0.380 V) was similar to PtRu/C. AuNTs,

Au/C, and BPAu produced peak carbon monoxide oxidation potentials of 0.939 V, 0.949 V, and
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0.987 V, respectively. The high oxidation potential of carbon monoxide was attributed to the high

redox potential of pure Au catalysts.
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Figure 3.4. Carbon monoxide oxidation voltammograms of a) PdNTs, Pd/C, and BPPd; b)
AuNTs, Au/C, and BPAu; and c) PtRu/C and Pt/C. Catalyst exposure was set to 10 minutes at 0.1
V vs. RHE in a carbon monoxide saturated 0.1 M KOH electrolyte.

For intermediate tolerance, a compressed lattice and an electrodispersed surface are beneficial.
Studies in acidic electrolytes found that electrodispersed Pt suffered less intermediate adsorption

7. 48 The carbon monoxide peak oxidation potential, lower for the

and poisoning during MOR.!
nanotubes than nanoparticles, was attributed to the compressed lattice as templated from the

fivefold twinned AgNWs. Further morphological analysis found that the PANTs were composed
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of an agglomeration of Pd particles (< 2 nm) solidified into nanotubes (Figure C.1). Although the
PdNTs had a rough surface, the AuNT surface was extremely smooth. While the displacement
potential for Au was higher (Au: 0.928 V; Pd: 0.179 V), the 1:1 Au:Ag displacement ratio slowed

the rate of displacement resulting in a smooth, crystalline surface.

PdNTs, therefore, expressed the traits desirable in a pure metal alcohol oxidizing catalyst: a
compressed lattice, lowering the onset potential of alcohol and intermediate oxidization; an
extended network increasing specific activity; and a rough, electrodispersed surface decreasing
intermediate adsorption and poisoning. In comparison to Pd/C, an electrodispersed surface, and
BPPd, an extended surface, PANTs dramatically excelled for alcohol oxidation experiments.
AuNTs, however, were an extended network with a compressed lattice, but lacked an
electrodispersed surface. In comparison to Au/C, a quasi-extended electrodispersed surface, and
BPAu, an extended surface, AuNTs marginally exceeded in terms of specific activities and onset
potentials. Furthermore, due to the high redox potential of pure Au catalysts, AuNTs were unable

to outperform Pt catalysts in alcohol oxidation.

The alcohol tolerance of catalysts for ORR was also examined through rotating disk electrode
(RDE) experiments (Table 3.1 and Figure C.7). As anticipated from alcohol oxidation data,
tolerance improved in the order: Pt < Pd < Au. Alcohol tolerance further depended on the alcohol
utilized, improving in the order: ethanol < ethylene glycol < methanol. Of particular interest is
that the E;, of PANTs shifted less than Pd/C, in spite of higher mass activities and lower onset
potentials for alcohol oxidation. The half wave potential shifts of AuNTs were larger than Au/C;
since the Au surface characteristics and alcohol oxidation specific activities were similar, this

difference was attributed to a larger ECSA.
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Table 3.1. Alcohol tolerance for ORR. Catalyst E,,, was reported in V for ORR in a 0.1 M KOH
electrolyte. Catalyst ORR E;;, shift following 1.0 M alcohol addition was reported in mV
normalized to the reference electrode.

Methanol Ethanol

[mV]®! [mV]"
KOH [V]™ EG [mV]¥
AuNTs 0.844 —45 —283 —303
Au/C 0.800 —30 —158 —161
BPAu 0.716 0 —39 —34
PdNTs 0.863 —209 —343 —347
Pd/C 0.917 —365 —469 —362
BPPd 0.842 —111 —334 —182
Pt/C 0.894 —380 —538 —466

[a] ORR E;; in a 0.1 M KOH electrolyte. [b] ORR E,,, shift following the addition of 1.0 M
methanol. [c] ORR E, shift following the addition of 1.0 M ethanol. [d] ORR E,;, shift following
the addition of 1.0 M ethylene glycol.

Conclusions

PdNTs and AuNTs were examined in this study to determine the effect of extended networks,
growth directions, electrodispersion, and lattice tuning on catalytic activity for ORR and alcohol
oxidation. This study is the first of its kind to examine high surface area extended network Pd or
Au catalysts for ORR in an alkaline environment. Although Ag is generally regarded as the
prototypical HEMFC cathode catalyst, Ag produces a specific ORR activity an order of
magnitude less than Pt. Due to price recent fluctuations, Ag is unlikely to be useful in the
commercial realization of HEMFCs. Pd and Au, however, are poised to fill this role; PANTs and
AuNTs each exceed the ORR specific activity of Pt/C. These catalysts demonstrate the ability of

HEMFC:s to utilize metals that produce a higher ORR activity than Pt at a lower cost.
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This study is also the first of its kind to examine Pd or Au extended network catalysts for specific
MOR, EOR, or EGOR activity. PANTs produced a higher peak specific activity and a lower onset
potential than Pd/C and BPPd for alcohol oxidation. PANTs further required a lower onset
potential than all examined catalysts in MOR and EGOR oxidation. At 0.2 V vs. RHE, PdNTs
require an onset potential significantly than acidic DAFC catalysts. The high activity, low onset,
and relatively low cost of PANTs demonstrates the benefit of HEM DAFCs: the cost effective,
convenient use of alcohol fuels with a significant sacrifice in cell voltage in comparison to
HEMFCs. The use of Pd and Au further improves the alcohol tolerance of DAFC cathodes;
PdANTs and AuNTs can therefore not only be utilized as DAFC anodes, but as highly active

alcohol tolerant ORR catalysts as well.

Experimental
PdNTs and AuNTs were synthesized via the galvanic displacement of AgNWs. The AgNW

template was synthesized by the reduction of Ag nitrate with ethylene glycol.

Ethylene glycol was first refluxed in an argon environment for 4 hrs. to ensure impurity removal
prior to AgNW synthesis. Fifteen mL of the resulting ethylene glycol solution was added to a 3-
neck round bottom flask equipped with a condenser, thermocouple, and addition funnel.
Following 10 min. at 170 °C, 1.25 mL of 0.4 mM chloroplatinic acid in ethylene glycol was added
to the flask. Five minutes were allowed for the Pt to reduce and the flask contents to return to
reaction temperature. An ethylene glycol solution (18 mL) containing 0.05 M Ag nitrate and 0.1
M polyvinyl pyrrolidone was then added dropwise over a period of 19 minutes. The reaction
proceeded for another 10 min. at which point it was quenched in an ice bath. The AgNWs were

subsequently separated into 5 mL aliquots and washed in ethanol and acetone.
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Two aliquots of AgNWs were repeatedly washed in water and then dispersed in a 200 mL
aqueous solution of 16.74 mM polyvinyl pyrrolidone. This solution was heated to reflux in a 3-
neck round bottom flask fitted with a condenser, thermocouple, and addition funnel. In the
synthesis of PANTs, 100 mL of an aqueous solution of sodium tetrachloropalladate (1.75 mM)
was added dropwise to the flask over a period of 15 min. In the synthesis of AuNTs, 100 mL of
an aqueous solution of Au (I) chloride (3.50 mM) was added dropwise to the flask over a period
of 15 min. The reaction proceeded for an hr. prior to being quenched in an ice bath. PANTs and

AuNTs were washed with sodium chloride, followed by water.

