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Fuel cells represent an alternative energy teclgyolath the potential for providing more
efficient means for energy conversion. Howevegirttvidespread deployment has been
hampered by materials limitations, especially fa tatalysts as they can be expensive, easily
poisoned, and/or unstable over time. In orderctekerate the discovery and development of
electrocatalysts that enhance fuel cell performaadegh throughput method is employed to
screen many compositions and phases simultaneouBhgparation of the composition-spread
libraries is achieved via cosputtering of multiplements onto a Ta- or Ti-coated 3-inch Si
wafer. These samples are screened as anode edatysts using a fluorescence assay with
quinine as the fluorescent probe. A key developnsetine characterization of these thin films
via X-ray diffraction at Cornell’s High Energy Symotron Source (CHESS). Systems of
interest are discussed, including Pt-Zn, Pt-TayIRiHoys (M= transition metal at concentrations
below 40%). Compositions exhibiting promising aityi for specific fuels in the fluorescence
tests are further characterized using a scannearechemical minicell. Alternative materials
are introduced, i.e. nitrides and carbides, as aghon-Pt containing metal compositions.
Fundamental studies on understanding fuel oxidatioreutral pH are described and further

development of the fluorescence screening methggdtr the cathode is presented.
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CHAPTER 1

Introduction to Fuel Cells and Anode Electrocatalyss

1.1 Motivation

As one of the greatest global issues, energy ptaduand storage are imperative research
directions with the growing demand for energy it owly the developed countries (United
States, Europe, etc.), but also the developingtcesn(Africa, India, etc.). When considering
energy production at the present time, the enexgyainly generated from a form of fossil fuel,
some examples being coal, oil, and gases. Theléstect of these fuels are detrimental to the
Earth and present the challenge of providing endrgyis cleaner, more efficient, and ideally
also less expensive. Some of the implemented abped solutions to converting the energy
from clean sources are through solar cells, winslggphydraulic power, nuclear power, and fuel
cells! The basic premise of a fuel cell is convertingrotoal energy directly to electrical energy.
There are a number of different types of fuel catid these will be mentioned in the following
subsection. Thus, we are pursuing fuel cell tetdgies as an attractive alternative energy

conversion device for meeting future energy needs.

1.2 Past Work

The concept of fuel cells began with Sir Williamo8e in 1839 He used Pt electrodes with
hydrogen and oxygen to produce an electrical ctaed water. Hydrogen is oxidized into
electrons and protons at the anode. The elecpassthrough an external circuit, generating an
electric current, and the protons transport throaghembrane to the cathode, where oxygen is
reduced and combines with the protons and electformeing a clean product (water). Not only

1



does the fuel cell generate clean products, itiglsot limited by the Carnot cycle, which
thermodynamically limits the efficiency of a “heafigine depending on the temperature of the
hot and cold reservoirs {Tand Tc) and the difference in the system. Accordindhie analysis,
the maximum efficiencyn) is 1- Te/Tw. In this case the maximum efficiency is about3P06>
Fuel cells can obtain an efficiency of 80-90%.

Today, hydrogen-oxygen fuel cells are still reskadcand not much has changed as far
as Pt still being one of the better catalysts farbgen oxidation and oxygen reduction.
Additionally, hydrogen fuel cells are limited bytrsport, storage, and widespread availability of
hydrogen. When compared to other fuels, the hrgsgure required for storage and low
volumetric density of using a gas is somewhat istg. Hence, liquid fuels present a
promising immediate solution for fuel cell develogmh In our case, we chose to focus on
methanol and ethanol with some experimental workoomic acid. Some of the advantages of
using these fuels are their energy densities, etamsportation, and diversity of availability
from biosource$.Other types of fuel cells have been developedsamdied over the years, some
of which include Polymer Electrolyte Membrane faells (PEMFCs); solid oxide fuel cells
(SOFCs), which are run at temperatures exceedi@d@galkaline membrane fuel cells
(AMFCs), where the ion transported through the memé is a hydroxide ion and othérs.

Fuel cells, in general, are not wide-spread maiolky to materials limitations, especially
for the catalysts as they can be expensive, antegmpoisoning and degradation over time.
Platinum containing materials are used for bothathede and cathode for the low temperature
(40-60°C) PEMFCs. A wide range of catalyst materials hasen studied including: allos,
intermetallic§ ’, core-shell materials’, surface-modified Pt and non-Pt containing materials

(carbides, nitrides, oxid€d) When comparing these catalysts, the activitthefcatalysts is



characterized by the overpotentig) {or the oxidation reaction or, conversely, théuetion
reaction. Thermodynamics dictates the potentialrach a reaction should occur and,
depending on the kinetics of the reaction, whesf@w or fast, or surface inhibition, the potential
at which the reaction occurs may be at differenépiials than expected. For instance, methanol
oxidation should occur at about 0 V vs. NHE andKinetics of the process on the catalyst are
slow so that the measured onset of the oxidatiorentiis 300 mV (or higher) more positive.
This difference is defined as the overpotentiyl (Similarly, for the oxygen reduction reaction,
the potential should be +1.2 V, but because of/drg slow kinetics of this reaction, even on Pt,
the onset is actually less than 0.9 V. The vol@ifference between the methanol oxidation and
oxygen reduction gives the output of the fuel dalit ohmic losses must also be taken into
account and these, in turn, decrease the outptiiefur The power of a fuel cell is given by P =
IV and therefore, our goal is to expand the voltegeye by decreasing the fuel oxidation onset
potential and increasing the oxygen reduction opstantial as well as increasing the rates of
the reactions.

A contributing factor to improving the catalytictaty is the inhibition of poisoning
species on the electrode surface, such as suldu€én Introducing a second element to the Pt
lattice can diminish the CO poisoning by inhibitipgnding to the surface, such as in a bridging
site. An example of this is PtBi for formic acigidation, where the Pt-Pt distance (originally
2.77 A) increases to 4.32 A and blocks CO from fagrstrong bonds on the surfaté\nother
factor that can help with activity is the contrilout of an oxygen source for the oxidation process,
such as PtRu for methanol oxidation. The proposecdhanism is a bifunctional mechanism,
where carbon binds on the Pt and oxygen bindset@&thin close proximity to the carbon source,

to promote the complete oxidation of methanol to,&33 In the case of ethanol, PtSn is



among the best catalysts. PtSn is a good CO dxideatalyst and since it is proposed that CO
is an intermediate in ethanol oxidation, this pdes the increased activit§*®

Now, we do not want to limit our search only to tdatalysts that are known but also aim
to explore compositions and phases that have rest $teidied yet, and determine their
electrochemical activity towards methanol and ethamidation. Thus, we developed a high

throughput screening process, which will be degctiim more detail in the next section.

1.3 Combinatorial Processes and Advantages

We would like to explore a wide range of materfalsoptimizing catalytic activity in fuel cells.
If we look at the different possible combinationetéments, the Pt-based binary systems have 30
combinations and if we add a third element thatldioesult in 30*29 = 870 possibilities.
Moreover, with a 5 at% discretization, 30*18 + (38¥*(29*18) = 282,420 samples can be
made and there are millions of Pt-free composittbas can be evaluatéd.Now, this
approximate calculation only includes systems tlaatbe evaluated, and does not take into
account the range of phases, surface states otdkring for each system. In order to
accelerate the discovery and development of eleatadysts that enhance fuel cell performance,
we employ a high throughput combinatorial methoskolaon sputtering of compositionally
graded thin films which are subsequently screepeddtivity via a fluorescence method. Other
groups have developed combinatorial methods by mgeddiectrode arrays with composition
variations across the matrix as applied to scregfinoxygen reductiof’ oxygen evolutiorf;
H, oxidation?* *CO oxidatiorf? and methanol oxidatiofi:?®

The composition spreads (also known as combindiditaries) are co-sputtered to

allow for intimate mixing of the elements onto &8h Si wafer and enable a large range of the



composition space (from the phase diagram) toumiexd simultaneously for catalytic activity.
The screening process is based on a method deddbypReddington, et &f.and reapplied by
Prochaska, et al’,where the proton generation from the fuel oxidatieaction is monitored
through fluorescence. Below is an example caseeathanol oxidation:
CH:OH + O = CO, + 6H" + 6€ B =0.02V vs. NHE.
As the reaction progresses, the regions (compasitithat exhibit high electrocatalytic activity
will have a locally lower pH. The indicator, inishcase quinine, has a pH dependent
fluorescence, such that the active region will fasze first as the potential is swept in the
positive direction. Digital images are capturedhespotential is swept positive and
characteristic potentials can be determined bytiget of the fluorescence for a specific region
on the substrate. Following the fluorescence sengethe components of the active spots can
be identified, made in bulk, and studied in det&ilcouple other groups have implemented the
quinine indicator as the fluorescent prob& and Gruber, et al. used quinine sulfate as their
indicator®® Smotkin, et af® also implemented a low pH indicator, 3-pyridin{2-y
(4,5,6)triazolo[1,5-a]pyridine (also known as PN complex, pk =1.5), where the solution
is brought to pH 3.5 before tested for fluorescence

Recent studies have been performed using a siflutarescence approach to screen
catalysts for oxygen reduction at the cathodefakacell" % Instead of the pH decreasing as
the reaction progresses, as in the anode casphthecreases as the reaction occurs at the
cathode. Thus, fluorescent pH indicators musthiasen according to their characteristic
properties for the pH range of interest. A flueess indicator database is compiled and the best
performing fluorescent indicators are selectedu® as oxygen reduction activity indicators

(Chapter 7).



The development of the fluorescence screening rddihe enabled a wide range of
compositions to be tested in parallel and thusriaypad manner. Throughout this process,
however, we must consider the possibility of faissitives and false negative as we compare the
samples to each other. Chan, efakcognized the challenges associated with thedaeence
screening making it difficult to correlate to adttigel cell conditions. For example the
screening is performed in a liquid at ambient terapge when the fuel cell is run at higher
temperatures with a polymer electrolyte membranesanditioning is performed on the
electrode which is common in a fuel cell, and thpat is in the form of a fluorescence onset
potential when a more useful comparison is theemivs. voltage curv&. To mitigate these
issues, we have constructed and implemented aisgammicell to obtain cyclic
voltammograms in acid pH to better compare to tie¢ ¢ell conditions. Also, we have instituted
a pretreatment protocol of the sample by scanrngducing potentials to clean the surface and

somewhat replicate the fuel cell conditioning tneat.

1.4 Summary of Chapter Contents

The work presented depicts many of the systemdthat been studied over my time at Cornell.
To start out, experimental methods will be discdssigh detailed descriptions of the setup and
improvements that have been made on our screenuggs as well as the x-ray characterization
of our samples at Cornell’s High Energy SynchrotBamurce (CHESS). Chapters 3, 4, and 5
present specific examples of systems that areestuglith our combinatorial method. Chapter 3
covers compositional libraries of Pt-Zn and Pt-$avall as two series Pt-Sn-X and Pt-Ni-X (X=
transition metal). Along the same lines, Pt-M wlavith low concentrations of a second

element, M, (M = Sn, Ta, W, Mo, Ru, Fe, In, Pd, B, Zr, Nb, Sc, Ni, Ti, V, Cr, Rh)



encompass the focus of Chapter 4. Prospectivé/sttdhat contain non-metals, such as
carbides, nitrides, and oxides, are included inpB#eb. For instance, a study is done on Pt-Mo-
N to first synthesize the material then characgettizor electrochemical activity towards formic
acid and methanol oxidation as well as oxygen reolic Furthermore, a series of carbides are
explored to determine the effect of adding carlwoa binary system (P-M, P= Pt, Pd, Ru and
M= W, Ta) and it is found to that they diminishddatrochemical activity but they enhanced
stability. An interesting find not related to tbatalytic properties of the materials is the effect
that for carbon intercalation into the lattice sture, at least 4 neighbor interactions with W or
Ta must be obtained in order for these phasesto. fo

Work is done to explore the fundamental effectwhame, our fluorescent indicator, on
the methanol oxidation, and during this study arswle redox process upon oxidation is
observed. The reversible process is attributeddgrotons generated by the methanol oxidation
that are diffusion limited at the surface. To frt understand the mechanisms and intermediates
for fuel oxidation, alternate fuels are investigat®r example dimethoxymethane because no C-
C bonds must be broken for oxidation, acetic aeichlse it is in a higher oxidation state than
ethanol, and formic acid because it is in a highedization state than methanol. These systems
are discussed in detail in Chapter 6.

In an effort to expand our current screening psec€hapter 7 covers the initial
indicator search as well as promising candidatesxggen reduction catalyst screening. Over
87 fluorescent indicators are classified and charered according to color change, pH change,
and what reaction process it is be best suiteddogxidation or reduction. Alternate oxidation

indicators, other than quinine, are also brieflycdissed.
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CHAPTER 2

Experimental Methodology

2.1 Electrochemical Setup

A standard testing procedure for cleaning Pt inftimelamental studies of fuel oxidation and
fluorescent indicator screening required the usgyolic voltammetry. Cyclic voltammograms
were collected using a three compartment electroata cell (figure 2.1.1) with medium
porosity glass frits to separate the counter, waylind reference electrodes. The working
electrode was held in the center compartment ameldcttrode construction consisted of a Pt
bead encased by glass to expose a given Pt sajagmximately 3 mm diameter). A small
bead of Buehler diamond paste with 3-4 drops ofrBareextruder was applied to a Buehler
polishing cloth with subsequent polishing of theelictrode in figure ‘8’s for 10-15 minutes.
The counter electrode was a Pt coiled wire anddference electrode was a Ag/AgCl electrode
or, in some cases, a reversible hydrogen elec{RHE). First, the working electrode, Pt, was
mechanically cleaned with diamond paste (1 micemnjlescribed above and electrochemically
cleaned by voltage cycling (between 0 and 1.5 RME) in 0.1 M sulfuric acid until the
characteristic Pt cyclic voltammogram was obtai(fepire 2.1.2). The solutions were bubbled
with N gas for 10-15 minutes before cycling and the aphere was deaerated with dlas

while testing. When oxygen reduction was perforntled solution was aerated with purgf@r

10-15 minutes before cycling.
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Figure 2.1.1: Three compartment electrochemical cell.
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Figure 2.1.2:Characteristic clean Pt cyclic voltammogram in l.$ulfuric acid, Pt counter
electrode, scan rate = 100 mV/s.

2.2 Sputtering

Our high throughput search began with the synthadisin films through a co-deposition
process that enabled intimate mixing of the mateitevestigated. The deposition occured in a
chamber (residual pressure ="Fr), where an ensemble of 4, 2-inch dc-magnetrotiesp

sources (Angstrom Sciences) was contained (figldd 2 A 4-inch gun (purple gun in the
12



schematic) was used to create a uniform film (Ugw@al’a or Ti underlayer). Previous to that, an
ion gun was used to remove the insulating,3&@er from the silicon wafers as a cleaning step.
Three substrate holders and heaters were withioithmber to enable three samples to be made
with a single pump down of the chamber. Four d#ifé targets could be mounted and co-
sputtered at a time with the orientation of onengeain-axis while the three others were centered
around the on-axis gun in a®itiit. The tilt enabled the gradient of the meiatsoss the surface

of the silicon wafer. An Inficon crystal depositicnonitor was mounted on one of the substrate
heaters and measured the mass accumulation rétéetter than 10 ng/cmesolution.

Deposition profiles, according to the position lod quartz crystal monitor in relation to the gun,
were constructed. The cryoshroud encased thedieposition guns and liquid nitrogen cooled

the guns as it was pumped through the cryoshtoud.

cryoshroud
4" gun

ion gun

Figure 2.2.1:Sputtering chamber schematic for a chamber calledby.” Three samples could
be sputtered in one pump down and 4 targets cauldduled with a possibility of gaseous
species introduced into the chamber resulting &temary and quinary composition spre&ds.

Combinatorial libraries were generated, first bpakgtion of an adhesion layer (100 nm

Ta or Ti) on a 76.2 mm (3-inch) diameter Si sultetrand then elements (> 99.9% purity) were

13



codeposited from the separate magnetron sputtedaces in an atmosphere of 0.66 Pa Ar.
The background pressure during deposition remdiméte 10° Pa range with the help of a
cryoshroud. During and after deposition, the substrate teatpee could be controlled from 50
to 600°C with radiative heating and could be sustainedughout the process. The substrate
could also be heated post-sputtering to anneal ositigns on the films, which could result in

the formation of different phases.

2.3 Fluorescence Screening for Electrochemical Activity

Over the past decade, a number of publicationgphegsknted combinatorial high-throughput
methods for efficient exploration of the wide rarafgossible anode catalysts for direct
methanol fuel cells (DMFCs). A fluorescence assagd to screen catalysts, was first employed
by Reddingtohand further adapted for thin films by Prochaskal&t The entire film was used
as the working electrode in a specially designedtedchemical cefl. The electrochemical cell
was made of Teflon with an approx. 7 cm inner di@meslightly smaller than the diameter of
the 3 inch Si wafer. Three electrical contactsenaade on the film surface at the perimeter of
the substrate (not in contact with the solutiohd. ensure sufficiently conducting film contact,
two-point electrical measurements (typically ldsat 10Q2) were collected. Raised about 1 cm
in the inner perimeter of the cell was a large #&eaoil that served as the counter electrode.
The cell was covered with a quartz lid to preveneaposure and allowed for atmospheric
control during the experiments. Our apparatus ialsloded 2-L glass storage bottles for the
testing solutions, which were bubbled with nitrogerd kept under nitrogen atmosphere to

minimize the presence of oxygen. Peristaltic pumese used for automated filling, draining,
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and rinsing of the cell without removal of the didch that the testing atmosphere was constantly

controlled, most commonly with nitrogen. A pictwkthe setup is shown in figure 2.3.1.