SEM images were taken with a Philips XL30-FEG microscope at 20 kV; TEM images were taken
with a Philips CM300 microscope at 300 kV. Selected area electron diffraction (SAED) patterns
were taken at a length of 24.5 cm. SAED patterns contain the superimposed fivefold twinned
lattices, with the {100} ([001]), {111} ([112]), and {110} ([112], [001]) reflections present.
Spacing between the {111} lattices was confirmed with high resolution TEM; spacing between

the {100}, {111}, and {110} lattices was confirmed with SAED.

RDE experiments were conducted in a 3-electrode system equipped with a 5 mm glassy carbon
working electrode, platinum wire counter electrode, and mercury mercurous oxide reference
electrode. The working electrode was equipped with a modulated speed type rotation controller
and data was collected by a multichannel potentiostat. Catalysts were coated onto the glassy
carbon working electrode with a metal loading of 40 pgem™ in conjunction with 10 pL of a 0.05
wt% Nafion solution. In addition to PANTs and AuNTs, the following commercial catalysts were
examined for reference: Pt/C (20 wt%, E-TEK), PtRu/C (50 wt% Pt, 25 wt% Ru, Johnson

Matthey), Pd/C (20 wt%, Premetek Company), and Au/C (20 wt%, Premetek Company).
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ORR experiments were performed in a 0.1 M KOH electrolyte at a rate 20 mVs™' during an
anodic polarization scan at 1600 rpm. Kinetic ORR mass and specific activities were calculated at
0.9 V vs. RHE in order to compare these results to those obtained in acidic electrolytes. ORR
specific activities were calculated through ECSAs. The ECSA of Pt/C was calculated in the
hydrogen adsorption region, assuming a coulombic charge of 210 pCem > (Figure C.5). The
ECSA of PtRu/C was calculated from the peak associated with carbon monoxide oxidation,
assuming a coulombic charge of 420 uCem ™ (Figure 3.4). The ECSAs of Pd/C and Au/C were
calculated from the peaks associated with metal oxide reduction, assuming coulombic charges of
420 and 543 pCem 2, respectively (Figure C.5). " "% The validity of these charges was
confirmed with studies on BPPd and BPAu electrodes, which expressed rugosities of 1.21 and

1.05, respectively.

"in a 0.1 M KOH electrolyte

Alcohol oxidation voltammograms were performed at 5 mVs™
containing 1.0 M alcohol. Quasi steady state polarization curves were performed with an anodic
scan at | mVs ' in a 0.1 M KOH electrolyte containing 1.0 M alcohol. The slower scan rate was
employed to minimize the contributions of carbon and metal redox. Potential values vs. the
mercury mercurous oxide reference electrode were converted to RHE by measuring the potential
difference between the reference electrode and a bulk polycrystalline electrode in a hydrogen
saturated 0.1 M KOH electrolyte.’” The time electrolytes were used was limited in an effort to

prevent carbonation.””’
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Chapter 4 : Platinum Monolayered Palladium Nanotubes as Oxygen Reducing

Electrocatalysts

Abstract

Pt/PdNTs with a wall thickness of 5 nm, an outer diameter of 60 nm, and a length of 5-20 pm are
synthesized via incomplete galvanic replacement with PANTs. Pt coatings are controlled to a
loading of 9-18 wt%. ORR and durability experiments have been used to evaluate Pt/PdNTs,
PtNTs, PdNTs, and Pt/C activity for PEMFC cathodes. The cost and specific ORR activities of all
Pt/PdANTs exceed the DOE benchmark, with 9 wt% Pt producing a Pt normalized mass activity of
1.8 Amg™—". Following durability testing, Pt/PdNTs with a 9, 14, and 18 Pt wt% retain 79.6%,
77.3%, and 54.3% of their original ORR mass activities. In comparison, Pt/C retains 5.3% of its

ORR mass activity following durability testing.

Introduction

PEMFC:s are transformative technologies intended to create a new paradigm in the way energy is
used. Although PEMFCs have a high energy density, commercialization of this technology is
limited by high catalyst cost and low durability./* 7 The development of highly active cathode
catalysts is of particular interest since the overpotential for ORR is significantly larger than the

14, 15

hydrogen oxidation reaction (HOR).!"* ! Pt/C is commonly used as an ORR catalyst; the low

specific activity of Pt/C, however, prevents PEMFC deployment.!'> 2%

To promote the
development of Pt catalysts with high ORR activity, the DOE set benchmarks (2010 - 2015) for

mass activity (0.44 Amg™") and specific activity (0.72 mAcm™>). The ORR activity of Pt/C also
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dramatically drops following durability testing; Pt loss is typically attributed to surface tension

driven aggregation, dissolution, Ostwald ripening, and degradation of the carbon support.”*"!

[26, 131

Pt coatings have previously been studied for ORR activity. I Adzic et al. electrochemically

coated Pd with a monolayer of Pt; although Pt coated Pd had a higher ORR activity than pure Pt,

(3 Fyurthermore, Norskov et al.

electrochemical deposition is impractical in large scale synthesis.
examined polycrystalline Pt films alloyed with nickel, cobalt (Co), iron, vanadium, and
titanium."*® While the specific ORR activity of the Pt;Co film was three times greater than pure
Pt, Pt;Co nanomaterials are unavailable and would likely have too high of a Pt loading to meet
the DOE mass activity benchmark. Solution based synthesis of Pt Pd catalysts was also studied
previously by Xia et al. in the form of nanodendrites.””) Although Pt Pd nanodendrites had a
reasonably high surface area, the ORR specific activity was modest and catalyst durability was
poor considering the high Pt content (85 wt %). The practical application of Pt coated Pd is
desirable due to the moderate ORR activity and reduced cost of Pd; solution based synthesis of
such a catalyst, however, was not previously completed in part due to the low Pt Pd surface

segregation energy.!"*”

Previously, PtNTs and PANTs were examined as ORR catalysts; the extended network and lattice
tuning produced an activity significantly larger than conventional nanoparticles (Chapter 3).1* ™!
In order to meet the DOE mass activity benchmark, PANTs were coated with Pt; due to a similar
crystal structure and lattice parameters, PANTs were partially displaced with Pt allowing for Pd to

remain subsurface, reducing catalyst cost while maintaining ORR activity. This study is the first

to coat atomic layers of Pt onto a Pd substrate without the aid of electrochemical deposition.
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Results and Discussion

Pt/PdNTs were synthesized with Pt loadings of 9 wt% (PtPd 9), 14 wt% (PtPd 14), and 18 wt%
(PtPd 18) (Figure 4.1 a-f). PtNTs and PdNTs were also included as benchmarks to aid in catalyst
evaluation (Figure 4.1 g-j). Each nanotube had a wall thickness of 5 nm, an outer diameter of 60
nm, and a length of 5 - 20 um. The morphology of the nanotubes was templated by the galvanic
displacement of AgNWs, synthesized with a 60 nm diameter and a length of 10 - 500 um (Figure
4.1 k-1). Pt content within the Pt/PdNTs was determined by energy dispersive x-ray spectroscopy

(EDS).
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Figure 4.1. SEM images of a) PtPd 9, c) PtPd 14, e) PtPd 18, g) PtNTs, i) PANTs, and k) AgNWs.
TEM images of b) PtPd 9, d) PtPd 14, f) PtPd 18, h) PtNTs, j) PANTs, and 1) AgNWs.
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Catalyst activity for ORR was evaluated in terms of cost normalized mass activity and specific
activity (Figure 4.2 and Figure D.1). The cost activity of PtPd 9 was 10.39 A$™"', exceeding the
DOE benchmark by 7.4 %. Although PtPd 14 and PtPd 18 produced 96.7 % and 90.4 % of the
benchmark value, each of the Pt/PdNTs dramatically exceeded the cost activity of Pt/C (2.5 - 3.0
times). The Pt/PdNTs further exceeded the specific activities of the DOE benchmark by 40.2 % -

43.1 %.

12 Mass Activity 2.4

B Specific Activity 2
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I/A$—!
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Figure 4.2. Cost normalized mass activities and specific activities of PtPd 9, PtPd 14, PtPd 18,
PtNTs, PdNTs, Pt/C, and BPPt. Catalysts cost was determined from a five year mean metal price;
the cost of the AgNW template and carbon support (Pt/C) was not included. DOE benchmarks for
mass and specific activity are denoted by dotted lines (---).

Although the benchmark value for mass activity was not previously normalized for the metal
price, a cost normalized mass activity was utilized in this case to objectively quantify the cost
benefit of Pt/PdNTs. Normalization of mass activities to the Pt content does not adequately

account for the cost of the Pd support; in contrast, normalizing the mass activity to the total
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catalyst mass does not appropriately emphasize that Pd (82 - 91 wt% of Pt/PdNTs) has a 5 year
average metal price 27.7 % of Pt (Figure D.2). The 5 year average metal prices (July 2006 - 2011)
for Pt and Pd were $ 1414.68 t oz~ ' and $ 392.95 t oz~ ', respectively. The DOE mass activity

benchmark (0.44 Amgp ") corresponded to a cost normalized mass activity of 9.67 A$™".

Assuming a uniform coating of Pt, a wall thickness of 5 nm, and a {100} lattice spacing of 2.5 A,
the Pt loadings of 9 wt%, 14 wt%, and 18 wt% corresponded to a coating of 1.1, 1.8, and 2.3 Pt
atoms. Although spectroscopy techniques were unable to determine the purity of the Pt shell,
ORR specific activities and carbon monoxide oxidation voltammograms were utilized to confirm

the presence of a core shell structure.

The lattice spacing and growth directions of all synthesized nanotubes were templated from the
AgNW substrate. While previous studies have demonstrated that the electrochemical application
of a Pt monolayer on Pd produced a higher ORR activity than pure Pt, differences in activity were
attributed to an increased oxidation potential and lattice compression.*"! Electrochemical
protocols have since evolved to prevent erosion of ORR hysteresis on Pt and the lattices of
Pt/PANTs and PtNTs were identical; therefore the specific ORR activities of Pt/PANTs could not
have exceeded PtNTs. By linear extrapolation between the specific ORR activities of PtNTs and
PdNTs, it was determined the Pt shells of PtPd 9, PtPd 14, and PtPd 18 contained 4.3, 2.1, and 3.2

% Pd.

Carbon monoxide oxidation voltammograms further confirmed a thickening of the Pt shell as the
Pt loading was increased (Figure D.7).l"**! Previously, Eichhorn and Mavrikakis et al. and Sunde
et al. confirmed the presence of Pt shell Ru core nanoparticles by the presence of multiple carbon
monoxide oxidation peaks; repeated oxidation experiments induced the dissolution of surface Ru,

134,135

thereby determining if the original shell was pure Pt.. I'Since the immediate dissolution of Pd
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was impractical, the location of the carbon monoxide oxidation peaks was used to confirm the Pt
coating. PtNTs and PdNTs produced carbon monoxide oxidation peaks at potentials of 0.70 and
0.94 V, respectively. Pt/PdNTs produced two characteristic peaks: at 0.71 V indicating Pt bound
to subsurface Pt (Pt-Pt), and at 0.85 V indicating Pt bound to subsurface Pd (Pt-Pd). The shift in
peak position of Pt-Pd (0.85 V) was attributed to the presence of a Pt surface tuned by the Pd
substrate. The PtPd 9 voltammogram was dominated by the Pt-Pd peak; although similar to a pure
Pd catalyst, the voltammogram confirmed a uniform surface consistent with the theoretical 1.1 Pt
atom coating. For PtPd 14 and PtPd 18, the presence of the two peaks was more apparent and the
Pt-Pt peak increased with the Pt loading. For PtPd 18, the Pt-Pt peak accounted for greater than
50 % of the surface area, anticipated from the theoretical 2.3 Pt atom coating. Although the two
oxidation peaks would also be consistent with an alloy, the carbon monoxide data when coupled

with ORR specific activity confirms the presence of an approximate Pt coating.

Durability experiments were conducted to evaluate the ability of catalysts to retain surface area
and ORR activity. Potential was cycled (0.6 - 1.1 V) 30,000 times with ECSA measurements
taken every 6,000 cycles (Figure 4.3). Although the ECSA retention of PtNTs (92.7 %) was much
higher than Pt/C (46.7 %), Pt/PdANT losses were more severe. The ECSA loss of Pt/PdNTs was
attributed to the lower dissolution potential of Pd (0.915 V) in comparison to Pt (1.188 V); Pd
dissolution was further confirmed through the PANT ECSA, EDS measurements, and the receding
Pt/PANT ORR diffusion limiting current following durability testing (Figure 4.3 and Figure D.4).
Dissolution normalized ECSAs of Pt/PANTs yielded similar results to Pt/C; although the
extended network previously benefitted durability, the thickness of the Pt layer (1.1 - 2.3 atoms)

may have increased the rate of Pt degradation and loss.
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Figure 4.3. ECSAs as a function of durability cycles. Durability experiments were conducted by
potential cycling 0.6 - 1.1 V vs. RHE 30,000 times in an argon saturated 0.1 M HCIO, electrolyte.

Cyclic voltammograms were taken every 6,000 cycles to determine ECSAs, except for PANTs
where ECSA were determined every 500 cycles.

Catalyst activity for ORR following durability testing was evaluated in terms of cost normalized
mass activity and specific activity (Figure 4.4, Figure D.4, and Figure D.5). Of particular interest
was that Pt/PdNTs maintained high activity for ORR in spite of Pd dissolution and heavy ECSA
losses. The specific ORR activities of Pt/PdNTs and PtNTs exceeded the benchmark following
durability testing by 3.3 - 4.1 times and 49.0 %, respectively. Although the cost activities
decreased following durability testing, PtPd 18 produced a cost activity 83.9 % of the benchmark

when the mass loading was normalized to account for Pd dissolution. Furthermore, Pt/PdNTs

produced cost activities 3.5 - 4.1 times greater than Pt/C following durability testing, without

normalization for Pd dissolution.
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Figure 4.4. Cost normalized mass activities and specific activities of PtPd 9, PtPd 14, PtPd 18,
PtNTs, PANTs, Pt/C, and BPPt following durability testing. DOE benchmarks for mass and
specific activity are denoted by dotted lines (---).

Carbon monoxide oxidation voltammograms were conducted following durability testing (Figure
D.8). While the charge response decreased in proportion to the ECSA loss, the Pt-Pt and Pt-Pd
peak proportions did not change for PtPd 14 and PtPd 18. In the case of PtPd 9, however, the Pt-
Pd peak severely decreased in size and was replaced by the Pt-Pt peak. The peak shift indicated a
higher degree of Pd loss, as anticipated with the thinner Pt coating; The larger degree of Pd

dissolution was confirmed by EDS and ORR measurements.