UV Liglt
*

Potentiostat ||

Figure 2.3.1: Top: Depiction of the fluorescence screening ayeament. Pictures were taken at
20 mV intervals as the potential was scanned pejtiat 5 mV/s. The entire working electrode
and testing solution (containing quinine) were esqubto UV light. Bottom: Picture of actual
setup.
A reference is made in section 3.1 for an “old feszence setup,” and the differences
between the old setup and new one are listed below:
- Absence of a quartz cover to isolate from air dandlarly no atmospheric control over

the solutions.

- Manual fill of solutions into the electrochemicallic
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- Absence of computer program for automating scaoistisn filling/draining, and
fluorescence analysis. The computer program fofltiseescence analysis greatly
lessened the amount of time required for samptentgs

- UV exposure with a hand-held UV lamp that was eled@n the side of the
electrochemical cell. This UV light could be mowedwill and could vary in location
between samples.

- Pictures collected on a Nikon camera with a tirhet the user synchronized manually
with the potentiostat.

Thus, all of these factors must be considered woemparing the new and old setup
fluorescence data.

In the screening process, a pH-sensitive fluorddoéicator was used to identify
catalytically active regions in a combinatorialriiby> The potential applied to the film was
swept from -100 to 500 mV vs. Ag/AgCl at a scar @t5 mV/s. The testing solution consisted
of 5 M methanol, ethanol, or ethylene glycol, 3 mMnine, and 0.1 M potassium triflate
(supporting electrolyte). The solution began attrad¢yH and as the potential was applied in the
positive direction, methanol was oxidized with thkeased protons causing a decrease in pH
below 5. Protonation of the quinine ensued arntlisicondition the quinine was fluorescent
under UV illumination. Although the entire librayas a common working electrode, the local
generation of protons allowed measurement of datadgtivity with approx. 1 mm resolution
via optical detection of fluorescence. Images viaken at 20 mV intervals with a charge-
coupled device (CCD) camera, and at a given regidhe library, image processing provided a

fluorescence intensity vs. applied potential curVe.identify false-positive fluorescence results,
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a scan was performed with the same scan paramatbmit fuel (methanol/ethanol/ethylene
glycol).

A model for the fluorescence intensity profile bétoxidation process is shown belbw:

F = Anin(1+ Exp(E — E)n/f))

whereF is the fluorescence intensify,is the applied potential, arfid59.1 mV at ambient
temperature. The prefactdr halfwave potentiak;,, and number of electromsin the rate-
limiting reaction were model parameters. In thekyaresented here, we fixed= 2 and
extracted the figure of meffit;, through least-squares fitting of the measuredilpsof

In addition to the routine fluorescence tests,arpatment of the film was performed to
ostensibly reduce surface oxides that were fornpeoh @ir exposure and to remove other surface
contaminants. This pretreatment entailed a linetiage sweep from 0 to -800 mV vs. Ag/AgCI
in an aqueous solution of 0.01 M$D, with 1 M NaSO, as supporting electrolyfeln the case
of Pt-Zn (Section 3.2), pretreatment also consisefdwblding the potential at 0.6 V vs Ag/AgCI

in a pH 2 aqueous 430, solution for 10 minutes.

2.4 Electrochemical Minicdll

While the fluorescence screening enabled the qiet&rmination of promising catalysts for
methanol, ethanol, and ethylene glycol oxidatiooalized testing was important for
electrochemical characterization under differemditboons, such as in acidic media. The
localized testing was achieved with a 1-cm innandéter Teflon cylindrical cell (figure 2.4.1)
and, in order position the cell on the wafer, thartg lid is removed, resulting in air exposure of
the film. A Ag/AgCl reference electrode was useddome of the tests but the proximity to the

surface introduced Cpoisoning. Thus, a reversible hydrogen elect{@d¢E) was used.
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This minicell was used to collect cyclic voltammags in aqueous solutions of 5 M
methanol and 0.1 M $$0O,, mainly in the Pt-Zn study. These tests providedfication that
catalysts active near neutral pH in the fluoresednst were also active in pH 1 solutions, the
approximate pH encountered in operating fuel ceNdditionally, the minicell was used to
determine surface area of the localized positiange composition spread and is discussed

more in detail irSection 2.6 Surface Area Determination.

RHE electrode

‘}eight /

RHE electrode

Counter Teflon
Electrode

\ echem cell
Teflon o-ring

Figure 2.4.1:1-cm diameter electrochemical minicell that wascpt on top of the larger 3-inch
wafer to perform specific electrochemical testghsas in acidic media. A Teflon ring seals the
cell as the weight was applied on the top. An Ri#is used as the reference and a Au coil
served as the counter electrode. Left: scheméatinmcell; right: top view of minicell placed

on the composition spread.

2.5 Scanning Electrochemical Minicell

While the fluorescence assay allowed us to effityadentify nominal compositions of
promising methanol catalysts, additional testing wequired to determine the catalytic
properties under realistic fuel cell (low pH) cameiis. Localized electrochemical testing was
enabled by using a moveable minicell (Fig. 2.5hA} included a 6 mm inner diameter Teflon
cell that isolated a 0.32 érfilm region. The combinatorial libraries were kgekin an outer cell

with 7 cm inner diameter (the fluorescence cell) arposed to testing solution under controlled
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atmosphere. The 6 mm cell contained counter diederece electrodes. Positioning of the cell
at a chosen spots on the substrate allowed fongest specific regions on the substrate, i.e.
typically a 5 at % composition range. Furthermaréabview program automated the motor
control for cell positioning anywhere over the 8hrsubstrate. A pneumatic switch lowered and
sealed the minicell with an o-ring such that theaaras isolated from the rest of the wafer.
Pneumatic activation was used to achieve rapidgentle vertical motion to avoid scratching or
cracking the substrate. To ensure that the solutidhe minicell was purged and to refill the
minicell, a high pressure bubbling switch was ilisthinside the minicell to rinse out old
solution and release any bubbles trapped in thé&celin The method for purging the minicell
was: (1) raised minicell, (2) switched bubblingah2-3x, (3) lowered minicell, (4) repeated
steps (1) and (2) 3 times and proceeded with #herelchemical testing. A further improvement
could be to scan the position in the x and y by €2r3with the minicell raised, in order to
further mix and refresh the fuel solution.

So far, this technique had been used to acquinecoyatammograms (CVs) of select
catalyst regions in solutions at a pH of 1. CVguaed in the absence of fuel provided further
characterization of the catalyst, and CVs acquingtie presence of fuel verified the activity of
the catalysts in an environment that approachdsélleconditions. We planned to use this

technique for testing fuel oxidation in alkalinedreas well.
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Figure 2.5.1:Schematic (left) and photograph (right) of thenstag electrochemical minicell
setup.

2.6 Surface Area Determination

To facilitate comparison of oxidation current deiesi, specific surface area
measurements were performed on select catalystsauBe of surface roughness, the active
surface area could be much larger than the pradplain view) geometric area. A cyclic
voltammogram using 1 mM hydroxymethylferrocenennagueous solution of 0.1 M potassium
triflate (supporting electrolyte) was used to detiewe the projected specific surface area of films
(figure 2.6.1). The ferrocene redox couple wasceld due to its low electrode adsorption,
easily accessible redox potential in the rangateirest for catalysis, fast kinetics which resailt i
readily measured currents, and general insengiti¥ithe kinetics toward electrode composition.
The surface area (A) was determined using the RarBikvcik equatioh:

A=372x1Fi,v"? D2 C?,
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whereC is the ferrocene concentratianis the sweep rat® is the diffusion coefficient of

hydroxymethylferrocene, anglis the peak current.

OH

Fe
100 200 300 400 500 600
Potential (mV) vs. RHE

Figure 2.6.1:Cyclic voltammogram on Pt of 1 mM Hydroxymethyhacene, 0.1 M potassium
triflate, 20 mV/s.

For the Pt-Zn study, a different functionalizedéeene complex, ferrocene
monocarboxylic acid (0.2 mM), was chosen and atsoahstrated a reversible redox respdnse.
The issue with using this compound was that itlbagr solubility than the
hydoxymethylferrocene, hence the decision to chamgeedox mediator in later experiments.

Other common methods for surface area determinateye H and CO adsorption.
While these methods worked well for Pt surfacessétmethods were ill-suited for analysis of
heterogeneous catalysts, as the gas adsorptieswaith electrode surface composition.
Hydrogen adsorption for electrochemically deallofatetontaining films could yield a specific
surface area that significantly differs from thethamol-oxidation surface area. However, it
could be useful to monitor the change in surfacemasition of Pt by observing the time-
dependent growth of the,kdsorption peaks. Hydrogen adsorption would na g

representative electrode surface area becausesatiams in sub-nm pores did not fully
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participate in methanol oxidation due to size esidn of the methanol molecule, while these
atoms may adsorb-H The ferrocene molecule was somewhat larger tttemethanol molecule
and had different diffusion dynamics into the snpaltes of an electrochemically dealloyed film,

but gives a semi-quantitative measure of the effecurface area increase due to dealloying.

2.7 Characterization

As a complement to the screening process, it wasiative to have the ability to identify the
composition, phase and ideally surface structutb®tlectrochemically active material. We
implemented a number of techniques for studyingptioperties of the films that were made,
including: X-ray based analysis (XRD and GADDS}@rsting electron microscopy (SEM), and

X-ray photoelectron spectroscopy (XPS).

2.7.1 X-Ray Analysis (XRD and GADDY)

X-ray diffractograms were collected on Cornell'suBer AXS General Area Diffraction
Detector System (GADDS). Many of the samples vedse characterized at the Cornell High
Energy Synchrotron Source (CHESS) on the A2 beaen IThe experimental layout and
pictures of the latter setup are shown in figuieR21. Monochromatic 60 keV X-rays impinge
the thin film and the diffraction image was acqdire transmission geometry using a 345 mm
diameter image plate (Mar Research). An X-Flagbaler was displaced 9@ om the incident
beam and the substrate was oriented with the tininside facing the Mar345 and X-flash
detectors. The sample to Mar345 distance was 0.55 m anbre#id using a Si powder
mounted at the sample position. The x-ray ene®@ykeV) enabled the detection of Bragg

reflections withd spacings ranging from 0.05 to 0.5 nm. The colledahcident beam had a 1.2

22



mm square footprint on the tilted substrate, r@sylin each measurement averaging over a ~1
at. % composition range. Data were acquired bwohgf a rectangular grid of substrate
positions and employing an automated system, wihiéraction images and fluorescence
spectra were acquired. A 1.4 mm thick Al plate weminted in front of the Mar345 detector as
a passive high-pass x-ray energy filter that atgsul XRF that was emitted isotropically by the
samplé and therefore reduced noise in the diffractiongeaSi diffuse scattering from the
substrate was present in the diffraction imagesiasgecific detector regions generated
scattering orders of magnitude more intense thantim film. Therefore, Pb pieces were
secured with polyimide tape on the Al plate to awetector saturation from the Si scattering.
Integration of the images provided diffraction patts that were compared to patterns of
known phases in the Powder Diffraction File (Pb#)construct a phase map of the library. We
also noted that sputter deposition commonly yiéilnsr textured thin films in which the
constituent crystallites were randomly orientedhwespect to substrate azimuth but aligned with
respect to substrate normialThe average crystallite orientation in the filoutd be determined
by analyzing the 2-dimensional diffraction imagE€kis orientation was important, as it dictated
the crystal facet presented at the film surfacaclwvmay ultimately determine surface chemistry

and reactivity.
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a. . X-Flash detector

Figure 2.7.1.1:(a) Schematic of the X-ray source and path at CHIE®) Photograph of the
substrate holder and the arrow denotes the x-rety ga) Another photograph showing the
position of the XRF detector.
2.7.2 Surface Imaging and Characterization
Surface images of composition spreads were obtaisied) a Leo 1550 scanning electron
microscope for the Pt-Sn-X and Pt-Zn samples byiMdgostylev, as well as Pt-Mo-N samples
by Dr. Akira Miura. Energy dispersive X-ray spesitopy (EDS) was performed on these
samples with a Bruker AXS XFlash 3001 Silicon Db#tector. Elemental concentrations were
calculated with Bruker Espirit 1.8 software. Iettase of Pt-Ta, Energy-dispersive X-ray
spectroscopy (EDS) was performed using a JEOL &IAA Microprobe.

The surface composition was determined using Xptegtoelectron spectroscopy (XPS),
Surface Science Instruments SSX-100, withu@a base pressure and performed by Dr. Akira
Miura and John Gregoire. Analysis of XPS data pe$ormed using CasaXPS software

package. The parameters for each sample studiebdendiscussed in their respective section.
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CHAPTER 3

Systems of Interest

One of the challenges for fuel cells is identifysgtable catalysts for both the anode and
cathode. Our combinatorial screening approachigesva high throughput method for
identifying promising catalysts, with particular phasis on the anode in this chapter. A
discussion of cathode screening is presented ipt€hZ. The goal in this chapter is to review
the motivation and results for systems that weistljdocusing on how our investigations were
directed from previous knowledge of catalysts, saglPt-Ru and Pt-Sn. As we have
investigated various systems, we have also idedtifonfounding variables, including surface
roughening and surface oxide formation, and haveldped methods for understanding and
managing these processes in order to minimizeuheber of false positives from our screening

method.

3.1 Trendsin periodic series

The screening method was previously developeddmnflaboration among the Abrufia, van
Dover, and DiSalvo grougsMany thin films were screened (a cumulative tofal
approximately 300 films at the beginning of 2000ne of the discoveries from the screening
method was found in a,Bi,Pb, composition spread, with an optimal compositioarne
PtBio.oiPhyss® Based on the plethora of fluorescence resultsated by the group, Pt-Ru and
Pt-Sn were still considered to be among the mdsteacandidates for methanol and ethanol
oxidation, respectively. With this in mind, we died to investigate a Pt-Sn-X series (X=
transition metal) and a subsequent study was peedon the Pt-Ni-X series as well. The

results from these studies suggested individuaesys for study, for example Pt-Zn and Pt-Ta.
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Upon further investigation, we developed a bettetaustanding of the surface roughening due to
the angle of incidence of various species durirqgpdion substrate temperature, and effects due
to electrochemical testing itself (leaching). Thecussion of the Pt-Ta system demonstrates the

importance of surface species and surface oxidgeipromotion of fuel oxidation.

3.1.1 Pt-Sn-X series

Pt-Sn materials have been shown to have high gctiwivards ethanol oxidatioR® While it has
been found that Pt-Sn assists in the initial oxataprocess, complete conversion to Qall

likely require the addition of a third element tleah assist in this multi-step process especially
by breaking the C-C borfdWith this as a starting point, a Pt-Sn-X series {Ptansition metal)
was studied with a deposition temperature of@5 Representative fluorescence images are
shown in figure 3.1.1.1. For many of the sampes, fluorescent regions were detected; one in
the Pt-rich region and another in a region betwberPt and Sn rich regions, designated as the
‘Pt-Sn’ region. In some cases, no fluorescenceakasrved for the ‘Pt-Sn’ region; whereas for
most of the samples, there was fluorescence iRtiieh regions. A few of the samples
exhibited leaching (or instability) in the ternatgmental region, for example V, Mo, and W. At
oxidizing potentials these elements formed an omdejueous solutions as expected from the
Pourbaix diagram$and therefore generated protons, which decre&sdddal pH in the same
way as fuel oxidation. We identified these unstakhions by performing the background scan
with no fuel and removed these from further consitien in our study. That is, fluorescence in

these regions constituted false positives.
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Figure 3.1.1.1:Representative Pt-Sn-X fluorescence images fohamet oxidation, showing
the active regions as well as unstable samples. ifihges are taken at approx. 300 mV vs.
Ag/AgCl in an aqueous solution of 5 M methanol, Bl potassium triflate, and 0.5 mM quinine.
As a quantitative comparison among samples, thetquential of the most active
region, whether it was the Pt-rich region or theSR’ region, was plotted vs. the position of the
third element on the periodic table (Figure 3.1).1Qverall it was found that the addition of the
third element, according to the fluorescence as$idynot measurably improve the methanol
oxidation activity. The results were scatterechwib trend across the periodic table, although
there were trends for a few of the columns. Fetance for the}id’, o, and d metals, the
onset potentials increased as the heavier elemetngorporated into the composition spread.
Of the d elements, Ti and Hf had similar onset potentidtk &r showing over 100 mV positive

shift. Pt-Sn-Re alone was a good catalyst; conip@ata the Pt-Sn binary.
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Figure 3.1.1.2:Pt-Sn-X methanol fluorescence onset potentialsgatbe periodic table. The
elements plotted above are the third element ifPth®n-X series, scan rate 5 mV/s, film
thickness = 2000-2500 A, sputtering temperaturenbiant. Testing solution = 5M methanol,
0.5mM quinine, 0.1M potassium triflate.