Conclusions

In summation, the work presented here demonstrates that nanotube templated Pt coatings are
clearly the path for the development of PEMFC cathode catalysts. The Pt content of pure PtNTs
was decreased to 9 wt%, replacing nearly all subsurface Pt with Pd; PtPd 9 produced an ORR
mass activity 95 % of PtNTs. The cost activity of PtPd 9, therefore, was 2.8 times greater and

exceeded the DOE benchmark. The specific activity of Pt/PdNTs further matched PtNTs and
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outperformed the DOE benchmark by greater than 40 %. In comparison to Pt/C, Pt/PdNTs
maintained higher ORR activities in spite of the presence of a Pd substrate. It is anticipated that
Pt/PdNTs would allow for a thin electrode catalyst layer, improving Pt utilization and mass
transport. The solution based synthesis of sub nanometer templated coatings is a milestone in its

own right and pertinent to a variety of applications for nanomaterial electrocatalysts.

Experimental

AgNWs were synthesized via the reduction of Ag nitrate with ethylene glycol in the presence of
chloroplatinic acid, provided for wire seeding, and polyvinyl pyrollidone, provided for
morphological control. PtNTs and PANTs were synthesized by the galvanic displacement of

AgNWs. Pt/PdNTs were synthesized by the partial galvanic replacement of PANTs with Pt.

Ethylene glycol was refluxed over 4 hrs. in the presence of argon prior to AgNW synthesis to
ensure impurity removal. For AgNW synthesis, 15 mL of ethylene glycol was heated to 170 °C in
a 3-neck round bottom flask equipped with a thermocouple, condenser passing argon, addition
funnel, and stir bar. After 10 min. at 170 °C, a 1.25 mL solution of chloroplatinic acid in ethylene
glycol was injected. Following a 5 min. wait period, 18 mL of 0.1 M polyvinyl pyrollidone and
0.05 M silver nitrate in ethylene glycol was added to the flask dropwise over 19 min. via the
addition funnel. The reaction was allowed to continue for 5 min., at which point the flask was
immersed in an ice bath. AgNWs (5 mL aliquots) were distrbuted into 50 mL centrifuge tubes

and washed in ethanol, acetone, and water.

In PINT synthesis, 20 mL of cleaned AgNWs were dispersed in 200 mL of water saturated with
sodium chloride. The solution was added to a 500 mL 3-neck round bottom flask equipped with a

thermocouple, condenser passing argon, stir bar, and an addition funnel containing 100 mL of
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0.86 mM chloroplatinic acid. Following 15 min. at reflux, the chloroplatinic acid solution was
added dropwise to the flask over a period of 15 min. The flask then proceeded at reflux for 1 hr.
before the reaction was quenched in an ice bath, and the flask contents were subsequently washed
with a saturated sodium chloride solution and water. PANTs were synthesized by dispersing 20
mL of cleaned AgNWs in 400 mL of a 16.7 mM polyvinyl pyrollidone in water solution saturated
with sodium chloride. The solution was added to an experimental apparatus identical to PtNT
synthesis, with the addition funnel containing 200 mL of 1.8 mM sodium tetrachloropalladate.

Reaction and cleaning protocols were identical to the PtNT synthesis.

Pt/PANTs were synthesized by adding 400 mL of an aqueous solution of 1.2 mM PANT to a 1-L
3-neck round bottom flask containing a thermocouple, condenser passing argon, stir bar, and
addition funnel containing 200 mL of chloroplatinic acid with varying concentration. Reaction
and cleaning protocols were identical to the PtNT synthesis. Prior to electrochemical testing,
PtNTs, PANTs, and Pt/PdNTs were washed with 0.5 M HNO; in an argon environment for 2 h.
PtNTs and PdNTs were subsequently annealed at 250 °C in a forming gas environment (5 %
hydrogen). Pt/PdNTs were annealed at 150 °C to prevent migration of surface Pt into the Pd

substrate.

SEM images were taken at 20 kV using a Philips XL30-FEG microscope. TEM images were
taken at 300 kV using a Philips CM300 microscope with samples pipetted onto a holey carbon
coatings supported on copper grids. Electrochemical experiments were completed with a
multichannel potentiostat (Princeton Applied Research) and a Modulated Speed Rotator rotator
equipped with a 5 mm glassy carbon electrode (Pine Instruments). RDE experiments were
conducted in a three-electrode cell, with a glassy carbon electrode, platinum wire, and double

junction silver/silver chloride electrode (Pine Instruments) utilized as the working, counter, and
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reference electrodes, respectively. Catalysts were applied to the working electrode with a fixed
metal loading of 40 ugem ™. Following catalyst addition, 10 uL of 0.05 wt. % Nafion (Liquion)

were pipetted onto the working electrode to protect the catalyst layer during rotation.

ORR and cyclic voltammetry experiments were completed at a scan rate of 20 mVs ™' ina 0.1 M
HCIO, electrolyte. Specific activities were calculated with ECSAs as determined by carbon
monoxide oxidation and verified with charge associated with hydrogen adsorption during cyclic
voltammetry experiments (Figure D.3, Figure D.6, Figure D.7, and Figure D.8). Durability
experiments were completed by potential cycling between 0.6 - 1.1 V versus RHE at 50 mVs ™' in
an argon-saturated 0.1 M HCIO, electrolyte. Conversions between the Ag/AgCl reference
electrode and RHE were conducted by measuring the potential drop between the reference

electrode and a bulk polycrystalline Pt electrode in a hydrogen-saturated electrolyte./”"!

65



Chapter 5 : Copper Templated Platinum Nanotubes as Oxygen Reducing Electrocatalysts

Abstract

PtNTs with a wall thickness of 11 nm, an outer diameter of 100 nm, and a length of 5-20 pm are
synthesized by the galvanic displacement of copper nanowires (CuNWs). Pt/CuNWs (Pt 18 wt%)
and Pt/PdNTs (9 wt% Pt) are synthesized by the incomplete galvanic displacement of CuNWs
and PdNTs, respectively. CuNWs are synthesized by the sodium hydroxide and hydrazine
reduction of Cu nitrate. ORR and durability experiments have been conducted on PtNTs, PANTs,
Pt/CuNWs, Pt/PdNTs, and Pt/C to evaluate catalyst activity for use as PEMFC cathodes. The
ORR specific activities of all Pt extended surface catalysts (1.22—1.31 mAcm™2) exceed the DOE
benchmark; Pt/CuNWs also exceed the DOE cost activity benchmark. Durability testing of each

catalyst shows improved retention of ORR activity in comparison to Pt/C.

Introduction

The commercial deployment of PEMFCs is limited by high catalyst cost and low durability.[ 7
The development of catalysts with high ORR activity is essential to PEMFCs since the majority
of activation losses occur at the cathode.!"* ' Pt/C is typically utilized as the ORR catalyst, but
will be unable to eliminate the technological barrier to PEMFC commercialization. The ORR
activity of Pt/C is limited by a Pt particle size effect; to promote the development of highly active
ORR catalysts, the DOE set mass (0.44 Amg ") and specific (0.72 mAcm™?) activity benchmarks
for 2010 - 2015.1"* 21 The durability of Pt/C is further limited by the degradation of the carbon

support and the degradation of Pt through Ostwald ripening, surface tension driven
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agglomeration, and potential driven dissolution and migration into the proton exchange

membrane.?!!

CuNWs were previously used as a nanotube template by Xia et al. who studied PtNTs for formic

13 Although the activity of PtNTs was significantly larger than Pt/C, the

acid oxidation activity.!
templated growth directions were not preserved and ORR activity was not examined. Pt coatings
were also studied by Nerskov et al.; electronic tuning effects on Pt, introduced with alloying,
were examined for alterations in ORR activity.”® While the specific ORR activity of the Pt;Co

film was three times greater than pure Pt, high surface area Pt;Co catalysts are unavailable and

the high Pt content diminishes the Pt mass activity.

Previously, PtNTs were synthesized by galvanically displacing AgNWs and studied for ORR
activity.*> ") PANTs were further coated with Pt in an effort to reduce the Pt loading, thereby
increasing the ORR cost normalized mass activity (Chapter 4). In this study, CuNWs were
utilized as the template, creating PtNTs with growth directions and lattice parameters unique from
nanotubes previously examined. Pt/CuNWs were also synthesized by the partial displacement of

Cu with Pt to meet the DOE mass activity benchmark.

Results and Discussion

Pt/CuNWs were synthesized with a diameter of 100 nm and a length of 25 - 40 um (Figure 5.1 c-
d). Pt/PANTs were synthesized with a wall thickness of 11 nm, an outer diameter of 100 nm, and
a length of 4 - 15 pm (Figure 5.1 a-b). PtNTs and PdNTs were synthesized with wall thicknesses
of 11 nm, outer diameters of 100 nm, and lengths of 5 - 20 um (Figure 5.1 e-h). All nanotubes

were formed by the galvanic displacement of CuNWs, which had an outer diameter of 100 nm
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and a length of 40 - 50 pm (Figure 5.1 i-j). The Pt loadings of Pt/CuNWs and Pt/PdNTs were 18

wt% and 9 wt%, as determined by EDS.

68



RO

: ""'"fr"’}-‘

i 3
. 100 nm

Figure 5.1. SEM images of a) Pt/PdNTs, c) Pt/CuNWs, e) PtNTs, g) PANTs, and i) CuNWs. TEM
images of b) Pt/PdNTs, d) Pt/CuNWs, f) PtNTs, h) PANTs, and j) CaNWs.
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SAED images confirmed the presence of single twinned CuNWs with <110> and <111> growth
directions (Figure E.2).'"*”) CuNW lattice spacing, confirmed by high resolution TEM and SAED,
was determined to be 1.31 A ({100} lattice), 1.60 A ({110} lattice), and 2.33 A ({111} lattice).
PtNTSs grew in the <110> and <I111> directions, with a lattice spacing of 1.40 A ({100} lattice),
1.84 A ({110} lattice), and 2.63 A ({111} lattice) (Figure E.1). PANTs grew in the <110> and
<111> directions, with a lattice spacing of 1.38 A ({100} lattice), 1.75 A ({110} lattice), and 2.64
A ({111} lattice). The common growth directions and lattice spacing of CuNWs, PtNTs, and
PANTs was due to matches in crystal structure and atomic size and confirms the templated

nanotube growth.

Catalyst activity for ORR was evaluated in terms of cost normalized mass activity and specific
activity (Figure 5.2, Figure E.3, and Figure E.4). Pt/CuNWS produced a cost activity of 10.0
AS$', 3.5 % greater than the DOE benchmark; Pt/PdNTs produced a cost activity of 5.4 A$™,
55.3 % of the benchmark. In this analysis, the cost normalized mass activity was used to
objectively include the metal price of Pd. The 5 year average (July 2006 - 2011) price for Pt and
Pd metals were $ 1414.68 t oz ' and $ 392.95 t 0oz, respectively. The DOE mass activity

benchmark 0.44 Amgp, ', corresponded to a cost normalized mass activity of 9.7 A$™".
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Figure 5.2. Cost normalized mass activities and specific activities of Pt/CuNWs, Pt/PdNTs,
PtNTs, PdNTs, Pt/C, and BPPt. Catalysts cost was determined from a five year mean metal price;
the cost of the CuNW template and carbon support (Pt/C) was not included. DOE benchmarks for
mass and specific activity are denoted by dotted lines (---).

Of particular interest was the enormous specific ORR activity of the nanotubes, with Pt/CuNWs,
Pt/PANTs, and PtNTs each expressing a twofold improvement to the DOE benchmark.
Pt/CuNWs, Pt/PdNTs, PtNTs, and PANTs also exceeded the specific activity of Pt/C by 6.2, 6.1,
6.2, and 2.9 times; the Pt based nanotubes further produced specific activities 77% of BPPt and
43 % greater than PtNTs synthesized from AgNWs (PtNTs-Ag). PtNTs-Ag grew similarly in the
<110> and <111> directions; unlike the CuNW templated catalysts, however, PtNTs-Ag were
fivefold twinned. The side surface of PtNTs-Ag was dominated by the {100} facet and higher
indices in the <110> zone axis (Chapter 1 and Chapter 4). The increased prevalence of the {100}
facet, the least active low index facet, diminished the ORR specific activity of PtNTs-Ag.*” In
contrast, catalysts templated by CuNWs were single twinned and expressed a lower proportion of
the {100} facet on the side surface. Nanotubes templated from CuNWs and AgNWs each grew
axially in the <110> direction; therefore the {110} facet, the most active low index facet, could
not appear on the side surface.””? The BPPt electrode examined was a statistical average of facets;

since BPPt contained a higher proportion of {110} and a lower proportion of {100}, BPPt
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exceeded the specific activity of all examined catalysts. The lattice constant of the CuNW

55, 126

templated catalysts was also smaller than PtNTs-Ag, Pt nanoparticles, and BPPt.! 1t was

anticipated that the lattice and electronic tuning may have further improved the ORR specific

activity of the examined catalysts."*"!

Assuming a uniform Pt coating, a PANT wall thickness of 11 nm, and a {100} lattice spacing of
1.4 A, Pt/PANTs theoretically had a 3.5 atom Pt coating. Assuming a uniform Pt coating, a
CuNW diameter of 100 nm, and a {100} lattice spacing of 1.4 A, Pt/CuNWs theoretically had a
14.1 atom Pt coating. Cu was unstable during cyclic voltammetry and ORR experiments due to a
low dissolution potential (0.159 V); due to the ease of electrochemically removing Cu, it was
unlikely that Pt/CuNWs contained impurities in the Pt shell during ORR testing. In the case of
Pt/PdNTs, however, further analysis was conducted to confirm the presence of a core shell

structure.