To note, all these samples were tested on thersngesetup in Baker Lab without
atmospheric control (sesection 2.3 A pretreatment of the samples was performetiariest
solution (pH 7 solution) by holding the potentiat@50 mV vs. Ag/AgCI for 2 minutes to clean
the surface (no hydrogen was generated). A cosgamwas done to elucidate the effects of
employing the pretreatment on the samples. Valfiése onset potentials shifted; however the
results are not conclusive because the solutiometair tight. A definite comparison could be
executed using the automated, atmosphere-contrio&aiment currently in use in Duffield. A
few of the samples exhibited onset potentials wtdéid by pretreatment but in some cases the
active region would shift with the pretreatmentltd sample. For methanol oxidation in the Pt
rich region, the fluorescence onset potential ietej@nt of pretreatment was seen for Ru, Mo, Ti
and Ni; for ethanol oxidation in the same regitiese same elements showed stable onsets with
pretreatment, as did the addition of Hf, W, Al &l In the ‘Pt-Sn’ region, constant

fluorescence onset potentials for methanol oxidatere observed for the addition of Hf, Ru,

Mo, Ta, Cu, and Ag. Ethanol oxidation proved taiagexhibit more pretreatment-independent
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fluorescence for ternary additions including W,Gf, Al, and Ni as well as those for methanol.
Overall, the most stable Pt regions for both fuedse Ru, Mo and Al and for the ‘Pt-Sn’ region
Hf, Ru, Ta, Cu, and Ag. An issue with these sas\ptauld be due to the surface morphology,
which will be discussed in the next section.

When we compared the ethanol fluorescence onsenfals for this series, there were
no evident trends across the periodic table athB®methanol oxidation. Since the ultimate goal
was to find the lowest fluorescence onset poterfabn-Zn was the only candidate with the
lower onset potential than Pt-Sn. This result goted further investigation of the Pt-Zn system,

which will be discussed in a separate secti®ection 3.2).
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Figure 3.1.1.3:Pt-Sn-X series for ethanol oxidation, scan rame\3s, film thickness = 2000-

2500 A, sputtering temperature = ambient. Tesdimigtion = 5M ethanol, 0.5 mM quinine, 0.1
M potassium triflate.
3.1.1.1 Film thickness

One of the variables in the deposition proceskaditm thickness. Pt-Sn-Fe was selected to

investigate this effect. The film exhibited actyvin the Pt rich and Pt-Sn regions. In particular
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for ethanol oxidation, the fluorescence intensauld be plotted versus color intensity for the
different thickness films (figure 3.1.1.1.1). lagvevident that the ethanol onset potential was
independent of thickness in the Pt rich area assggbto the Pt-Sn region which exhibited
increased activity with increasing film thicknes#lethanol oxidation showed a similar trend
with the Pt-Sn region exhibiting a dramatically anbed onset potential over a 500 mV range
from 100 A to 3500 A and, in the Pt rich regionpwing less than a 100 mV change from 100 A
to 1000 A. The underlying cause of this observatian be explained by surface morphology as

described subsequently.
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Figure 3.1.1.1.1:Pt-Sn-Fe thin films for methanol (top) and ethafbaittom) oxidation with
varied thickness demonstrating the difference isetpotential with thickness. The arrows
denote the maximum potential limit of the linearegp for the samples without fluorescence.
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3.1.1.2 Surface morphology

Thin film surface imaging was performed by Maximdtgev and the insight gained into the
surface features and morphology helped explaimathigity dependence of some samples with
film thickness. If we look at the binary Pt-Snesga, we could see dark regions which could be
indicative of a phase change or of surface roughties make the film appear dark. Upon
investigation with SEM on the Pt-Sn region (theoflescent region in the Pt-Sn-Fe sample that
was dependent on film thickness) the surface walgat, rough and displayed columnar type
surface structures (figure 3.1.1.2.1b and c). &ygarison, the Pt rich regions always showed
tightly packed grains and appeared mirror like higthly reflective by eye. The columnar
structure was attributed to the shadowing of tlenatduring the deposition process. For
instance, the temperature of the film was so loat tondensing atoms that have a very low
diffusivity, did not move appropriately, and begarbuild upon each other and then block the
incident atomic beam from penetrating deeper ingofilm and deposited mostly on the side
facing the target. The spaces between the colaispngyenerated an increase in surface area
with their columnar structure and exposed surfadasother possible explanation for the
difference in activity was the exposure of diffarerystal facets in the columns that could
contribute to the overall activity. This was didiiilt variable to determine, however, and mainly

further complicated the interpretation of our soiag results.
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Figure 3.1.1.2.1:lmages of Pt-Sn films sputtered at ambient tempegavith a 2000 A
thickness. a. Photograph of the as-deposited BIl®EM image of the surface. c. SEM image of
the cross section. (b) and (c) Pt-Sn region markélde photograph. Scale bars are 200 nm.

In order to mitigate the surface morphology prohlera deposited these thin films at
higher temperatures (for example at 269 to avoid the columnar structure formation with
sputtering by increasing surface diffusion. A sagriplage of a Pt-Sn binary deposited at 250
is shown in figure 3.1.1.2.2. The dark Pt-Sn ragi@s absent, indicating the reduction of the
columnar structure, and the coinciding ethanolrésoence onset potential image for the film
indicated that the lower Sn content showed highgvigy.

Different phases might be synthesized during déjposat different temperatures, so it is
important to deposit films at different temperatute explore possible high-performance phase.
Therefore, | recommend that Pt-Sn-X samples mustim@ade at a higher temperature and
remeasured to establish definitive periodic trecm#trolling for surface area and film

morphology as shown above.
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Figure 3.1.1.2.2:a. Optical image of a Pt-Sn binary film deposi&@50°C. The Pt-Sn region
that appeared dark in the Pt-Sn film at ambienpenature was absent. b. Ethanol fluorescence
onset potentials over the Pt-Sn binary film witlsets comparable to the Pt-rich regions found in
the ambient condition films. The Sn content of thast active region varied from <5 to 25 at. %.
With many factors confounding our interpretatiortlod fluorescence results, a more
thorough investigation of the Pt-Sn-X series sha@ldd include measurement under controlled
atmosphere, and with and without pretreatment. ndte that the Pt-Sn best onset potentials
seemed to have low Sn contents, between <5 to. 2b.al his motivated the investigation of
low concentration alloying of a second element Wittand will be covered in Chapter 4. Other

samples that have been tested and show promisiivgyaare PtZn, PtFe, and Ptin. An in-depth

study will be discussed iBection 3.2or Pt-Zn.

3.1.2 Pt-Ni-X series

With our accumulation of data, a preliminary onladedabase was constructed and the best onset
potentials for each fuel were identified out of 3 samples (tested to date as of 2008).

Among the most promising catalysts was Pt-Nifdt ethanol oxidation. We therefore decided

to explore these ternary films in more detail wiie help of a summer undergraduate student,

Ms. Sahr Kahn. During the summer of 2008, 75 sampbad been tested in this series; however
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a direct correlation could not be made among sasihle to differences in the third element
selection, deposition temperature, thickness, aattgatment. In this preliminary survey of
common samples, Pt-Ni-X (X = Sn, Fe, In, Mn, and Bwwed the lowest onset potential for
methanol and ethanol oxidation. An example offtin@rescence onset potential image is

presented in figure 3.1.2.1; the strongest fluarase is observed to occur in the Pt rich region.

Figure 3.1.2.1:Fluorescence onset potential image for Pt-Ni-Sretbanol oxidation after
pretreatment, indicating the most active area thénPt rich region. The color scale bar denotes
the fluorescence onset potential.

The five Pt-Ni-X (X = Sn, Fe, In, Mn, and Ru) filmgere deposited under the same
conditions at a 108C deposition temperature and either 10 or appro@.rim thick films.
Overall, the thicker samples generally showed img@doonset potential compared to their thin
film counterparts, which was most likely due to therphology effects mentioned earlier. Pt-Ni-
Sn was an exception. Additionally, the X=Sn and&eaples were the only ones affected by the
pretreatment of the film. In these films, pretreant caused a decrease in the fluorescence onset
potential. We interpreted this as most likely tlu@n increase in surface area caused by
leaching of the Sn or Fe, respectively. The bestity was observed in the Pt-Ni-Ru sample,
and this was not surprising because Pt-Ru is aesédblished catalyst for methanol oxidation
catalyst® Pt-Ni-Ru was considered the best catalyst ambagtesent samples because of the
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consistency between the thick sample, with andauitipretreatment, as well as the lowest onset
potential. However, it must also be noted thatRh&li-In sample was as good as the Pt-Ni-Ru

under these conditions.
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Figure 3.1.2.3:Effects of pretreatment and film thickness onftherescence onset potential
(mV vs. Ag/AgCl) for methanol oxidation for Pt-Ni-gK=Mn, Fe, Ru, In, Sn).

On the other hand for ethanol oxidation, Pt-NisBowed consistent earlier onset
potentials with and without pretreatment, which wesmising because this suggested good
stability and minimal change in the surface upatneatment. Pt-Sn is widely known to assist
in the CO oxidation procesand, as CO is speculated to be an intermediatesirthanol
oxidation mechanism, it has been used to prombgmet oxidation at low potentials.
Ribadeneira and Hoyos found that Pt-Ni-Sn showedhse for direct ethanol fuel cells with an
optimal stoichiometry of BtSry 15 Nig.16° Pt-Ni-Fe and Pt-Ni-Ru showed promise with a
decrease in onset potential of over 200 mV compir&t-Ni. Pt-Ni-Mn exhibited a more

positive onset potential after pretreatment, wlughld be due to the active material being
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unstable and leached from the surface with thegathent. The decrease of onset potential in
Pt-Ni-Ru and Pt-Ni-In was attributed to the remoaobsurface oxides. As was the case for
methanol oxidation, thicker samples showed impraet/ity compared to thinner samples,

most likely due to morphology effects. Again, At$h was an exception in this regard.
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Figure 3.1.2.4:The effect of pretreatment and film thickness o ftuorescence onset potential
(mV vs. Ag/AgCl) for ethanol oxidation for Pt-Ni-gX=Mn, Fe, Ru, In, Sn).

To summarize, the addition of a third element ®Bit-Ni binary system seemed to
significantly improve the fluorescence onset pagiior both methanol and ethanol oxidation
by ~140 mV and ~300 mV, respectively. For methanalation, Pt-Ni-Ru showed the best
activity with significant improvements for etharaidation as well. Pt-Ni-Sn was the best
ternary for ethanol oxidation and this additiortttg Sn to the Pt-Ni binary is supported in the

literature.
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3.2 Pt-Zn (surface leaching)

See reference for complete published work:
“High-Throughput Evaluation of Dealloyed Pt-Zn Cowsgiion-Spread Thin Film for Methanol-

Oxidation Catalysis,J. Electrochem. So@2009 156(1),B160-166.

An essential factor when considering fuel cell yats is the stability under strongly oxidizing
potentials and acidic conditions. From a thermaahyic analysis, most of the elements in the
periodic table are not stable under oxidizing po&s with Pt and Au having the highest
thermodynamic stability. As Pt is alloyed with etlelements, the resulting material may not
necessarily be stable under acidic conditions amiga potentials. A source for detecting the
theoretical stability of elements in water at vagypH'’s and potentials is the Pourbaix diagfam.
Pourbaix diagrams provide the soluble or insolgidge of the element of interest with respect to
the applied potential and pH of the solution. lany cases, oxide species are the most stable
around neutral pH’s, this especially applies toftherescence screening. On the other hand for
acid media, the stable species may be an ion ¢oéldment in question) that is soluble. For
instance, the stable form of Zn in acid i€ Zwhereas at more basic potentials a gyform is
stablé.

Often times, to be used in a fuel cell, a promigiatalyst is first de-alloyed to reach a
stable composition or to make a porous surface fteneaching of the less noble méftaf?
An example is the Au-Ag system, where the Ag idldgad from the initially planar surface
making a porous filmi* ** The porous surface results in a greater surfaee ahich directly

affects the current and can skew the comparisagele@ samples if the surface area is much
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larger than expected. Once the porous matrixneigeed, then the active component, Pt, in this
case, can be depositEd.

Pt-Zn is representative of the effects of leaclunghe surface area enhancement. The
experimental section covered the deposition procesee films and methodologies. Films were
deposited at 258C with a 1:1 stoichiometry in the center and filmcknesses of 100, 500 and
2000 A. The Zn content of the as-deposited contiposspreads varied from ca. 90 to less than
5 atom % and decreased upon electrochemical tessisgown in Fig. 3.2.1. These
measurements of bulk stoichiometry indicated thatizh areas of the film dealloyed
throughout the bulk of the film, resulting in alsteed film with ca. 55 atom % Zn. Bulk
dealloying did not occur in areas where the infiatoncentration was greater than 50 atom %.
Pre- and post-electrochemistry XRD patterns for2®@ nm film in the region with as-deposited
composition of 70 atom % Zn showed that the ongntdiable phase in the region was PtZn,
which has a tetragonal, AuCu () -tructure type. Although a significant amounZafleached
out from the bulk of the alloy during testing, essaly the same diffraction pattern was
obtained after testing, indicating that the matehd not undergo a major crystal structure
change. The accepted lattice constants f§¢3Pig 47 in this phase are 0.4015 and 0.0349. The
lattice constants calculated with Jade (MateriadtaDnc.) for the pre- and post-electrochemistry
patterns are 0.403(2), 0.353(2) and 0.401(3), @B51m, respectively. The small shift in lattice
constant and the similarity of the Pt and Zn atoradii precluded the interpretation of
composition changes in this phase. Post-electrogignXRD patterns obtained at several other
substrate positions with initially high Zn concextion revealed the same PtZn ordered structure,

demonstrating the stability of this structure wath 55 atom % Zn.
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Figure 3.2.1:EDS measurements of film stoichiometry as a fumctif substrate position for the
2000 A Pt-zn film both as-deposited and after etettemical testing. The inset is a depiction
of the substrate with the orientation of the twpagtion sources denoted by the elemental
symbols. The direction of the measured pointeisoted by the arrow. The measurements on
the thinner composition spread thin films yield mgé&entical results.
Analysis of each fluorescence assay provided aaghfiporescence onset potential for

the entire composition-spread thin film. This mggiven for the 200 nm film in figure 3.2.2.
For all three Pt—Zn films, the fluorescence assagkated that the Zn rich region of the film

was visibly changed by dealloying had a lower fasmence onset potential than the Pt-rich half

of the composition spread.
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Figure 3.2.2:a. Optical image of the Pt-Zn binary film (200aHck) deposited at 20%C. b.
Ethanol fluorescence onset potentials over therPidary film. The Zn content of the most
active region is approx. 50 at. %.

When we examined the microstructure of the filrhs, as-deposited Pt—Zn films
consisted primarily of tightly packed grains, wBEM images (figure 3.2.3) demonstrating the
absence of gaps, cracks, or other features thabmagnetrated by an electrolyte solution.
However, dealloying in the Zn-rich region of thirfito the extent demonstrated by the
composition data resulted in a highly porous matéfi'* Evidence of such porosity could be
observed by the post-electrochemistry SEM imad@ir8.2.3, which revealed the presence of
many large and small cracks due to the compressigss caused by the leaching of Zn. The
cracks observed in the SEM images penetrated tlkeobthe film and thus corresponded to a
significantly increased surface area availabledaction. The porous microstructure also made
the film appear visibly dark due to increased rowggs and porosity on the scale of the
wavelength of visible light. While the as-deposiféiths were nearly planar (regardless of
thickness), the bulk leaching resulted in a speaiirface area that increased with film thickness.
Hence, upon dealloying, the ratio of the availahldace area to the geometric surface area of

the tested region increased with film thickness.
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Figure 3.2.3:SEM images of the 200 nm Pt-Zn film surface a@nghfor both the as-deposited
(left) and electrochemically tested (right) filmthe same position. The electrochemically tested
film has cracks as large as tens of nanometers aviddhundreds of nanometers long which
appear to extend throughout the thickness of the fSimilar cracks are visible in SEM images
of the thinner films. Scale bars are the samédvih images.

The electrochemically active area was measureddygl&c voltammogram at a scan rate
of 50 mV/s for the ferrocene monocarboxylic acidaxe reaction on a planar Pt film as shown in
figure 3.2.4. As expected for a reversible reactind freely diffusing species at a planar
electrode, the forward and backward scans were frmaywith aAE, value of ca. 60 mV. The
(sweep-rate normalized) forward scans for ferroaanaocarboxylic acid oxidation on a 200 nm
dealloyed Pt—Zn film are also shown for three sedes. Although all of these scans were
performed on the same geometric area of film, tipeifscantly higher peak current at lower scan
rates indicated a much higher specific surface. 8fea wide distribution of pore sizes in the
dealloyed film corresponded to diffusion dynamiegydnd the planar electrode model, and thus

symmetry in the forward and reverse scans was [bisé effective electrode surface area

decreased with increasing scan rate, as slowerratesafforded ferrocenemonocarboxylic acid
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diffusion into small pores. This phenomenon wasatitated by the low concentration of
ferrocenemonocarboxylic acid in the test solutleor. measurement of the electrode area, we
used only peak currents from forward scans at Sss\Mikeep rate, the same sweep rate used for

acquisition of methanol oxidation voltammograms.
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Figure 3.2.4:Measured ferrocenemonocarboxylic acid redox ctsrestaled by the square root
of the sweep rate, are plotted for different thimfelectrodes using the same geometric area.
The cyclic voltammogram (dotted line) acquired @in®V/s on a planar Pt film is scaled by a
factor of 5. The forward scans (ferrocene oxidat@ves) are shown for three scan rates with a
porous 200 nm Pt-Zn film. The systematic decrégapeak height with increasing scan rate
reflects the fine pore structure of the film.

Local testing of the composition library was penfied in a 0.73 chregion straddling
the boundary of bulk leaching in the film (as notedigure 3.2.2). The total surface areas of the
10, 50, and 200 nm films were detected to be B5atd 29 crh(+20%), respectively. For each
film, this measured area was used to determinartee ratios of the porous region in the 0.73
cny testing area. Also, the same 0.73 cagion was used to measure methanol oxidation
currents at pH 1, and these currents were scaldldebferrocenemonocarboxylic acid-

determined surface areas to yield the specificatiod current densities plotted in figure 3.2.5.

The geometric current densities are also showmaltigally illustrating the importance of the
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surface area measurements for comparing cataltiMts to that of planar Pt. For example, the
required overpotential for 20 pA per geometri¢emas 120 mV less for the 200 nm film
compared to the 10 nm film, but the overpotenfiaisspecific area 20 pA per specific tmere
within 35 mV for all three films. Above 650 mV v#i§, the increased current densities of Pt—
Zn compared to Pt were not due to differences iasmi@nsport and thus indicated improved
reaction kinetics, possibly due to an improvedraniee of the surface Pt in PtZn toward catalyst
poisons such as CO. However, at low overpotentilaéscurrent density measurements indicated

that the three Pt—Zn films have similar reactiamekics both among themselves and compared to

planar Pt.
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Figure 3.2.5:Methanol oxidation current at pH 1 with 5 mV/sscate. The geometric surface
area is 0.73 cfifor the geometric current density (dashed lines) specific area current
densities were calculated using surface areas tinerhydroxymethyl ferrocene linear sweep

voltammetry (solid lines).

The similarity of the materials properties of theee Pt—Zn films determined by
traditional characterization techniques (EDS andXBuggested that the films contained the

same active material. This conclusion was alsoilsesshched by employing our collection of

45



high throughput electrochemistry methods. The sdebemical characterization provided the
additional direct comparison to the planar Pt gatalThe complete set of characterization data
resulted in the conclusion that Zn-rich Pt—Zn aloydergo bulk leaching of Zn under the
electrochemical tests. The post-leaching, stabiteiias highly porous and consisted of a
slightly Zn-rich PtZn ordered intermetallic pha$ée specific activity of the film toward the
oxidation of methanol was equivalent to that ohjalaPt at low current densities, which most
likely corresponded to a Pt coating of the PtZngehdhe underlying ordered intermetallic may

alter the electronic properties of the surfacenRtking the catalyst more tolerant to poisons.

3.3 Pt-Ta[Manuscript]

This section consists of the published manusctipiproved Fuel Cell Oxidation Catalysis in

Pt.«Ta.” Chem Mat201Q 22, 1080-1087.

3.3.1 Abstract

Sputter codeposition of platinum and tantalum wseduo generate catalyst libraries of /i,

with 0.05< x <0.9. Extensive characterization a libraries by high-energy X-ray diffraction
revealed the presence of several ordered intericgtbses as a function of composition and
deposition conditions. Assessment of the actiatyard the oxidation of methanol and formic
acid was achieved through a fluorescence-basetlgg@@eening, followed by detailed testing
of the most promising catalysts. Correlations amibiegelectrochemical results, the inferred
phase fields and X-ray photoelectron spectroscbpyacterization provided an understanding of

the catalytically active surface and highlight thigity of composition spread thin films in

46



catalyst research. The observations suggestethéhaiteraction between Pt and Ta suboxides

was important and enhanced the catalytic activityto

3.3.2 Introduction
Fuel cells, in particular polymer electrolyte mewane fuel cells (PEMFCSs), represent an
attractive technology to meet future energy neetsibse of their potentially high efficiency in
converting stored chemical energy to electricargneHowever, their widespread deployment
has been hampered by materials limitations, as pkiesa in the catalysts by their high cost,
intolerance to fuel contaminants, and degradagadihg to short fuel cell lifetimes. The
possible use of methanol and other small organiecotes (SOMs) as PEMFC fuels is
promising because of their high energy densityease of transport, compared tg Rresently,
one of the setbacks for implementation of SOM PEMNIR&s been the lack of an anode catalyst
that effectively overcomes the kinetic barriersdomplete oxidation (to C{pof these complex
molecules. Theoretical models that describe thepbteta oxidation of SOMs incorporate several
adsorption and charge transfer steps that are @etihiby surface atomic and electronic structure
properties unique to the catalys3t™® During this oxidation process, CO formation (as a
intermediate) is likely, and thus CO tolerance athtysts is an implicit factor in oxidation
catalysis studies using such fuels. CO toleranegparticularly relevant property, as it is also of
importance for the anode catalyst infdel cells. The poisoning of Pt catalysts by CQumities
associated with Hproduction from hydrocarbon reformation is a gessential issue in catalysis.
To address this and other issues, catalyst resefferhinvolves the generation of a new

catalyst by alloying Pt with less-noble metals iiing Pt-based ordered intermetallis),
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forming layered catalyst structur&s °or replacing the standard carbon support for Pt
nanoparticles. Because the interfaces among etlecttomponents often play an important role
in catalysis and the electrode surface may beealtduring operation as a catalyst, these ideal
electrode archetypes are rarely distinctly realiZde influence of electrode modification on
catalytic activity is most directly determined Hyatacterization of the surface during catalysis, a
notoriously difficult task. In the present work, weesent an ensemble of characterizations that,
when applied to a library of catalysts in the Ptsyatem, provide insights into the composition

and structure of the most catalytically active mate

Tantalum Incorporation in Fuel Cell Catalysts.

Recently, several methods of Ta inclusion in PEM#€Ctrode materials have been investigated.
Ishihara et af’ demonstrated activity of partially oxidized tantal carbonitrides for the oxygen
reduction reaction (ORR) and noted the importarickedegree of surface oxidation. ORR
catalysis was also studied on electrodes contamicgmbination of Vulcan carbon, Pt colloids
and TaQ formed by oxidation of Ta after its reduction frdraCk. The addition of T#0s

increased the area-specific ORR activity for ordytain Pt-TaOs-C configurations, suggesting
that any improvement in catalytic activity is reldtto the interfaces of the three components. Pt
.Ta, alloys have also been investigated as possibleFREdAthode materiafs.Composition
spread thin films covering the entire compositiange were found to be quite stable at oxidizing
potentials in acidic media, but the catalytic atyivor oxygen reduction dropped sharply and
monotonically with increasing Ta content. Studiésipand CO oxidation have also been
performed on Ta@modified Pt/C electrodes. CO oxidation on comnarei/C electrodes

partially coated with T#Ds showed a 150 mV negative shift in the peak paaefar oxidation of
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adsorbed C& Similar experiments were performed on Pt + Ja@d PtRu + Ta
electrode$® The former electrode was made by coreduction (M®4),(NHs), and TaG] on
Vulcan carbon. While the inclusion of Ta@nly lowered the CO oxidation peak by 70mV
(50mV for PtRu + Tag), the authors also studied the time dependenC&ohdsorption onto
the electrodes and found that the inclusion of ,Tsi@nificantly decreased the adsorption rate.
This behavior indicates that the role of Ta@improving the CO tolerance of Pt is distinairfr
that of alloyed Ru. Surface Ru serves as a sodraetive oxygen and thus enhances CO
oxidation®* but TaQ diminishes the adsorption of CO, possibly throaglecrease in the Pt-CO
bond strength. The Ta oxidation state was not ceriaed in the materials of Ueda et@lhut
Lesnyak et al. found that the use of a similar matas a gas phase ldxidation catalyst
resulted in partial reduction of the ;T support. The electrode, consisting of Pt nanogasdi
on a TaOs support, was characterized by XRD, electron ditican and X-ray spectral
microanalysis both before and after use as a ctldy oxidation of Hin a fuel stream with
20:1 OQ:H,. The catalysis test resulted in a decrease intiigen stoichiometry from y=2.4 to
2.3, with both values slightly smaller for Ta@gions adjacent to Pt particles. This partial
reduction of the Ta caused the surface of the highistalline TaOs support to transform into a
nanocrystalline T#Ds + TaG composite. CO oxidation on:BTa, alloy thin films and bulk
PtTa and PfTa ordered intermetalliéshas also been studied. The latter work foundttieat
oxidation of adsorbed CO was shifted to more pasitiotentials for the intermetallic
compounds compared to pure Pt. This shift coulduseto an increase in Pt-CO binding energy
and underscores a difference in the role of Ta@sé¢ materials and that of the Pt-JaO
composites. Stevens et?astudied thin film Pt,Ta, catalysts deposited on water-cooled

substrates, and XRD characterization of the filntBaated that the low deposition temperature
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kinetically stabilized Ta-rich bcc and Pt-rich falboys. In addition, a nanocrystalline (or
possibly amorphous) alloy (NCA) was observed for& 3. The thin film samples with
0.3<x<0.7 exhibited CO-stripping onset potentigidd@ 50 mV lower than that of pure Pt and a
corresponding small decrease in onset potentialolvasrved for the oxidation of;kh the
presence of CO. We studied Pta, composition spread thin films deposited at eleyate
temperatures, which enables the synthesis and@&t&eimical characterization of the ordered
intermetallic phases. These films do contain an N€gion, and methanol oxidation on the as-
deposited NCA demonstrates a negative shift inaiiod potential (in agreement with Stevens
et al.)® However, we demonstrate further improvement ithaeol oxidation activity via a
catalyst pretreatment step. In addition, our stofdyiethanol oxidation as a continuous function
of composition, combined with the XRD mapping of ttbraries, reveals important trends in

catalytic activity.

3.3.3 Experimental Section

Composition Spread Deposition.

Films were prepared in a custom built combinat@yaltter deposition system described
previously?” Each Pt,Ta, library was generated by first depositing an aitirelyer

(underlayer) onto a 76.2 mm diameter Si substtaeing and after this deposition, the substrate
was radiatively heated and maintained at the bdaposition temperature. Elemental Pt and Ta
(>99.9% purity) were codeposited from separate ratgn sputter sources (Angstrom Sciences)
in an atmosphere of 0.66 Pa Ar. With the aid ofy@shroud’’ the background pressure during
deposition remained in the 2@®a range. The geometrical relation of the defmsiburces with

respect to the Si substrate provided a depositiadignt from each source that upon
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codeposition resulted in a continuous variationamposition across the substrate. The Pt and
Ta deposition rates at substrate center were me@suith a quartz crystal monitor just prior to
deposition of the library. The range of x represdnh a given library was dictated by the
deposition profiles of the individual sources bwynibe shifted to the Pt-rich or Ta-rich range by
control of the relative power delivered to the ipdedent sources. Given the constant deposition
rates, the film thickness was determined by depwositme, but the thickness at each substrate
position was determined by the local depositioesa@nd chemical mixing of the elements. In
the present work, three B a libraries are discussed; they are distinguishethbynderlayer,
deposition temperature, thickness at substratecétibrary thickness”) and stoichiometry at
substrate center. Library A was generated with arh2li underlayer, 408C deposition
temperature, 160 nm library thickness and x = @t2fubstrate center. Library B was generated
with a 12 nm Ta underlayer, 580 deposition temperature, 160 nm library thicknassl x =

0.5 at substrate center. Library C was generatddavB0 nm Ti underlayer, 45C deposition

temperature, 35 nm library thickness, and x = @t3&ubstrate center.

Thin Film Characterization.

We calculated the spatial map of composition inlithraries using verified models and measured
deposition profiles for the Pt and Ta sourée&’For Library A, composition measurements
were made before electrochemical testing by X-hagréscence (XRF) with a 60 keV X-ray
source and after electrochemical testing by endrgyersive X-ray spectroscopy (EDS) using a
JEOL 8900 EPMA Microprobe. The composition mapsiihe three measurement techniques

agree within the measurement errors. In this maipisthe deposition profile-calculated
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compositions are used for all three libraries, tredadditional data for Library A are presented
in Section 3.3.7

XRD characterization of the libraries was performaath a high-throughput
crystallography setup. Monochromatic 60 keV X-ragpinge the thin film and the diffraction
image was attained in transmission geometry bysan3# diameter image plate (Mar Research).
Integration of the images provided diffraction patis which were compared to patterns of
known phases in the Powder Diffraction File (P#3%) construct a phase map of the library. We
also note that sputter deposition commonly yieldsrftextured thin films in which the
constituent crystallites are randomly oriented wébpect to substrate azimuth but aligned with
respect to substrate nornfal The average crystallite orientation in the filrasadetermined by
analyzing the diffraction images, as describesaction 3.3.7This orientation was important, as
it dictated the crystal facet at the film surfastjch may ultimately determine surface chemistry
and reactivity.

Surface composition and oxidation were charactdrigeXPS analysis using a Surface
Science Instruments SSX-100 with aRa base pressure. Sample orientation provided a
55°emission angle. Survey scans were performed withVlpass energy from 0 to 600 eV at 1
eV/step. High resolution scans were performed ®@t pass energy from 15 eV to 85 eV at
0.065 eV/step. In situ cleaning of the film surfaces performed by 15 s impingement of 4 keV
Ar at 3pAlcm?, but minor residual surface contamination by hgdrbons was inferred from the
presence of a weak C 1s peak. Although such contdion had a negligible effect on the
analysis of the Ta and Pt, the likely presencexgfien in the contaminant layer confounded the

measurement of oxygen in the film.
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The 15-85 eV spectra were fit with one set of Rialiblet peaks and either two or three
sets of Ta 4f doublet peaks using the CasaXPS amtpackage. Our established analysis of
metal thin films employs the Shirley line shapertodel the background and an asymmetric-
Lorentzian peak shape. For fitting proceduresgdiingblet peaks were constrained by the known

binding energy shifts and area ratios.

Fluorescence Assay.

In the past decade, a number of publications haesepted combinatorial high-throughput
methods for efficient exploration of the wide rarafgossible anode catalysts for direct
methanol fuel cells (DMFCs). The fluorescence assayl to screen catalysts was first employed
by Reddingtorf and further adapted for thin films by Prochaska| & The entire film was used
as the working electrode in a specially designedteschemical ceff® In the screening process,
a pH-sensitive fluorescent indicator was used éntifly catalytically active regions in a
combinatorial library. The potential applied to the film was swept frdt0 to 500 mV vs.
Ag/AgCl at a scan rate of 5 mV/s, and a large &e&oil served as the counter electrode. The
testing solution consisted of 5 M methanol, 3 mNhqe, and 0.1 M potassium triflate as
supporting electrolyte. The solution began at re¢ytH and as increasingly high overpotentials
were applied to the film and methanol was oxidizbd,released protons caused a decrease in
pH below 5. Protonation of the quinine ensued artthis condition the quinine was fluorescent
under UV illumination. Although the entire librawyas a common working electrode, the local
generation of protons allowed measurement of datadgtivity with approx. 1 mm resolution

via optical detection of fluorescence. Images waken at 20 mV intervals with a charge
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coupled device (CCD) camera, and at a given regidhe library, image processing provided a
fluorescence intensity profile.

A model for the fluorescence profile is shown below

F = Anin(1+ Exp(E — E)n/f))

whereF is the fluorescence intensify,is the applied potential, arfid59.1 mV at ambient
temperature. The prefactdr halfwave potentiak;,, and number of electromsin the rate-
limiting reaction are model parameters. In the @nésvork, we fixech = 2 and extracted the
figure of meritE;/, through least-squares fitting of the measuredilpsénd it was explained in
more detail in John Gregoire’s thedfs.

In addition to the routine fluorescence tests,arpatment of the film was performed to
ostensibly reduce surface oxides that were fornpesh @ir exposure and to remove other surface
contaminants. This pretreatment entailed a lineétage sweep from 0 to -800 mV vs Ag/AgCl

in an aqueous solution of 0.01 M$D, with 1 M NaSO, as supporting electrolyté.

Localized Electrochemical Characterization.

While the fluorescence assay allowed us to effityadentify the nominal compositions of
promising methanol catalysts, additional testing wequired to determine the catalytic
properties under fuel cell (low pH) conditions. atized electrochemical testing was enabled
with a 6 mm inner diameter Teflon cell that isoth&e0.32 crhfilm region. A 70 mm diameter
cell sealed on the edge of the substrate and Wed o expose the entire library (working
electrode) to testing solution. The 6 mm cell corgd counter and reference electrodes, and
positioning the cell at a chosen spot on the satestllowed for testing of catalysts within a 5

at. % composition range. In the present study,tdaBnique was used to acquire cyclic
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voltammograms (CVs) of select catalyst regionsolntsons at a pH of 1. CVs acquired in the
absence of fuel provided further characterizatibtihe catalyst, and CVs acquired in the
presence of fuel verified the activity of the cgsas in an environment that approaches fuel cell
conditions.

To facilitate comparison of oxidation current deiesi, specific surface area
measurements were performed on select catalystauBe of surface roughness, the active
surface area could be much larger than the prajesemetric area. As previously describéd,
linear sweep voltammogram using 1 mM ferrocenenmethia an aqueous solution of 0.1 M
potassium triflate (supporting electrolyte) wasdufs determining the specific surface area of
films. While this technique provided the true etede surface area available to molecules
comparable in size to ferrocenemethanol, the atesahea of Pt surfaces was quantified through

analysis of hydrogen adsorption and desorptionIm0H,SO,.