Since CuNWs, PtNTs, and PANTs had comparable growth directions and lattice constants, the
specific ORR activity of Pt/PANTs should have matched PtNTs. Pd impurities in the Pt shell
would have proportionally decreased the ORR specific activity. Linear extrapolation between the
specific ORR activities of PtNTs and PdNTs determined that Pt/PdNTs contained a 2.0 % Pd
impurity. Carbon monoxide oxidation voltammograms further confirmed a uniform surface
(Figure E.6). The peak carbon monoxide oxidation potentials of Pt/CuNWs, Pt/PdNTs, PtNTs,
and PdNTs were 0.74 V, 0.94 V, 0.77 V, and 0.92 V, respectively. The peak potential shift of
Pt/PANTs toward PANTs suggested Pt modification due to the Pd substrate; the absence of a
second peak further suggested that an excess of Pt-Pt layers were not formed. Although unable to
explicitly differentiate between a Pt shell and a homogenous Pt Pd alloy, the carbon monoxide

and ORR data was consistent with a Pt shell Pd core catalyst.
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Accelerated durability tests were conducted by potential cycling, with ECSA measurements taken
every 6,000 cycles (Figure 5.3). Pt/CuNWs, Pt/PdNTs, PtNTs, and Pt/C retained 62.3 %, 13.5 %,
91.9 %, and 54.1 % of their original ECSAs, respectively. PtNTs showed a significant durability
improvement to Pt/C, attributed to the elimination of the carbon support and the extended
network reducing Pt degradation and loss. In comparison to PtNTs, the durability characteristics
of Pt/CuNWs and Pt/PdNTs decreased, attributed to the low dissolution potential of Cu and Pd
(0.915 V). Although Cu had a lower dissolution potential than Pd, the thicker Pt coating
(Pt/CuNWs: 14.1 atom layer; Pt/PdNTs: 3.5 atom layer) appeared to slow the rate of dissolution.
The instability of Pd in potential cycling experiments was further confirmed through PANT
ECSA, Pt/PANT ORR activity, and Pt/PANT carbon monoxide oxidation data following durability
testing (Figure 5.3, Figure E.7, and Figure E.10). Pt/PdNTs ECSA values, adjusted to account for
Pd dissolution, were similar to Pt/C; it was therefore likely that the PtNT wall thickness

contributed to the high durability.
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Figure 5.3. ECSA loss of Pt/CuNWs, Pt/PdNTs, PtNTs, PANTs, and Pt/C as a function of cycles
in durability testing. ECSAs were calculated from the hydrogen adsorption/desorption charges at
noted intervals while cycling potential in the range of 0.6 - 1.1 V vs. RHE.
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The cost normalized mass activities and specific activities of Pt/CuNWs, Pt/PdNTs, PtNTs, and
Pt/C were determined following durability testing (Figure 5.4, Figure E.7, and Figure E.8). The
extraordinarily large cost activity of Pt/CuNWs was of particle interest; post durability Pt/CuNWs
produced an ORR cost activity 93.6 % of the DOE benchmark and 90.4 % of pre durability
Pt/CuNWs. Pt/CuNWs, Pt/PdNTs, and PtNTs further produced cost activities 7.1, 1.1, and 1.3
times of Pt/C. In terms of specific activity, the nanotube catalysts exceeded the DOE benchmark

twofold to fourfold.
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Figure 5.4. Cost normalized mass activities and specific activities of Pt/CuNWs, Pt/PdNTs,
PtNTs, Pt/C, and BPPt following durability testing. Catalysts cost was determined from a five
year mean metal price; the cost of the CuNW template and carbon support (Pt/C) was not
included. DOE benchmarks for mass and specific activity are denoted by dotted lines (---).

Conclusions

This study emphatically demonstrates that CaNW templated Pt nanomaterials are the future of
ORR catalyst development for PEMFCs. Templated growth directions and lattices allowed for the
synthesis of Pt catalysts with specific ORR activities of 1.5 mAcm~, significantly greater than Pt

nanoparticles or PtNTs-Ag. The high specific activity allowed for Pt/CuNWs to surpass the DOE
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cost activity benchmark while expressing a surface area of only 5.5 m’g"'. Pt/CuNWs further
retained greater surface area and ORR activity than Pt/C, particularly noteworthy due to the use
of the Cu substrate. The use of CuNWs is more cost effective than AgNW templates; the aqueous,
low temperature synthesis of CuNWs and Pt/CuNWs is also a benefit from the production
perspective and can potentially make a larger impact in the commercialization of PEMFCs.
Furthermore, CuNW templated catalysts eliminate the carbon support, resulting in a thinner
catalyst layer; it is anticipated that the thinner catalyst layer will improve Pt utilization and mass

transport within the PEMFC.

Experimental

CuNWs were synthesized by the hydrazine (N,H,, 35 wt.%) and NaOH reduction of Cu(NOs), in
the presence of ethylenediamine (EDA), added to control wire morphology.*® In CuNwW
synthesis, 10 mL of an aqueous 0.1 M Cu(NOs3), solution was added to 200 mL of 15 M NaOH in
a 500 mL round bottom flask. EDA was subsequently added to the flask (1.5 mL), followed by
N,H; (0.25 mL). Following each addition step, the flask was capped and shaken to evenly
distribute the reactants. Once N,H, was added, the flask was capped and placed in a 60 °C water
bath for 1 hr. Following the reaction, the flask contents were cooled in an ice bath and filtered.
Filtering continued with excess water until the effluent reached a neutral pH. The filter cake was

briefly allowed to dry on the filter paper before it entered an argon environment for storage.

PtNTs were synthesized via the galvanic displacement of CuNWs.!"*) CuNWs (200mL, 0.66 mm)
were added to a 500 mL round bottom flask equipped with an addition funnel, stir bar, and

adapter passing argon. Following 15 min. with flowing argon, 100 mL of 0.88 mM H,PtCls was
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added dropwise over a period of 15 min. The flask proceeded for 1 hr. to ensure a complete

reaction.

PANTs were synthesized via the galvanic displacement of CuNWs.!* CuNWs (400 mL, 0.66
mM) in an aqueous solution of polyvinyl pyrollidone (16.7 M) were added to a 1 L round bottom
flask, with 200 mL of 1.75 mM sodium tetrachloropalladate in the addition funnel. Pt/CuNWs
were synthesized via an incomplete galvanic displacement reaction with CuNWs. CuNWs (200
mL, 0.66 mM) were added to a 500 mL round bottom flask, with 100 mL of 0.086 mM H,PtClg in
the addition funnel. Synthesis procedures of the PANTs and Pt/CuNWs were identical to the
aforementioned PtNTs and the syntheses were conducted at room temperature. Following
synthesis, PtNTs, PdNTs, and Pt/CuNWs were washed in 1 M HCI and water. Prior to
electrochemical experiments, PtNTs and PANTs were annealed at 250 °C in forming gas for 1 h.

Pt/CuNWs were annealed at 150 °C in forming gas for 1 h. to prevent Pt-Cu alloying.

Pt/PdNTs were synthesized by adding 35 mL of a 1.2 mM PdANT solution in a 3-neck round
bottom flask equipped with condenser flowing argon, thermocouple, addition funnel with 18 mL
of 0.13 mM H,PtClg, and stir bar. Following 15 min. at reflux, the H,PtCls was added dropwise
over a period of 15 min. The reaction proceeded at reflux for lhr., at which point it was
quenched in an ice bath. The Pt/PdNTs were washed in 1M HCI and water and annealed at 150 °C

in forming gas for 1 hr. prior to electrochemical experiments.