3.34 Resultsand discussion

Structural Characterization.

The XRD patterns obtained from the high-throughgystallography experiments are
represented in Figure 3.3.4.1. For Libraries A Bnthe set of substrate positions characterized
in the XRD experiments are shown as solid black dota composition map of the substrate.
These diffraction patterns, and the correspondorgpositions, were used to generate an
interpolated map of diffraction intensity vs |Qpothe composition range of the library.
Inspection of these maps revealed several phaseladas as well as differences in the phase
behavior of the two libraries. As seen in Figurg8.1c, the RiTa, ordered intermetallic phases

exhibited a large number of reflections. The typasgstalline grain size of less than approx. 10
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nm resulted in a relatively broad diffraction péiale width of greater than approx. 0.7 tm
Consequently, many of the reflections overlappédti bothin a given phase and among other
phases, which confounded rapid phase identificalitie preferred orientation of the crystallites
(see fiber texture discussion above) gave riseldlitianal complexities in interpreting the phase
behavior of the libraries. However, analysis offbtbte correlated shifts in |Q| values of peaks
and the appearance or disappearance of peaksiasteh of composition assisted in phase

identification.
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Figure 3.3.4.1:Composition and XRD mapping of Libraries A (topwjcand B (bottom row).

(a) Value of Ta fraction x as calculated from defas profiles plotted over an outline of the
substrate. The element labels indicate the orilemsbf the deposition sources with respect to
the substrate. The substrate positions analyzetRiy are denoted by black points. (b) X-ray
diffraction intensities (color scale) as a functafrscattering vector (horizontal axis) for
measurements taken at various positions (indidatayl plotted with interpolation as a function
of the corresponding x (vertical axis). The obsdrgempositional ranges of peak sets outline the
phase fields of the library. The specific compasi$ of diffraction measurements are noted by
small red markers on the composition axis. (c) Begntative diffraction patterns from each
phase field are plotted to demonstrate phase fittion. Reference PDF peaks for labeled
phases (Table 1) are plotted in black where releveor the PfTa + PiTa pattern, PDF 03-1465
is shown in blue and 03-1464 in black. For the &rprB PtTa + Ta pattern, the Ta PDF peaks
are shown in gray. For the,fPa +p PtTa pattern, the Pta (PDF 18-0975) lines are shown in
blue with lattice constant reduced by 6% andptf®iTa lines are shown in black with lattice
constant increased by 2%. Relative diffractionnstees are on the same square-root scale
across all compositions except that the plot cpoading to fcc-Pt has been multiplied by 0.5.

In the analysis of Library A, the identification thfe fcc-Pt (the pure phase for x <0.14)
and PtTa (the pure phase for x>0.67) phases was straigidial. From x = 0.14 to 0.44, the set

of reflections indicated the presence of an ortborbic phase. As evident in the PDF patterns,

orthorhombic PiTa and PfTa were distinguished by low-intensity peaks whigre observed in
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all diffraction patterns in this composition rangdthough the relative concentrations of the two
phases likely changed as a functiorx,ah the present work we simply designated thisspha
region as ortho-RiTa. This library also contained a phase with littifrection intensity, other
than a broad peak near 27 hnSimilar diffraction patterns in this compositiange had been
presented for films deposited at low temperaftr®. Although this unidentified phase may
consist of nanometer-scale grains of the high-teaipee phase PtT&,the lack of substantial
grain growth even at our elevated deposition teatpee suggested the possibility that this
system forms a metallic gla¥%s.Pending further study of this phase we dends&ia
(nanocrystalline alloy). All phases except the N#fase exhibited strong fiber texture with
sharp peaks in the diffraction intensity distrilbatias a function of angular displacement from
substrate normal. For the ortho=RPta, phases of Library A, our analysis indicated tha or
more of the following crystallographic planes wer&nted parallel to the film surface;Pa
(100), PfTa (010), P{Ta (001).

Library B also contained the PtJmtermetallic and an NCA phase but exhibited
different phase behavior in the Pt-rich half of libeary. Forx < 0.2, the XRD patterns indicated
the presence of an ordered intermetallic phas¢hleypattern did not match any Pt-Ta entries in
the reference literatur8.Instead of the orthorhombic#Pa found in Library A, Library B
contained monoclini@-PtTa. The cause for this difference in phase behavas not
understood. The orthorhombic phase was believée &iabilized by interstitial impurities such
as oxyger> Oxygen contamination should increase with the didiackground pressure
associated with increased deposition temperatetehg orthorhombic phase was found in the
library deposited at lower temperature. A morellikeause could be an influence from the

underlayer. At the start of the composition spreegosition, the Ta underlayer of Library B
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may nucleate a different phase than the Ti underlaf/Library A. Once nucleated, the
metastable phase could grow indefinitely.

While B-Pt;Ta was present from= 0.19 to above = 0.4, ax increased beyond 0.27 the
lattice constant discontinuously increased. At fiiase boundary, several new peaks appeared,
such as the peak labelegip Figure 3.3.4.1c. These peaks were matcheddiyexent
orthorhombic structure of Pta (03-1464 instead of 18-0975 used for Libraryafgr a 6%
decrease in lattice constant was applied. Thigpatliso matched well with the peak labelgd p
but this peak was present fox 0.27 and was the only peak in th@set;Ta diffraction patterns
that did not match the monoclinic PDF pattern. &8hpearance of several new peaks in the
diffraction pattern of an ordered intermetallic gagted the addition of a second phase rather
than ordering within the existing phase. We thisegghat orthorhombic Fta was present on
the Ta-rich side of this phase boundary but naaeé filll understanding of phase behavior in

Library B will require further analysis.

XPS Characterization.

XPS characterizations were performed on LibranARx = 0.31 region of the film was analyzed
before electrochemical testing, and following cletgazation by the fluorescence assay
(including pretreatment), the library was diced] @reces centered at= 0.11, 0.31, and 0.67
were used for analysis. We note that for the x31 @lm, the differences in these quantities
before and after electrochemical testing were géaé. The invariance of x = 0.31 XPS
measurements indicated that any chemical surfackficetion that occurred during

electrochemical testing was reversed upon re-expdstambient conditions.
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The XPS measurements indicated that the film sanfees enhanced in Ta compared to
the bulk, which suggested that the chemical pakgtadient provided by surface oxidation of
Ta was sufficient to cause nanometer-scale diffusiola to the surface. This effect was driven
by the high heat of formation of Ta@ompared to PtCand was observed in the R a, thin
films of Bonakdarpour et &f.

The binding energy of the Pt#4fpeak increased with increasingnd exceeded the 70.9
eV value for pure Pt, indicating partial chargengf@r from Pt or a lattice strain effect. We note
that in the event that treeelectron density decreases via electron traneféaQ), the Pt-CO
binding energy would increase.

The Ta 4f binding energies also shifted to posipiggentials, but we considered the
effect of electron transfer with Pt to be negligisbmpared to Ta-O interactions. Kerrec &t al.
studied the increase in binding energy with inarea¥a oxidation and associated the Ta4f
binding energies 23.5+ 0.4 eV, 26.1 + 0.4 eV, 2aRd *+ 0.2 eV with Ta@stoichiometriey = 1,

1 <y<2, andy = 2.5, respectively.

Using these associations, we found that for eactonaentration, the top few nm of the
Pt Ta films contained both Taand Ta in a higher oxidation state (higher bindingrgy). The
fraction of the Ta in a higher oxidation state @ased as expected withThe spectra from the
=0.11 andk = 0.31 samples were both well fit by one set ghrenergy peaks while the x = 0.66
spectrum required two sets of such peaks to acdouttie observed data (see Figure 3.3.4.2).
Although all three spectra had a peak associatddiwy < 2.5, only thex = 0.66 sample had a

peak associated with fully oxidized Ta, iye5 2.5.
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Figure 3.3.4.2:XPS spectra obtained for threg Fta, samples. Each spectrum is labeled on the
right with the respective value gf The inset shows the Ta 4f region of #%0.31 spectrum

with the modeled background and four fitted peaks.

Methanol Oxidation Activity by Fluorescence Assay.

Fluorescence assays were performed on the libriaoisbefore and after electrochemical
pretreatment. For Libraries A and B, the resulessaimmarized in Figure 3.3.4.3, and we note
that the fluorescence intensity contours of Figh4.3b,d correspond closely to the
composition contours of Figure 3.3.4.1a. The contjposranges associated with the ordered
intermetallic phases (identified above) are plotkuhg with the composition dependence of the
catalytic activity in Figure 3.3.4.3c,f. Dramatioreelations between the phase boundaries and
the catalytic activity were apparent, and detadladlysis of the figures revealed that the
structure-activity correlation was stronger tham tomposition-activity correlation. The
materials with highest methanol oxidation actiwitgre found in Library A and had the ortho-
Pt;.xTa structure with 0.24 %< 0.32. A region withx = 0.3 was chosen for further
electrochemical testing as described in the follmasection. We focus further discussion of the

fluorescence assay results on materials from LytAar
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Figure 3.3.4.3:Fluorescence assay measurements of methanol ioxicativity are illustrated
for Libraries A (top row) and B (bottom row). (a,d) images of the fluorescence intensity
across the libraries in an outline of the Si wafdrthree images were acquired at 400 mV
during a 5mV/s anodic sweep. Images b and d weyeii@cl on pretreated libraries and show
bright fluorescence from the active regions. Imageas acquired with Library A after days of
exposure to air and exhibits much lower fluoreseantensity (the intensity has been increased
10-fold for plotting). The sharp lines of brightésiorescence (most evident in b) are due to
thermally driven convection. (e) Fluorescence istigrprofile obtained by averaging the
intensity over a 0.5 mm diameter regions (positdbwhite dot in image d), along with the fitted
profile (red curve) and fitted value of,E{green line). Values of iz were also acquired at 1.2
mm spaced points along the yellow lines shownamd d. (c, f) Plot of B, values, along with
the composition range occupied by each identifieléi@d intermetallic phase.

Without the reducing pretreatment, the sectiorheflibrary with only ortho-Rt,Ta, was
largely inactive for methanol oxidation. The fcgian as well as the ortho-RBi ac + NCA two-
phase region had slightly loweg/fZcompared to a typical Pt film. After the pretreatryehe
fcc-Pt phase region exhibited a 60 mV decreasghtie NCA region exhibited a 90 mV

decrease in fp, and the ortho-RTa, region exhibited a decrease ipof more than 300 mV,

making it by far the most active catalyst in thediry. After exposing the library to air for
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several days, we repeated the fluorescence asstayated found that the same activity profile
was observed both before and after pretreatmerg.eldperiment was also performed several
times on Library B with similar results. We thenefanfer that the remarkable improvement in
the activity of the ortho-RP4Ta, catalyst was related to the reduction of the serfaom its air-
stable state and that the reduction and reoxidatgne reversible and reproducible. Although the
XPS characterization demonstrated that the topnfievof thex = 0.31 air-stable film contained
approximately equal concentrations of two Ta suthesj the electrochemical tests indicated that
the most active surface was further reduced. Tiuetsire-activity correlation suggested that the
reduction of the surface and/or the stabilizatibthe reduced surface was enabled by the

presence of an underlying orthorhombic orderednmétallic.

Further Electrochemical Study of Optimal Compositian.

A Pty7Tag 3 region of Library A (outlined in Figure 3.3.4.3las characterized by local
electrochemical tests. In Figure 3.3.4.4, the Chas pure Pt sample and the Ptag ssample are
shown for pH 1 solutions containing no fuel, methiaand formic acid. Comparison of the CVs
obtained for each film in the three solutions pdad insights into the chemical state and
morphology of the Bt;Tay 3 surface. The CV of R{Tayzin the 0.1 M HSO, solution contained
the redox waves and hydrogen adsorption/desorptaoes similar to those of a pure Pt
electrode, in stark contrast to well-studied Riyalsuch as Pt-Ru. As expected, these features
were also seen in the Pt film CV, and for both §ilthe hydrogen adsorption and desorption
waves were used to calculate electrochemical seidegas of 0.23 + 0.06 and 1.15 + 0. éon

Pt and Ri;Ta 3, respectively. Compared to the film area accebyetie cell (0.32 cf), these

measurements implied specific surface area ratmgfiness factors) of 0.72 and 3.6. The
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subunity value of the specific surface area ofRh&lm was indicative of surface contamination
which likely remained during the subsequent fuetlation studies. For the present discussion,
we note that the microscopicyFTay 3:Pt area ratio determined by hydrogen adsorptiosn wa
approximately 5:1. The surface area ratio betwhersame region in the Library A and the same
Pt film was also measured via linear sweep voltatmnweith a ferrocenemethanol redox couple
as described above. This surface area ratio, 1M26; corresponded to an approximately
equivalent surface area accessible by the ferrogeti@nol molecule on the two electrodes. As
described in the Supporting Informatidection 3.3.), this roughness factor was an agreement
with the 1.1 value determined by atomic force mscapy (AFM) characterization of the film
surface. The ensemble of measurements advocatedel of the surface in which Pt and TaO
contain less than approx. 1 nm scale featuresatbed not observed by the ferrocenemethanol
redox couple or AFM measurements but gave ris@ io@eased hydrogen adsorption Pt surface
area. For calculating the oxidation current deesiaf small organic molecules, we assumed a

unit specific surface area ratio.
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Figure 3.3.4.4:Cyclic voltammograms of Pt andyFTay3in (Top) 1 M formic acid, 0.1 M
sulfuric acid; (Middle) 1 M methanol, 0.1 M sulfaracid; and (Bottom) 0.1 M sulfuric acid.

The forward scans are shown with solid lines aedéverse scans with dotted lines. The CV of
Pt.7Tay3in 0.1 M sulfuric acid is indicative of polycrydliae Pt electrode. The ensemble of
characterizations indicates that this electrodeains a high density of Pt islands surrounded by

TaQ,.

On the anodic sweep, the methanol oxidation onsteinial of the Rt;Tay 3 catalyst was
approx. 80 mV lower than Pt, a smaller improventeah anticipated from the fluorescence
results. The strong effect of the pretreatment stepe fluorescence testing and its assumed

influence on nature of the surface oxide raisedjtiestion of whether this discrepancy was due
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to a difference in the pretreated surface oxideHnl vs pH 4 testing solution. Although further
investigation of the electrochemical propertie®b6iTa surfaces may address this issue, the CVs
of methanol and formic acid oxidation confirmedtttiee presence of the surface oxide resulted
in higher oxidation current densities. In additiapplication of the model of Manoharan and
Goodenougf? to the CVs in methanol and formic acid indicateal & higher fraction of the fuel
was being completely oxidized. That is, in conttaghose of Pt, the CVs on;RTa,

demonstrated a greater forward oxidation peak hégim reverse peak height. This difference
was indicative of a diminished accumulation of cardiceous species on the surface from
incomplete fuel oxidation.

The model of sub-nanometer surface structure pegptsexplain the surface area
measurements and the strong correlation betweerefluence onset potential and the presence
of ortho-P1.4Ta, presented the possibility that the partially ozxetl surface maintained a
structure dictated by the underlying lattice. Fatoatalyst characterization by surface-sensitive
(grazing incidence) XRD and scanning tunneling nscopy characterization will provide
insight into this matter, and surface conductivitggpping via the latter technique may provide a
better understanding of the Ta suboxide. Howevernuete that the desired surface condition

was one that may be difficult to reproduce outsifithe electrochemical environment.

3.3.5 Conclusions

Catalytic activity in the Pt-Ta system was inveateyl through extensive structural and
electrochemical characterization. Thin film libewicontaining Pt-Ta ordered intermetallics, a
nanocrystalline phase, and an fcc-Pt alloy wereetieas methanol oxidation catalysts with a

parallel screening method. A reductive pretreatnsésyt, similar to that of typical fuel cell start-
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up procedures, significantly improved the actiwfythe catalysts for methanol oxidation. The
correlation of activity with the inferred phaseldie suggested that the formation of a bulk
orthorhombic structure facilitated the partial retion of the surface TaOThe substantial
improvement in catalytic activity was attributedinteractions between surface Pt and Ta
suboxides, motivating the study of such compositéases in the search for superior fuel
oxidation catalysts.

The most active catalyst surface appeared to lresauboxide and Pt composite with less
than 1 nm structure, and the interaction betweesdlspecies resulted in less Pt contamination

by carbonaceous species during the oxidation ohametl and formic acid.
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3.3.7 Supporting Information
Composition measurements.
In addition to the thin film composition map calatdd from deposition profiles, Library A was

also characterized by x-ray fluorescence (XRF)eamelgy-dispersive x-ray spectroscopy (EDS).
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Both techniques involved analysis of the Pt-L amadlLTcharacteristic x-rays. The excitation
sources were 60 keV incoherent synchrotron x-rdiaten for the XRF measuremefitand a
20keV electron beam for the EDS measurements. Mtegoiolated composition maps are shown
in Fig. 3.3.7.1. The approximate uncertaintieshim determination of x in R&Ta, are 5 at.% and

8 at.% for the XRF and EDS measurements, respéctiiee three composition maps were in
good agreement with only 5 at.% discrepancy inréiggon of interest. In the most Ta-rich region,

the XRF and EDS measurements indicated that trewiteentration was10 at.% higher than

indicated by the deposition profiles. This discmpawas not investigated further as this region

did not exhibit good catalytic activity.
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Figure 3.3.7.1:The composition map of Library A is plotted in thetline of the Si substrate
using (a) XRF measurements, (b) EDS measuremedt&adeposition profile calculations.

For (a) and (b), the substrate positions of thesmesments are noted by black points and the
orientation of the Pt and Ta deposition sourcemted by the elemental symbols.

Fiber texture.

Due to unique growth rates for each crystal fametallic thin films commonly acquired fiber
texture during deposition. The resulting film cated of crystallites which were randomly
oriented with respect to substrate azimuth bunaligwith respect to substrate normal. Thus, a

given reciprocal lattice vector occupied distinatues of®, the angular displacement from

substrate normal. The 58 ® <140 range was intercepted by the image plate (figuBe72a
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fiber texture), and upon phase identification, dhdistribution of indexed peaks can be used to
extract the average crystallite orientation infilre (figure 3.3.7.2b fiber texture). For the orth-

Pt;_«Ta phases of Library A, this peak width wak)®, and analysis of the strongest reflections
and theird-distributions indicated that one or more of thikofwing crystallographic planes were

oriented parallel to the film surface;Pa (100), PfTa (010), P{Ta (001).

b.

diffraction intensity of \Pt,Ta {311

%0 60 70 80 a0 100 110 120 130 140

¢, angular displacement from substrate normal (deg)

Figure 3.3.7.2:(a) A diffraction image from a substrate positrear the extensively
characterized R¥Tag 3 catalyst from Library A. (b) The azimuthal disuiion of the diffraction
intensity at a scattering vector of 30.5"hniThe peak in the diffraction pattern was indeasd
orthorhombic PiTa {311}, and theD-distribution of this and other indexed reflectiomsre used
to determine the fiber texture of the thin film.

AFM, surface area and surface morphology.

To investigate the surface morphology of thg;P& 3 catalyst discussed in the manuscript, we
imaged the film surface using tapping mode atomicd microscopy (AFM) (Veeco Dimension
3100). Figure 3.3.7.3 contains the height profilerca 3 mm square region of the film attained at
a scan rate of 1.05 Hz with 384 samples per liB4,IBes using a tip with <10 nm radius of
curvature (NanoWorld). The image indicated an ayesurface roughness of Ra = 3.66 nm and
an absolute surface area of 9.94 Tnoorresponding to a surface area ratio (roughfaessr) of

1.1. This roughness factor was in agreement wahdbtermined from linear sweep
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voltammetry with a ferrocenemethanol redox coupkhe film surface in this region was metallic
and was slightly darker than the most reflectiva fhms, as shown in figure 3.3.7.4. We assert

that this appearance was due to-th80nm surface features evident in figure 3.3.7 Braote

that the appearance was not altered by the eléanoical testing. We believe the surface
morphology evident in figure 3.3.7.3 existed in #&sedeposited film and was not influenced by
the electrochemical testing. The low roughnessiefRg ;Tay 3 surface and the invariance of the
film composition upon electrochemical testing alemnonstrated the stability of the film surface
and indicated that no significant amount of Ta heicfrom the film under voltage cycling at
pH=1 or pH=4 (Dealloyed thin films were typicallyuch more rougf). The nominal 10%
difference in surface area between Pt apdTR 3 was insignificant compared to the substantial
improvements in fuel oxidation activity observed Rk 7Tay 3. As noted in the manuscript figure
3.3.7.4, the film surface did contain a large stefarea of Pt which must be due to surface
structure on the 1 nm or sub-nm scale, a regimacuessed by AFM or the ferrocenemethanol

redox couple.

1
0.0 3.0 pm

Figure 3.3.7.3:AFM image of the most active catalyst in LibraryR 7Tag 3) after
electrochemical testing.
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Figure 3.3.7.4:A digital photograph of Library A. The photograpias taken before
electrochemical testing, but the appearance wasamnged by the electrochemical tests. The
substrate position of the extensively characterRedlag 3 is the dark region.
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CHAPTER 4

Pt-M Alloys — Low Concentration of M

This section constitutes a manuscript titled:
“High throughput thin film Pt-M alloys for fuel etérooxidation — Low concentrations of M (M

=Sn, Ta, W, Mo, Ru, Fe, In, Pd, Hf, Zn, Zr, Nb, 8i¢, Ti, V, Cr, Rh)”

Authors: Michele E. Tague, John M. Gregoire, Anegdrd, Eva Smiti)arren Dale, Richard

Hennig, Francis J. DiSalvo, R. Bruce van Dover,tBiéb. Abruiia

4.1 Abstract

Eighteen Pt-M (M= Sn, Ta, W, Mo, Ru, Fe, In, Pd, Af, Zr, Nb, Sc, Ni, Ti, V, Cr, Rh) thin

film composition spreads were deposited at low eotrations using magnetron sputtering and
screened for methanol and ethanol electrooxidatativity using a fluorescence assay.
Characterization of these thin films was perforrasohg high energy x-ray diffraction and x-ray
fluorescence. The electrochemical fluorescensayaevealed highest activity in the films with
M = Sn, Zn, In, Fe, and Ru. Pt-M (M=Sn, Zn, Inpaled highest activity at M concentrations
below 5 atom-% with a high fraction of Pt fcc(11éXturing and Pt-Fe showing the best activity
at 10 atom-% Fe. On the other hand, the best (negsitive) fluorescence onset potential in the
Pt-Ru system was observed at a concentration af@8-% Ru with minimal texturing of the
film. To assess reasons for activity, prelimineajculations on thd-band center shift with
alloying were performed for bulk concentrationsupfto 30 atom-% for Fe and 16 atom-% for

M = Sn, Zn.
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4.2 | ntroduction

Fuel cells present a promising energy converschrtology that is not limited by the
Carnot cycle efficiency. Fuel cell efficiencies aaach up to 80-90% whereas a Carnot engine
can only reach a maximum efficiency of 45-58%uel cells provide higher efficiency, an
environmentally friendly form of energy conversiand high power/energy density. The ideal
system is a hydrogen-oxygen proton exchange mermaliugh cell (PEMFC); however,
transportation, storage, and widespread availglmfihydrogen is precluded due to the required
high pressures and low volumetric energy densitgmtompared to other fuels. Methanol and
ethanol (and other small organic molecules) hageattvantage of higher volumetric energy
densities, easier transportation, and diversitgvailability from biosources.

Current limitations for widespread deploymentuélfcells are the cathode and anode
materials which are expensive, easily poisoned,sanev degradation over time. For methanol
and ethanol oxidation, the process is more comglitthan in the hydrogen case, because there
is a carbon source (fuels, e.g. methanol) that ineisixidized to C@for maximal efficiency.

The catalyst also must show an improvement in giatadctivity for fuel oxidation with minimal
poisoning. Platinum is the most commonly usedlgstiabut it readily poisons with any CO
present in the solution. As CO stands as a geaadhlubiquitous intermediate in the oxidation
of our fuels, a different catalyst must be usedithuMany materials have been investigated as
anode catalysis for methanol, ethanol, and ethyggyel, including alloy$, intermetallics,
non-Pt containing materials (carbides, nitridesdesy, and core-shell structure8 For the
cathode case, Strasser, et al. reported improvtedtydor oxygen reduction with a Pt shell and
a Pt-Cu alloyed core when compared to Pt afdfee paper also considered the improved

activity to be a result of the increased latticaistof the Pt shell. Feliu, et al. showed that th
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alloyed low concentration of a second element isHétwed improved activity for formic acid
oxidation better than higher concentrations esfigdiathe Pt-Bi systenf.The presence of the
alloying element is believed to improve the fueldation activity by inhibiting poisoning of the
surface.

To effectively search for catalysts with improwaeativity for methanol and ethanol
oxidation, a combinatorial screening process has lbeveloped by our lab based on a
fluorescence based prob&.Our fluorescence assay utilizes a property dfduilation such
that upon fuel oxidation, protons are generatediogua decrease in local pH. The fluorescent
probe, quinine, fluoresces at pH’s below pH 5 ancdecenough protons are generated by the
oxidation process, then improved catalysts cambrtified. The high throughput is established
with a custom built sputtering chamber, where thms are sputtered in a gradient film and
subsequently tested in the fluorescence assay.hi@lithroughput methodology is consistent
with other groups, who have implemented high thihguug combinatorial screening for hydrogen
electrooxidatiort’ CO oxidatior’, and oxygen reductiofi*>

An important aspect of the high throughput methogpwlis the ability to characterize the
thin films so as to enable correlations among #gticomposition and crystallographic phase.
Simultaneous measurements of x-ray diffraction @mposition with x-ray fluorescence were
performed at Cornell’'s High Energy Synchrotron $eu{CHESS). This configuration has been
reported in a previous publicatirand takes advantage of the high energy beam titiadm
through the thin film on a Si wafer. The difframtipatterns were collected on a MAR imaging
plate behind the sample. Custom software has theegioped to calculate powder patterns and
texturing data from the diffraction images. Instpaper, the use of the CHESS setup allowed for

the mapping of fiber texture, composition, and ghager binary libraries. These techniques can
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also provide rapid characterization of more congtéd systems, ie. ternary and quaternary
systems.

When exploring these non-noble metals, leachinp@imetals from the film must be
considered. A previous study by Bonakdarpour.aed@onstrated the leaching of Co, Ni, Mn,
and Fe from thin films and upon leaching, the renmg concentration of the non-noble metal
reached a threshold of 25%Our group found surface area enhancement frongiaiaZn with
Pt in thin films, which resulted in higher methaoaidation performanc¥ In this investigation,
the second element’s alloying concentration wageidnto levels below approx. 55%, although
we would still expect some leaching for concentragiexceeding 25% for some elements.
Dahn, et af® studied a series of binary Pt anode electrocagliyxluding Ru, Mo, Co, Ta, Au,
and Sn. They reported that the Mo and Co leactmad the combinatorial library after
electrochemical testing. In our screening procass means for identifying compositions that
exhibit leaching, a background scan without fue$warformed. Since leaching can sometimes
involve the oxidation of the non-noble metal, astable film can exhibit fluorescence and
confound the screening process. Hence, the bagkdrecan enabled us to identify films that
could give false positives from leaching.

It is widely known that Pt-Sn is a good catalyst@® oxidatiort’ and since CO is a
known intermediate for methanol oxidation, it igoontant to explore the optimal concentrations
of Sn in Pt that can result in the highest activiBt-Sn is also good for ethanol oxidation at low
potentials as reported by Gonzalez, éland furthermore, the oxidized tin in the Pt lattic
shows additional improvement towards ethanol oiddiet” 2 When considering other cases for
Pt-Sn studies, the optimal amount of Sn seemed &bPo with the presence of the tin oxides

contributing mostly to the activii:
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Based on the phase diagrafhiw Sn concentrations were investigated to findsiale
relationships between electrocatalytic activitipefi texture and composition within the fcc-Pt
crystal structure. Furthermore, we hoped to idgpieriodic trends. Within this study, Pt-M
alloys with each transition and main group elementis known solubility above 1 at.% were
investigated, with the exception of M = Os, Cd Qs and Cd were not studied due to toxicity
concerns, although Pt-Cd alloys were found to e@methanol oxidation catalysts in a

separate study,

4.3 Experimental Detail

Thin films of platinum with low concentrations afi alloying transition or main group
metal, M (M = Sn, Ta, W, Mo, Ru, Fe, In, Pd, Hf,,Z, Nb, Sc, Ni, Ti, V, Cr, Rh), were
prepared using a custom built combinatorial sputégrosition system with a getter described
previously®. The two elements (>99.9% purity) were depositeih a 3-inch diameter Si wafer
with a 10-nm Ti adhesion underlayer, which alsosgras a Si diffusion barrier. The
magnetron sputter sources (Angstrom Sciences) avagied to create a deposition gradient for
each element. For a binary deposition, this caméigon resulted in a film with a composition
that varied smoothly as a function of relative ainste from the deposition sources. At a given
substrate position, there was a direction of makoamposition gradient, and the maximum
film thickness gradient was in a near-orthogoned¢ation. For compositions which were
represented over a broad range of substrate pasitile film thickness at fixed composition
may vary by up to a factor of 3 within the library.

For the Pt-M binary films discussed in this manimcthe Pt target was typically

operated at 125 mA 353 V and the M target was opérat a power that provided the
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composition range of interest. Substrates werataiaied at 108C during the deposition
process. Following sputtering, the samples weodecbto below 46C and removed from the
chamber into ambient air.

Phase and composition characterization was perfbuaimg high energy (60 keV)
transmission X-ray diffraction (XRD) and simultamsaX-ray fluorescence (XRF) at Cornell’'s
High Energy Synchrotron Source (CHESS). The XRibepas were collected using a MAR
detector. Further explanation is given in a prasipublication®. Additional composition
information was collected for Pt-Zn, Pt-Sn, andrPtising Energy Dispersive X-ray
Spectroscopy (EDS) on a JEOL 8900 Microprobe.

A fluorescence assay was employed to assess tigtmaproperties of the platinum
alloys as described in a previous repios Teflon electrochemical cell was sealed withoan
ring atop the 3-inch diameter composition spre@dpper contacts were mechanically pressed
against the Si wafer beyond the outer diameteh@btring to avoid contact with the testing
solutions. A gold coiled counter electrode wava&ied approximately 1 cm above the sample
and the entire cell was sealed with a quartz matthe top with a hole to hold the Ag/AgCl
reference electrode (BAS). Tubing to and fromdék allowed for de-aerated solutions to be
pumped in and out of theditmosphere cell without exposure to air. Autordatentrols for
gas flow, solution pumping, and potentiostat wereeasible through a custom Labview
program. The potentiostat used was a Pine InstitsyModel AFRDES Bi-potentiostat.

A standard testing procedure required filling af tlectrochemical cell with a neutral pH
aqueous solution of 0.3 mM quinine, 0.1 M potassitfiate, and 5 M fuel (methanol or
ethanol). The potential was scanned from the @penit potential at 5 mV/s to 200 mV vs.

Ag/AgCl. Upon oxidation of the fuel, the generafdtons decreased the local pH below pH 5
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on the working electrode (the combinatorial lib)aigausing the quinine to fluoresce under UV
light. Images were collected at 20 mV intervalwva CCD camera and a fluorescence onset
potential can be determined at the potential whiezdluorescence was first observed. An
oxidative current was also measured over the entifer. To ensure the oxidative current was
not from any oxidation processes occurring at thiéase of the composition film, a background
solution (without fuel) was added to the cell ahd potential was scanned over the same
potential range. If fluorescence was seen witlfued this was attributed to the oxide formation
and/or leaching of metals on the surface and wasidered unstable. Thus, those regions were
not included in this study for these reasons. Hfasrmhore, we pretreated the sample with a linear
sweep to reducing potentials (-0.80 V vs. Ag/Ag@la 0.01 M HSO,, 1 M NaSQO, aqueous
solution. This step served to remove any oxidestloer contaminates that could be on the
surface either from samples being stored in afran prior fuel oxidation testing.

For comparison between samples, a curve was fittéae fluorescence intensity vs.
potential plot and afpvalue was calculatéd To briefly summarize the theory behind the E
fluorescence value, the value does not relategdhtboretical B,normally noted in
electrochemistry. Instead, it is an approximaftmrthe fluorescence onset potential of the fuel
oxidation using a Butler-Volmer-like equation basedthe exponential growth of the
fluorescence intensity.

Electronic structure calculations ofi M, (M=Sn, Fe, Zn) were performed assuming a
fcc non-ordered intermetallic structure. Superogdissisting of eight cubic fcc unit cells were
generated with random occupancy of Pt and M or8thsites as dictated by stoichiometry.

Between five and seven supercells per stoichionveéng constructed.
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Modeling was done with VASP; ?®a density functional code using a plane-wave basis
and the projector-augmented wave metfiot. The generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerfibivas used with a Xe core for Pt, a Kr plus 4d state for Sn,
and an Ar core for Fe and Zn. A plane-wave kinetiergy cutoff of 500 eV ensured energy
convergence to 10 meV/atom, and kqgoint meshes for the different structures weresendo
guarantee an energy accuracy of 0.1 meV/atom.MOklme, cell shape, and ionic positions
were relaxed until the total energy changed bytless 0.1 meV between relaxation steps.
Among the supercells at a given composition, thridaronation with the lowest energy after
relaxation was selected and the average ofifb@nd centers for all Pt atoms within the supercell

was presented.

4.4 Results and Discussion

4.4.1 X-Ray Diffraction

Figure 4.4.1.1 demonstrates the deposition profitegess the 19 substrates we studied
from the Pt rich area (point 0) to the M rich afpaint 9). The deposition profile of W at low
power differed from the other elements and thidilgravas both confirmed by crystal monitor
and XRF. The underlying cause is unknown at imet Ti is considered one of the lighter
elements and as a result the accuracy for the X@pBgition profile is lower. The atomic

fraction of a given element grew exponentially wptloximity to its sputtering gun.
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Figure 4.4.1.1:Deposition profiles across the composition graidiéor each substrate measured
by X-ray fluorescence. For Ti and V, XRF emissias attenuated by air in experiment because
they have low Z, leading to a low signal and thresater uncertainty.