SEM images were taken at 20 kV with a Phillips XL-30 FEG microscope. TEM images were
taken at 300 kV with Phillips CM300 microscope. TEM samples were prepared on holey-carbon
copper grids (Ted Pella, Inc.). The alignment of PtNT particles was examined by SAED at a

length of 24.5 cm.
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Electrochemical experiments were conducted in a 3-electrode cell equipped with Ag/AgCl
reference electrode, Pt wire counter electrode, and 5 mm diameter glassy carbon working
electrode. Measurements were taken on a multichannel potentiostat and the working electrode
was fixed to a modulated speed rotator. Catalysts were coated to the glassy carbon electrode at a
metal loading of 100 pgem . Following catalyst coating, 10 uL of 0.05 wt.% Nafion was
pipetted onto the electrode and dried at room temperature in air. Catalyst specific activities for
ORR were based on ECSAs calculated from the charge associated with carbon monoxide
oxidation and verified with the charge associated with hydrogen adsorption (Figure E.5, Figure
E.6, Figure E.9, and Figure E.10). Reference electrode values were converted to RHE with
measurements between the reference and a bulk polycrystalline Pt electrode in a hydrogen

saturated 0.1 M HCIO, electrolyte.[m]
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Conclusions

PEMFC cathode catalysts were developed were developed in three phases: PPtNTs were formed
by the displacement of AgNWs; Pt/PdNTs were formed by the partial displacement of PANTs
with Pt; and Pt/CuNWs were formed by the partial displacement of CuNWs with Pt. PPtNTs were
found to produce an ORR mass activity greater than Pt/C, in spite of having approximately one
third the surface area. Following durability testing, PPtNTs also lost 30 % less surface area than
Pt/C; in terms of ORR activity, PPtNTs exceeded the mass activity of Pt/C greater than

twentyfold following durability testing.

In the synthesis of Pt/PdNTs, the Pt loading of pure PtNTs was decreased to 9 wt %, replacing
nearly all subsurface Pt with Pd. Although the catalyst cost was reduced, the consistency in
growth directions, lattice spacing, and conductivity preserved ORR activity. PtPd 9 produced an
ORR mass activity 95 % of PtNTs and a cost activity greater than the DOE benchmark; PtPd 9
further exceeded the DOE specific activity benchmark by 40 %. In comparison to Pt/C, Pt/PdNTs

maintained higher ORR activity following durability testing in spite of the use of a Pd substrate.

PtNTs and Pt/CuNWs were synthesized from a CuNW substrate; the single twinned growth
directions yielded Pt catalysts with a specific ORR activity 40 % greater than PtNTs templated
from AgNWs and twice the DOE benchmark. Pt/CuNWs reduced the Pt loading to 18 wt% and
exceeded the DOE cost activity benchmark with a surface area of only 5.5 m’g~". Following
durability testing, Pt/CuNWs retained a greater proportion of surface area than Pt/C, particularly
significant due to the high Cu loading. In terms of ORR activity, Pt/CuNWs exceeded the cost

activity of Pt/C greater than sevenfold following durability testing.

HEMFC catalysts were developed in two phases: AgNWs were formed by the ethylene glycol

reduction of Ag nitrate; and PANTs and AuNTs were formed by the displacement of AgNWs.
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AgNWs with a 25 nm diameter were found to produce an ORR mass activity greater than 2.4 nm
AgNPs, in spite of having approximately one fifth the surface area. AgNWs also produced
hydrogen peroxide an order of magnitude lower than AgNPs; decreasing AgNW diameter further

reduced the peroxide formation and increased the ORR specific activity.

Since Ag catalysts generally produce an ORR activity an order of magnitude less than Pt/C,
PdANTs and AuNTs were also developed as ORR catalysts; PANTs and AuNTs exceeded the ORR
specific activity of Pt/C by 42 % and 21 %, respectively. The characterization of PANTs and
AuNTs demonstrated that the alkaline environment allows for non-Pt catalysts to produce a

higher ORR activity at a lower cost.

DAFC catalysts were developed in two phases: porous PtNTs; and PANTs and AuNTs, each
formed by the displacement of AgNWs. PPtNTs were characterized in an acidic electrolyte,
producing an activity for MOR two times greater than Pt/C. In terms of intermediate tolerance,
porous PtNTs further require a lower potential to remove carbon monoxide and maintain higher

MOR activity at a fixed potential.

PdANTs and AuNTs were characterized in an alkaline electrolyte. PANTs outperform Pt/C in
methanol, ethanol, and ethylene glycol oxidation by an order of magnitude; in terms of onset
potential, PANTs also require a potential approximately 150 mV less. In comparison to Pt/C and
PtRu/C, PANTs produce comparable oxidation activity and a lower onset potential in the case of
methanol and ethylene glycol. Due to a high surface area, AuNTs also produce alcohol oxidation

activities in excess of Au/C.

Each of the preceding chapters developed two dimensional extended network fuel cell catalysts.
Galvanic displacement allowed for the control of growth directions and the tuning of lattice

parameters based on the nanowire substrate. The use of extended nanowire and nanotube surfaces

79



improved catalytic activity and durability characteristics compared to conventional nanoparticles.
It is further expected that the elimination of the carbon support would allow for a thinner

electrode catalyst layer, thereby improving mass transport and catalyst utilization.
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Appendix A.

—PtNT

--PYC

t/min

Figure A.1. Chronoamperometry of PtNTs, Pt/C, and BPPt at a constant potential of 0.6 vs. RHE
for 90 min.

Figure A.2. The twin structure of AgNWs as confirmed by the SAED pattern.
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Appendix B.
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Figure B.1. Histograms of a) AgNPs 2.4 nm (£ 0.6 nm), b) AgNPs 4.6 nm (+ 0.9 nm), and c)

AgNPs 6.0 nm (+ 1.3 nm).

87



Figure B.2. TEM image of AgNWs 60 nm demonstrating a flat tip.
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Figure B.3. ECSA in relation to catalyst size with AgNWs denoted by crosses (x) and AgNPs
denoted by circles (o). Solid lines denote regressions inversely proportional to catalyst diameter.
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Figure B.4. Cyclic voltammograms of a) AgNWs 25 nm, AgNWs 40 nm, AgNWs 50 nm, and
AgNWs 60 nm and b) AgNPs 2.4 nm, AgNPs 4.6 nm, AgNPs 6.0 nm, and AgNPs 30 nm at 20

mVs ' ina 0.1 M KOH electrolyte.
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Figure B.5. Alcohol tolerance of AgNWs 25 nm, AgNWs 40 nm, AgNWs 50 nm, AgNWs 60 nm,
BPAg, AgNPs 2.4 nm, AgNPs 4.6 nm, AgNPs 6.0 nm, and AgNPs 30 nm. a) Methanol tolerance
for AgNWs and BPAg; b) methanol tolerance for AgNPs. ¢) Ethanol tolerance for AgNWs and
BPAg; d) ethanol tolerance for AgNPs. e) Ethylene glycol tolerance for AgNWs and BPAg; f)
ethylene glycol tolerance for AgNPs. Voltammograms were taken at a scan rate of 20 mVs™' and
a rotation speed of 1600 rpm in an oxygen saturated 0.1 M KOH electrolyte with and without 1.0

M alcohol.
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Figure B.6. a) Methanol, b) ethanol, ¢) and ethylene glycol tolerance of Pt/C. Voltammograms
were taken at a scan rate of 20 mVs ™' and a rotation speed of 1600 rpm in an oxygen saturated
0.1 M KOH electrolyte with and without 1.0 M alcohol.
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Appendix C.

Figure C.1. High resolution TEM of a) PANTs and ¢) AuNTs. SAEDs of b) PANTs and d)
AuNTs.