All of the binary alloys exhibited shifting in th&t fcc lattice constant as the
concentration of the second element increasedpekmePd and Ni which was to be expected
because of the very similar sizes. Figure 4.4teBents a typical example with Pt-Mo, such
that with the incorporation of Mo, the shift wasadower scattering vector. The fcc lattice
constant increased with the addition of Sn, Hf, 8b, W, In, Zr, Ta, and Mo. On the other

hand, alloying Fe, V, Al, Zn, Rh, Cr and Ru intor@ulted in a shift to higher scattering vectors,

which indicated a contraction of the Pt latticensistent with the literature and atomic siZ¥s.
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Figure 4.4.1.2:a. Representative sample of the diffraction pesfirom 10 positions on a Pt-Mo
composition spread. The marked compositions feMle concentrations were determined
through XRF. b. A composition vs. scattering veetdh the intensities of the Pt-Mo
combinatorial spread presented on a logarithmiorcgdale. The XRF-determined compositions
are shown with the magenta profiles indicatingRheliffraction peak¥ JCPDS Card No.
040802. The red indicators mark the points measat€HESS.
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4.4.2 Methanol fluorescence results

Catalytic activity results from methanol fluoresce tests are shown in Figure 4.4.2.1.
The color intensity of the pictures representedahi@t at which the increase in fluorescence
(compared to the background) exceeded a 20% diiferéfom the background fluorescence
signal. The compositions generated in these liesazonsisted of a gradient from the gun

positions and a maximum concentration of a sectemdent below approx. 50%. Detailed

descriptions of the individual systems are discdssdsequently.

T l =250
' -138
- 3 X 88
' F“ NED I
¢ 9 = 200
Tl Pb Bi Po

Figure 4.4.2.1:Fluorescence onset potentials for methanol oxadatin Pt-M combinatorial
libraries in a periodic table. The fluorescendenmsity scale is shown on the right. The gun
positions are denoted with the top left being theosd element and the right edge being Pt. The
second element concentration on the films did roeed 50%. Scans were collected from open
circuit potential to 200 mV vs. Ag/AgCl at 5 mV/s.
Pt and PtRu as references

It is interesting to note that pure Pt did not éxhfluorescence catalytic activity in this
system below 200 mV, indicating that even the aaoldibf a second element did improve the
activity under these conditions. The commerciahdard PEMFC anode catalyst for methanol
oxidation has been PtRu (1:1). The PtRu shownatoet maximum compositions of 30% Ru.
A significant onset improvement was observed asatheunt of Ru increased as expected from

the literature and was assumed to be from the diilmmal mechanism with Ru supplying the

surface oxygen, thus aiding in the oxidation offtrel and CO™
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Column 3, 4, 5, 6 binaries: Pt- M (M=Sc, Ti, V, @r, Nb, Mo, Hf, Ta, W)

Pt-Ti, Pt-Zr, Pt-Nb, and Pt-Hf all showed similarset potentials with the activity
improving by approximately 200 mV relative to &.feature in these samples was the earlier
onset in the position equidistant from the Pt andd¥l regions, indicating that catalytic activity
was not only a function of film composition, but yralso depend on factors such as fiber
texturing and film thickness, which would vary widkposition rate.) As the distance of
sputtering gun from the film increased, the filnckmess decreased and the possibility of
alternative film texturing was a possibility, esjadly due to the angle of the sputtering guns with
respect to the film. (sd€ber texture sectionlror Pt-Sc, Pt-V, Pt-Cr, and Pt-Zr, an optimal
composition was observed within the combinatoitably. Pt-Sc showed enhanced activity in
the Pt rich region, whereas the Pt-Zr and Pt-V dasn@xhibited activity closer to the Zr and V
regions, respectively. In the Pt-V and Pt-Mo saapfluorescence was observed at the V (or
Mo) rich regions when no fuel is present, indicatof leaching V (or Mo) into the solution

(figure 4.4.2.2).
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Figure 4.4.2.2:Pt-V binary sample (9:1 Pt: V stiochiometry at temter) a. Background scan
without fuel (white arrow — unstable V-rich regiph) Methanol fluorescence scan; c. Methanol
fluorescence scan after pre-treatment of the satlestiThe black circle denotes the region where
the film was unstable for the subsequent scans.
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PtTa, PtW

In a recent study, Pt-Ta was studied at higher @amations than in this work and an
increased fluorescence was obserfett.was proposed that thesPa phase, with a Ta suboxide
on the surface, could improve the activity by pdivg an oxygen source at low potentials as
predicted in the bifunctional mechanism. In owseahe concentration of Ta was low and the
fluorescence in the Pt rich area suggested that M@amwas needed for oxidation to occur. A
further difference between the experiments perfarpreviously was that the sputtering
temperature was 10C and we reported previous sputtering temperatatragh temperatures
400, 450 and 55%C, which could result in different phases beingspre in the film* Pt-W
was of interest because of the conducting oxideMh&rms and has been proposed as a
possible support materidl At these concentrations, we found no leachindefmaterial over
the time frame of the experiment, which indicatisdstability in neutral to pH 4 solutions. We
observed fluorescence in the position equidis@aittand W and are still determining the reason

for the fluorescence in that region.

Columns 8, 9, 10 binaries: Pt-M (M=Fe, Ni, Rh, Pd)

Pt-Pd showed no significant improvement over Ph@loThe presence of Rh with Pt
improved the fluorescence especially in the Rh ragion. Pt-Fe fluoresced in the background
scan in the Fe rich area, indicating that it wastainle under our testing conditions. However,
with this in mind, the activity across the centéthe Pt-Fe substrate did represent improved
potentials for methanol oxidation (~150 mV earliaset). The optimal activity corresponded to

approximately 10% Fe. Similarly for Pt-Ni, appnovately 10% Ni exhibited the best activity
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across the center of the library. This time ndkigaound fluorescence was observed in the Ni

rich region.

PtZn

This system was previously studied in detail andas reported that when Zn exceeded
50%, Zn leached out of the thin film, leaving aiBh surface® To note, we assumed minimal
leaching as the composition approached the Pregion, since our concentration did not
exceed 20%. According to previous reports on leggta concentration >25% can result in a
significant loss of the less noble metalVe observed fluorescence at an optimal conceotrati
in the middle of the combinatorial library corresgng to a composition of approximately 10%

Zn than was over 200 mV better than Pt.

PtAl, Ptin, PtSn

In the case of Pt-Al, the fluorescence image shatlvedame results as Pt — no
fluorescence at potentials below 200 mV. Pt-SnRinbh showed the greatest improvement in
onset potential versus Pt, with a fluorescencetgustential shift of approximately 350 mV for
both methanol and ethanol oxidation. Both Pt-ld BtxSn showed an active fluorescent strip
indicating there is an optimal concentration actbescombinatorial library. The addition of Sn
is known to yield an earlier onset for CO-oxidatamd, as a result, assists in the oxidation of

intermediates from higher C-containing fugig® **°

88



4.4.3 Pretreatment

Most of the samples exhibited the same fluorescbetme and after pretreatment; however,
there were a few select samples that should beliffigeire 4.4.3.1). Pt-M (M = Sc, V, Zn)
showed higher fluorescence onset potentials witpoetreatment. Upon pretreatment, all three
showed further diminished activity, as comparedithout pretreatment. On the other hand, Pt-
Ta showed an improvement in activity seen in tlggore equidistant to the Pt and Ta rich areas.
The supposition from the XPS measurements waghbaantalum oxide was partially reduced
to form a tantalum suboxide upon pretreatment, &éémproving the activity? Pt-In and Pt-Sn
had improved onset potentials after pretreatmadticating that either contaminants were
removed from the surface or surface oxides wereaedi to form a more active surface. Ideally,
XPS measurements would be performed on the PtdriP&®sn samples. However, once the
sample was exposed to air after testing, the seidaaes can readily form on the surface, thus
not providing an accurate measurement of the seidpecies. Another aspect to note was a shift
in active region for Pt-M (M=Ni, Fe), where the i@etregion before pretreatment was mostly in
the region furthest from M and Pt and after pretremt it moves to the Ni or Fe rich regions,
respectively.
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Figure 4.4.3.1:Fluorescence onset potentials for methanol oxadaifter pretreatment of Pt-M
combinatorial libraries in a periodic table. Thefescence intensity scale is shown on the right.
The gun positions are denoted with the top lefhpehe second element and the right edge being
Pt. The second element concentration on the filoes not exceed 50%. Scans were collected
from open circuit potential to 200 mV vs. Ag/AgQlamV/s.
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4.4.4 Ethanol fluorescence results

Figure 4.4.4.1 presents the fluorescence onsehpal®for ethanol oxidation after
pretreatment. All but a few of the fluorescenagioas and approximate onset potentials
appeared to be the same as for methanol afteeptetent, suggesting similar oxidation
mechanisms occurring for both. In analyzing thesta, we must also remember that this
method only detects the generation of protons, vmay be the result of partial or complete
oxidation of the fuel. Pt-V, Pt-Rh and Pt-Mo exteld earlier fluorescence onset potentials in
the same regions as for methanol, which could sstgbat these regions activate the initial
oxidation step for ethanol oxidation than for metbla The most significant change was for Pt-
Pd, which went from no activity for methanol to éiting an active region for ethanol at 10%

Pd3°
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' '212
Ga
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Figure 4.4.4.1:Fluorescence onset potentials for ethanol oxidaditer pretreatment on
combinatorial samples. The fluorescence intersgifife is shown on the right. The gun

positions are denoted with the top left being theosid element and the right edge being Pt. The
second element concentration on the films doegexwed 50%. Scans were collected from
open circuit potential to 200 mV vs. Ag/AgCl at %/fs.

4.4.5 Fluorescence, composition and phase
As the composition across the substrate was cteckta the fluorescence onset potential, we

observed that onset potential minima were obtafaethany of the samples. M=In, Sn, Fe, Zn,
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Ru showed the lowest onset potentials and thevites as a function of composition are shown
in figure 4.4.5.1. One of the most interestingdeas was a minimum (ie. highest activity) at
very low concentrations; between 2.5% and 5%, edlof the five samples. The Pt-Fe alloy
had a minimum at higher concentrations (~10% Fehdauld also be noted that crystalline
phases form on the films (as indicated by the ladfipoints) and that the activity was not
significantly enhanced by the presence of ordetres$es relative to the alloys. However, when

compared to the Pt substrate alone, there wadtashpproximately 125 mV in the onset

potential for In, Sn, and Fe.
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Figure 4.4.5.1:Fluorescence f vs. Atomic Fraction of alloying element M in Phgales.
XRF measurements gave the atomic fractions. Thedlbne is the fluorescence onset potential
for a Pt wafer. The open points indicate the fdramaof a different phase.

Shifts in the density of states as a function ehposition was explored computationally
for the Pt-M (M=Sn, Fe, Zn) systems. The publistidzhnd center of close-packed Pt surfaces
was lower (-2.25 eV) than that of Fe (-0.92 e¥"ulk Zn and Sn both had fillattbands, with
that of Sn further below its Fermi level than tb&Zn. It was therefore interesting that alloying
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Pt with Fe caused a decrease in thd-Pand center, with thé-band center increasing slightly
when alloying with Zn and more substantially whéaoyang with Sn. These differences in trends
suggest subtleties in bonding that vary amongstthieree metals with Pt, which we believe
warrant their own investigation. Regardless, vamain bulkd-band center clearly did not
explain the trends in catalytic activity in thegstems and pointed to a substantial deviation
from the bulk behavior (e.g. segregation, locablation) at the surface in these systems. The
monotonic nature of the changes in catalytic astwias consistent with the hypothesis of

unusual surface behavior in these systems.
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Figure 4.4.5.2:Bulk averageal-band center calculations for M = Fe, Sn, and Zoyal in Pt
with the concentration of M being below 30%.

4.4.6 Fiber texture
The crystallites of a polycrystalline film may tendomly oriented or "equiaxed".
However, sputtered films that crystallize into dicuphase are typically comprised of crystallites

with either (111) or (001) planes lying paralletbe film surface. The crystallographic
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orientation was isotropic about the substrate ngramal this "texture" could be analyzed by
observing the diffraction intensity of a given {hikamily of Bragg peaks as a function of the
angular displacemendt of the scattering vector with respect to the sabstnormal. The high
energy transmission XRD experiment involved simnétaus observation over a rangebothat
was not typically available in thin film diffractivexperiment® providing quantitative analysis
of the crystal texture. It is important to notettivile alloy composition can affect the texture of
a film, deposition geometry and other depositionditions can also affect texture. These
parameters vary in a systematic but uncontrolledmarnas a function of substrate in a given
library.

In this work, the fcc-{111} family of peaks was us® quantify the relative fractions of
textured and equiaxed grains by measuring theiveldtffraction intensities in the identified
peaks and in the flat portions ofbadistribution, with appropriate weighting of thek{(h
multiplicity and®-ranges. For thin film catalyst studies, consideraof the effects of texture on
activity is important, as each crystal face mayehawnique catalytic activity.

Fig. 4.4.6.1a shows the-distribution of the fcc-{111} diffraction from atPeeSty o4 film
with the texture peak areas and equiaxed areasecblbig. 4.4.6.1b shows a false color
interpolation of thed-distribution as a function of substrate positidamonstrating that the
texture evolved as a function of position and cosipan. The Pt-rich area was strongly (111)-

textured, and a (001) texture was also observdd intreasing Sn content.
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Figure 4.4.6.1:Fiber texture quantification in the Pt-Sn librarg analysis of the fcc{111}
diffraction intensity as a function of crystalligeain orientationb. a. Thed-distribution of the
20mm substrate position is shown, along with sh@adirthe fitted peak areas and equiaxed
areas. b. Thé-distributions from the 8 substrate positions conitg single-phase fcc film are
shown in the color intensity scale. The expectaakgmsitions are also shown as (HKL),(hkl)
where (HKL) are the Miller indeces of the fiber tigbe direction, and (hkl) are the indices of the
fcc{111} family. Deviation from these positionsiigdicative of a deviation of the fiber texture
direction from the substrate normal.
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Similarly, with regards to the fluorescence seetheregions farthest from the Pt and M
rich areas on the substrates, we examined whetbectivity observed could be a result of
texturing in that region. The fiber texturing didt appear to give rise to the fluorescence seen

in these areas.

4.4.7 All factors together

A representative sample of the thin films that eomtd the lowest onset potential is Pt-
Sn and figure 4.4.7.1 presents the parametersvihaiplored, which include fluorescencg,E
atomic fraction of Sn, lattice constant, and fitexturing fcc(111) and fcc(001). The methanol
and ethanol oxidation seemed to follow the samaltieith the best activity being between 2.5-
5% Sn. The lattice constant also followed theyatig of the Sn in the Pt but could not be
attributed as the cause of the low onset potentéhen the texturing was examined across the
Pt-Sn highly active region, the fcc(111) texturnegas from a fraction of 0.6 to 1.0 and the
fcc(001) ranges from a fraction of 0.0 to 0.8 ower same area, indicating that the texturing was
not the sole cause for the lower onset potentiwever, the intersection of the fraction of the
fcc(111) and the fcc(001) did not rule out the gmibsy that the fcc(001) increase between

substrate positions 12 mm and 20 mm and coulddem@ibuting factor to the activity.
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Figure 4.4.7.1:Pt-Sn combinatorial film comparing some of theiafales investigated. a.
methanol and ethanol fluorescence onset potentiaV& substrate position; b. atomic fraction
of Sn in Pt vs. substrate position (from XRF);exttiring vs. substrate position.

To summarize the results we investigated, the loWigsrescence onset potential for
each of the binary films was compared to the atdraition of the second element in figure
4.4.7.2. Notice that the In, Sn, and Zn binarieexhibited the best activity at concentrations

below 5%, whereas for the Ru, the optimal concéintravas between 20-35%. Another

interesting feature was that, for the elementsghatv onset potentials between 100-150 mV, the
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best compositions were between 25-35% M and coedaansecond phase in addition to fcc.
These compositions were improvements upon puradPshowed that even the alloying of a
second element could contribute for improved aistivMoreover, for the samples that showed
greatly enhanced activity at the lower concentretifbelow 5%), this suggests that an
alternative mechanism may be occurring and wiktoglied in detail using the recently
developed scanning DEMS. The binary thin flmgwfiiorescence (activity) in the position
equidistant to the Pt and M were not included @séhplots and the cause for this fluorescence

remained unexplained.
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Figure 4.4.7.2:a. Lowest fluorescence onset potential per condirze library vs. atomic
fraction determined by XRF. The blue squareslaeddc alloys and the red triangles indicate
the presence of a different phase. b. Lowest@soence onset potential vs. fcc(111) ratio over
the entired area. Only the well behaved elements that hawéotliest onset potential with
fcc(111) texturing (i.e. no elements with a difierehase as the best active region) and do not
show fluorescence in the position equidistant ®Rhand M rich areas are shown (ie. no Ni, Ti,
Ta, Rh, Cr, V).