Figure C.2. TEM of a) Pd/C and b) Au/C.
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Figure C.3. Mass and specific activities of Pt nanotubes and Pt/C at 0.9 V vs. RHE in a 0.1 M
KOH electrolyte during an anodic polarization scan at 20 mVs' and 1600 rpm. Bulk
polycrystalline Pt specific activity is denoted with a dotted line (---).
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Figure C.4. Anodic polarization scans of a) PANTs, Pd/C, BPPd, and Pt/C and b) AuNTs, Au/C,
BPAu, and Pt/C at 20 mVs™ and 1600 rpm in an oxygen saturated 0.1 M KOH electrolyte.
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Figure C.5. Cyclic voltammograms of a) PANTs, Pd/C, and Pt/C and b) AuNTs, Au/C, and Pt/C
at 20 mVs™ in an argon saturated 0.1 M KOH electrolyte.
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Figure C.6. Methanol oxidation voltammograms of a) PANTs, Pd/C, BPPd, PtRu/C, and Pt/C and
b) AuNTs, Au/C, and BPAu. Ethanol oxidation voltammograms of ¢) PdNTs, Pd/C, BPPd,
PtRu/C, and Pt/C and d) AuNTs, Au/C, BPAu, PtRu/C, and Pt/C. Ethylene glycol oxidation
voltammograms of e¢) PdNTs, Pd/C, BPPd, PtRu/C, and Pt/C and f) AuNTs, Au/C, BPAu,
PtRu/C, and Pt/C. All alcohol oxidation experiments were performed in a 0.1 M KOH electrolyte
containing 1.0 M alcohol at a scan rate of 5 mVs™". Forward (—) and reverse (<) scan directions
were denoted in the figure by arrows.
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Figure C.7. ORR alcohol tolerance data of PANTs, Pd/C, BPPd, and Pt/C in a) methanol, c)
ethanol, and e) ethylene glycol. ORR alcohol tolerance data of AuNTs, Au/C, BPAu, and Pt/C in
b) methanol, d) ethanol, and f) ethylene glycol. ORR data was collected during anodic
polarization scans at 20 mVs™ and 1600 rpm in an oxygen saturated 0.1 M KOH electrolyte with
and without 1.0 M alcohol.
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Appendix D.
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Figure D.1. Anodic polarization scans of a) PtPd 9, PtPd 14, and PtPd 18, and b) PtNTs, PdNTs,
Pt/C, and BPPt in an oxygen saturated 0.1 M HCIO, electrolyte. Data was collected at a scan rate
of 20 mVs ™' and a rotation speed of 1600 rpm.
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Figure D.2. a) Mass and specific activities of PtPd 9, PtPd 14, PtPd 18, PtNTs, PdNTs, Pt/C and
BPPt. b) Pt normalized mass and specific activities of PtPd 9, PtPd 14, PtPd 18, PtNTs, PdNTs,

Pt/C and BPPt; DOE benchmarks are denoted by dotted lines (---). ¢) Specific activity as a
function of Pt normalized surface area; DOE mass activity benchmark denoted by a solid line
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Figure D.3. ECSA normalized cyclic voltammograms of a) PtPd 9, PtPd 14, and PtPd 18, and b)
PtNTs, PdNTs, and Pt/C in an argon saturated 0.1 M HC1Oj, electrolyte.
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Figure D.4. Anodic polarization scans of a) PtPd 9, b) PtPd 14, c) PtPd 18, d) PtNTs, and e) Pt/C
prior to and following durability testing in an oxygen saturated 0.1 M HCIO, electrolyte. Data was
collected at a scan rate of 20 mVs ™' and a rotation speed of 1600 rpm.
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Figure D.5. a) Mass and specific activities of PtPd 9, PtPd 14, PtPd 18, PtNTs, Pt/C and BPPt
following durability testing. b) Pt normalized mass and specific activities of PtPd 9, PtPd 14,
PtPd 18, PtNTs, Pt/C and BPPt following durability testing; DOE benchmarks are denoted by
dotted lines (---). ¢) Specific activity as a function of Pt normalized surface area; DOE mass

activity benchmark denoted by a solid line (—).
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Figure D.6. Cyclic voltammograms prior to and following durability testing for a) PtPd 9, b) PtPd
14, c) PtPd 18, d) PtNTs, and ¢) Pt/C.
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Figure D.7. ECSA normalized carbon monoxide oxidation voltammograms of a) PtPd 9, PtPd 14,
PtPd 18, and b) PtNTs, PANTs, and Pt/C in an carbon monoxide saturated 0.1 M HCIO4
electrolyte. Catalysts are exposed for 10 minutes to a carbon monoxide mixture (10 % carbon
monoxide, balance nitrogen) at 0.1 V vs. RHE; followed by 10 minutes in argon at 0.1 V vs.

RHE.
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Figure D.8. Carbon monoxide oxidation voltammograms prior to and following durability testing
for a) PtPd 9, b) PtPd 14, and c¢) PtPd 18.
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Appendix E.

Figure E.1. a) SAED pattern and b) HRTEM image of PtNTs.

Figure E.2. a) SAED pattern and b) HRTEM image of CuNWs.
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Figure E.3. Anodic polarization curves of a) Pt/PdNTs, Pt/CuNWs, and PtNTs, and b) PdNTs,

Pt/C, and BPPt. ORR polarization curves were taken at 20 mVs
HCIOQ, electrolyte.
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Figure E.4. Mass and specific activities of Pt/PdNTs, Pt/CuNWs, PtNTs, PANTs, Pt/C and BPPt.
b) Pt normalized mass and specific activities of Pt/PdANTs, Pt/CuNWs, PtNTs, PdNTs, Pt/C and
BPPt; DOE benchmarks are denoted by dotted lines (---). ¢) Specific activity as a function of Pt
normalized surface area; DOE mass activity benchmark denoted by a solid line (—).
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Figure E.5. Cyclic voltammograms of a) Pt/PdNTs and Pt/CuNWs, and b) PtNTs, PdNTs, and
Pt/C. Current response was normalized to catalyst ECSA.
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Figure E.6. Carbon monoxide oxidation voltammograms of a) Pt/PdNTs and Pt/CuNWs, and b)
PtNTs, PdNTs, and Pt/C. Current response was normalized to catalyst ECSA.
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Figure E.7. Anodic polarization curves prior to and following durability testing for a) Pt/CuNWs,
b) Pt/PdNTSs, ¢) PtNTs, and d) Pt/C. ORR polarization curves were taken at 20 mVs™—' and 1600

rpm in a 0.1 M HCIO, electrolyte.
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Figure E.8. Mass and specific activities of Pt/PdNTs, Pt/CuNWs, PtNTs, Pt/C and BPPt
following durability testing. b) Pt normalized mass and specific activities of Pt/PdNTs,
Pt/CuNWs, PtNTs, Pt/C and BPPt following durability testing; DOE benchmarks are denoted by
dotted lines (---). ¢) Specific activity post durability as a function of Pt normalized surface area;

DOE mass activity benchmark denoted by a solid line (—).
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Figure E.9. Cyclic voltammograms prior to and following durability testing for a) Pt/CuNWs, b)
Pt/PdNTs, ¢) PtNTs, and d) Pt/C.

0.8

--Pre "
0.6 - L
—Post : d
0.4 - (

02 T I AN

I/mAcm—2
/
|
|

‘0.4 T T T T
0 0.3 0.6 0.9 1.2
E/V vs. RHE

Figure E.10. Carbon monoxide oxidation voltammograms prior to and following durability
testing for Pt/PdNTs.
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