For films in which the most active region wasrgi-phase fcc alloy, the best
fluorescence onset potential was plotted versufctt{@11) texturing. The lowest onset was Pt-

Ru, which contained the lowest amount of texturlmgf, should be noted that the other binaries

with the lowest onset potential (In, Zn, Sn) coméal a high fraction of the Pt fcc(111) texture.
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45 Conclusion

Binary Pt-M alloy systems have been studied usihgyh throughput combinatorial
screening method for methanol and ethanol electdation. Eighteen elements, M (M = Sn, Ta,
W, Mo, Ru, Fe, In, Pd, Hf, Zn, Zr, Nb, Sc, Ni, ¥, Cr, Rh), were alloyed at concentrations that
did not exceed 50%, via magnetron cosputteringtesigd for catalytic activity using identical
methods. This method enabled comparisons to be mvddout the issue of different synthesis
methods or electrochemical testing parametersth&llsamples were characterized at CHESS
for identification of phases and compositions ia thin films with additional compositional
measurements performed for In and Sn using Energpelsive Spectroscopy (EDS).

In this study, it was found that the five most @etsystems for methanol oxidation were
Pt-M alloys with M=Sn, In, Fe, Zn, and Ru. For M3, and Zn, the most active regions were
below 5 atom-% M and mainly fcc(111) texture. Rtdhows improved activity around 10% Fe
with a 0.5 fcc(111) texture fraction. Lastly, tReRu sample showed improved activity at
concentrations above 20% Ru with minimal fcc(1®Ektaring. For the samples that showed
minimal improvement (M=Al, Mo, and Hf), it was imesting to note that the best compositions
on the films were at higher concentrations of theosd element, M, where a second phase was
formed. For M = Ti, Ni, Cr, V, Rh, and Ta, activityas highest in regions of thinner film
thicknesses. Systems with M=Fe, Ru, In, Sn, andednonstrated highly non-linear
dependence of activity on composition which cowt e explained by shifts in bulk density of
states and suggested unusual surface behavior.

Further electrochemical measurements under fuketoetitions (pH 1) must be
performed to obtain current densities of the mostrpsing compositions and will be pursued for

the five best samples with the lowest onset paéuosing a scanning minicell and scanning
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differential electrochemical mass spectrometry (813 Moreover, this combination of thin
film sputtering, characterization at CHESS, andtetehemical screening can be implemented

for more complex systems, for instance ternaryguaternary systems.
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CHAPTER 5

Non-Platinum Catalysts and Other Materials

This section discusses all of the materials thtaeeido not contain platinum or contain non-

metallic elements, such as carbon, nitrogen, ogery

5.1 Pd-Rh-Ta

As a follow-up to the Pt-Ta sample, other metdiiitaries, ternaries and quaternaries containing
Ta were sputtered. Metals with electrochemicdlibta were one of the reasons why Pd and Rh
were selected. With direction from Dr. John Gregaind his desire to explore phases that form
on the spreads, these spreads were tested witirelh@f Ms. Sahr Kahn to elucidate catalytic
activity. Binaries of Pd, Rh, and Ta were all ¢elsand found that without pretreatment all of
these samples showed no activity. Once pretredtwesperformed, fluorescence could be
observed as was evident in the Pd-Ta sarhples was promising because these samples did not
contain Pt. The Rh-Ta (about fbTay 32 showed fluorescence for methanol but not for mbha
as seen in figure 5.1.1. However, after subseqestihgs, no fluorescence was observed at all.
Pd-Ta exhibited no activity before pretreatmentlirtame active in the Pd rich region for both
methanol and ethanol after pretreatment. Anotbacern for the Pd containing material is the
absorption of hydrogen into the Pd and therefase being a good 4&toring material. The
fluorescence could represent a false positive,csihewith the protons generated from

oxidation of adsorbed H
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Figure 5.1.1:Methanol and ethanol oxidation fluorescence opetgntial images for Rh-Ta,
Pd-Ta, and ternary Pd-Rh-Ta with the onset potestales on the right in mV vs. Ag/AgCl.
The samples that did not show fluorescence arshmtn here (ie. MeOH oxidation for Pd-Rh-
Ta and EtOH for Rh-Ta).
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The Pd-Rh-Ta (fig. 5.1.2) composition spread (a&ctvea = approx. BhPh 25T & 35)
exhibited good catalytic activity for ethanol oxiida, but not for methanol. While the phases
had not been identified, we could delineate thesplundaries using XRD patterns (noted by
the black lines). This composition, while intenegf was not practical because of the high cost

of Rh and Pd, making the mixed element catalyshewcocally unattractive. However, this was
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a good demonstration that non-Pt catalysts mightgto be a possibility. With these identified
compositions, we can attempt to understand thdioeamechanisms for catalysis, which can, in

turn, provide valuable insights and directionsaasther systems to study.
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Figure 5.1.2:a. Fluorescence onset potential for ethanol oxidaheasured for a Pd-Rh-Ta thin
film composition spread plotted in an outline of $ubstrate using the color scale at right. b. Set
of points analyzed by XRD/XRF plotted in the outliof the substrate and colored by the groups
that result from the correlation algorithms of Loegal® c. The data in a. are mapped onto a

ternary composition diagram using the same colalesd he boundaries of the “phase regions”
resulting from the groupings of b. are noted withck lines.

5.2 Ir-Ta(-M) (M =P, Ir, Rh, Ru, Pd)

In both the Pt-Ta and Pd-Rh-Ta systems, similastdechiometries were present between 25%
and 40% resulting in better activity. Table 5.@résents the binary and ternary systems
examined for Ta-X-Y (X, Y=Pt, Ir, Rh, Ru, and Pd)ut of the samples tested, Pt-Ir-Ta showed
the best onset potential for methanol and ethaxidiation. Of particular interest were the non-

Pt catalysts, such as Pd-Rh-Ta and Ir-Ta. Pd-Riwakadiscussed above, but especially for Ir-
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Ta, the onset potential is significantly improveaoPt for methanol and ethanol. The onset
potential for methanol oxidation, while not the fy@gas promising simply because it showed
activity without Pt. The onset potential was conapte to that of the Pd-Rh-Ta sample but,
again, the cost of Ir was high and the abundancelove, so the economic viability was minimal.
It would be very interesting to obtain mechanigtiormation that could be compared to that of
Pt-containing analogs. Table 5.2.1 contains 7 ¢oations (highlighted in yellow) that have yet
to be retested and included in this study. Theaedhese samples must be retested was that the
atmospheric conditions were not under nitrogenis Was especially important because without
pretreatment, these samples did not exhibit anyigcand the pretreatment reduces surface
oxides. Without the removal of the oxygen from #ii@osphere, the films could reoxidize after
pretreatment, thus not providing an accurate reptesion of the results.

The binary phase diagrams of these compositionsoeed MTa phases (M= metal) and
these different structures could contribute toabgvity. In all the cases containing Ta,
pretreatment was important for activity and was tnh&sly due to contributions from the surface
oxides. Furthermore, in the Pt-Ta study, we fotrad the presence of the,Pa and PfTa
phases seemed to also contribute to the fluoresatwvity. Hence, if this concept was applied
to the other Ta series, we would expect the inteahiephases with the surface oxides to exhibit

improved activity?
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Table 5.2.1:Ta-X-Y alloys deposited at 40C. All fluorescent onset potentials were taken
after pretreatment and with;l[durging the cell. Yellow indicates that the tesis performed,
but no N was purging the cell.

MeOH Onset Potentials (mV) vs. Ag/AgCI

Ta-X-Y Ir Rh Ru Pd Pt
Ir 120 -60
Rh 160
Ru none
Pd 320
Pt

EtOH Onset Potentials (mV) vs. Ag/AgCl
Ta-X-Y Ir Rh Ru Pd Pt
Ir -40 -180
Rh 100 -40
Ru none
Pd 260
Pt

EG Onset Potentials (mV) vs. Ag/AgCI

Ta-X-Y Ir Rh Ru Pd Pt
Ir 220 100
Rh 140 20
Ru none
Pd 400
Pt

5.3 Pt-Mo-N [Manuscript]
Paper: “Synthesis of Pt-Mo-N Thin Film and Catalaictivity for Fuel Cells’ Chem. Mater
201Q 22, 3451-3456.

Collaborators: Akira Miura, John Gregoire, Xiao-[@owen

5.3.1 Abstract
While Pt and Pt-based intermetallic alloys havenbedensively studied as catalysts for proton
exchange membrane fuel cells, Pt-based nitriddysétehave been relatively unexplored. We

report the synthesis and characterization of aaBeth nitride, BMosN, by using a composition
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spread thin film deposition technique. TheMRisN thin film was generated by co-deposition of
Pt and Mo and subsequent heat treatment in an ararfiow at 800°C for 6 h. The thin film

was characterized by scanning electron microsc8gM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and electrochdnasts, including the assessment of
catalytic activity toward the oxidation of metharmwid formic acid and the reduction of oxygen.
The nitride film was smooth and contained singlag®) stoichiometric f¥losN. Cyclic
voltammograms of P¥osN in 0.1 M SO, demonstrated electrochemical stability far greater
than that of a PtMalloy with the same Pt:Mo ratio, indicating tha¢ flormation of the nitride
phase enhances electrochemical stability. The tgmtide exhibited oxidation currents in
formic acid and methanol solutions above approxemyed.0 and 0.4 V vs. an Ag/AgCl reference
electrode, respectively. These are above the exgeciuilibrium oxidation potentials of
approximately -0.2 V. The onset potential for oxygeduction was estimated to be ~0.2 V vs

Ag/AgCl, well below the equilibrium value of 1.0 V.

5.3.2 Introduction

Proton exchange membrane fuel cells (PEMFCs) gidyhefficient energy conversion devices
that operate near room temperature. Small organlecules, such as formic acid and methanol,
are potential fuels for such fuel cells and offgfhhenergy density compared to hydrogen gas. Pt
has been used as a fuel cell catalyst, but itpgesive and easily poisoned by trace impurities
(CO, S etc Pt-based alloys and intermetallics, such as PtRiMd™ ’, PtP, PtPd and

PtCoCI°, use less Pt and show smaller overpotentialserogtidation of formic acid, HCO

mixture gas or methanol, but their stability is gyomised by dissolution of non-platinum

metals'™® While Pt and Pt-based alloys have been studiedtasysts for decades, no
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publication of Pt-based nitrides has been repated fuel cell catalyst. Motivated by previous
reports of enhanced CO tolerance of the PtMo ingéattic> and of catalytic activity of MgN/C
toward oxygen reductidfr > we investigated the electrochemical stability aathlytic activity
of the ternary nitride B¥osN. Its structure can be described g&sMn structure with interstitial
nitrogen, in which Pt, Mo and N occupy specificstaflographic positiorté.

Synthesis of single-phase ternary Pt nitrides aftgnlves rather laborious and/or time-
intensive processes.,RtosN has been synthesized as aggregates of submiarbdgs by
nitridation of an oxide precursor at 800-10@0for 2-24 H°. The oxide precursor was produced
by oxidation of an amorphous sample at 40Gor 12 h, which was obtained by freeze drying an
aqueous solution of stoichiometric metal sSalt®ther ternary Pt nitrides, P§M (M:Cr, Fe, Mn),
have been synthesized by nitridation of the £aNby or annealing a Pt and metal nitride
mixture'”° Due to the low diffusion rates of the constituseintthe 600-1308C temperature
range, a homogeneous material was only obtained lafig or repeated anneals. Our nitridation
of a thin metal film exploited the small diffusiéength characteristic of thin films and
accelerated the synthesis of the phase-pure tenitaide. Additionally, we note that synthesis of
Pt-based nitrides in a thin film form is an impaottéechnique as it enables the characterization
of these materials by established thin film tecbhe& most notably the high-throughput
screening for catalytic activity®*

In this paper, we report on the synthesis @Bt Ny films and explore their use as fuel
cell catalysts. Particular attention was giverhi ternary nitride phase;RtosN. The use of
composition-spread thin films and a collection lb&acterization techniques allows for the
detailed evaluation of electrochemical propertes éunction of composition and

crystallographic phase in the Pt-Mo-N system.
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5.3.3 Experimental detail

Pt-Mo films were prepared in a custom built combnial sputter deposition system
described previousfy. The PfMo.. library was generated by codeposition onto a #h
diameter Si substrate with a 500 nm Sikermal oxide, which served as a diffusion barrier
Prior to deposition, the substrate surface waslimtad with 500 eV Ar using an ion source
(lonTech) to remove surface contaminants and preriod adhesion. Elemental Pt and Mo
(>99.9% purity) were co-deposited from separatematign sputter sources (Angstrom
Sciences) in an atmosphere of 0.66 Pa Ar. The gemalerelation of the deposition sources
with respect to the Si substrate provided a dejposgradient from each source that upon
codeposition resulted in a continuous variationamposition across the substrate. After
deposition, the substrate was cleaved to extrabtrmm-wide substrate piece with composition
gradient along its 60 mm length. The film thickness ~100 nm on the Mo-rich side and
decreased to ~70 nm on the Pt-rich side. The Pt-dhgposition gradient film was set in a quartz
tube with an internal diameter of 24 mm. Under amiadow (approximately 5-10 mL/min at
STP), the temperature was linearly raised to 800V& 6 h, kept at 800 °C for 6 h, and then
lowered to 30 °C over 6 h. After the reaction, filra was exposed to air. The composition
profile of this thin film is shown in figure 5.3Band demonstrates that the substrate piece
contained a thin film with composition range 0.158x7 of P{M01 .

A Pt;Mo..« library film and MoN film were prepared by similar methods. ThgVRi;.x
library film was deposited using the same pararseisithe film described above except the
substrate was maintained at 400 °C during deposilibe established reproducibility of the
deposition rates corresponds to a common Pt:Mo osiipn profile for the nitride and metal

library thin films. The MoN film was prepared by deposition from the Mo sourcan
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atmosphere of 0.66 Pa of 20% iN Ar. The substrate was maintained at 400 °Crduttis

deposition.

0.1

0 10 20 30 40 50 60
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Figure 5.3.3.1:Thex stoichiometry in the Mp,PtNy library was calculated using deposition
profiles’® 2’ and measured by energy dispersive x-ray spectpyg&DS) using a JEOL 8900
EPMA Microprobe. The EDS measurements involve#d\d excitation energy and analysis of
Mo L and Pt K characteristic x-rays.

The phase behavior of the thin films was analyzae®XRD using both a Bruker AXS
General Area Detector Diffraction System (GADDSY anRigaku theta-theta diffractometer
(Ultima IV). The morphology of the film was obsedvBy secondary electron microscopy (SEM:
LEO-1550 field emission SEM). Chemical binding eyyeand depth compositional analysis
were performed by x-ray photoelectron spectros¢RS: Surface Science Instrument SSX-
100). Survey scans were performed with a 150V pasggy from 0-800eV at 1eV/step, and
high resolution scans were performed with 50V gassgy at 0.065eV/stem situ film etching
was performed with an Ar ion supply operated ae¥ knd 2 mA cnif. Analysis of XPS data
was performed using CasaXPS software package. dindirly energies were corrected by

reference to free carbon (284.6 eV). The film cosian was semi-quantitatively determined

by using the area of Pt 4f, Mo 3d, N 1s, O 1s, @rig Si 2p signals. Since N 1s signal
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overlapped with the Mo 3p peaks, we used only tha af fitted peaks at binding energies >397
eV to determine the amount of nitrogen.

Electrochemical measurements were performed @sih§-cm tall, 6-mm inner diameter
Teflon electrochemical cell that isolated a 0.3Z anea of the thin film for localized testing.
This 6-mm cell included a coiled Au counter eledganside the cell and an Ag/AgCl reference
electrode. More detail on the setup and methodagdescribed in a previous repgrt Cyclic
voltammograms (CVs) from -220 to 600 mV vs Ag/Ag@re acquired for select film regions
in a 0.1 M HSQO, solution, and additional fuel oxidation studiesevperformed with 1 M
concentrations of formic acid or methanol.

Oxygen reduction testing was also performed bygiaisimilar setup with an©
bubbled solution and a Pt counter electrode insté#di one to avoid Au electrodeposition on
the working electrode. CVs were collected undgrlilibbled 0.1 M KBS0, solution until no
change was observed in the CV. The potential ivas bheld a reducing potential (approx. -0.15
V) and Q was bubbled. Once a constant current was redalhedt 20 seconds), the potential
was scanned positively and subsequent CVs werected!.

To determine current density, a measure of theifspsarface area was required. A CV
was acquired at 100mV/s in 1 mM ferrocenemethahalM H,SO, aqueous solution. Analysis
of the ferrocenemethanol redox waves using the Rasfsevcik equation provided the electrode
surface are&® Previous surface area measurements of relativedpth films using this
technique have been consistent with atomic foragaatopy measuremefitsThese
measurements of the PtZn porous films revealeddhee trend of catalytic activities as the PtZn

nanoparticle$*°
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5.3.4 Results and Discussion

Phase behavior and properties of nitrided films

Before and after nitridation of theRto;.4 library film, the film surface appeared metallieda
reflective with subtle changes in reflectivity &r@in composition contours indicating the
presence of phase boundaries. Figure 5.3.4.1 spb¥RD patterns of the fWo;., composition
gradient film after heat treatment in MHAobw. Diffraction peaks were assigned as Pt, PtMo,
PtMosN, and MoN (0.5<y<1). The relative intensities of the PtMake differed from those of
the indexed patterns due to the fiber texture iof film>C. Nitride phases were observed only for
the Mo-rich portion of the composition. A singlegse region corresponding to theNrRbsN
structure was observed over the composition rah@e38 <x <0.48. The equilibrium
composition range of this ternary phase was unknawd while the annealed thin film may be
metastable, the diffraction data indicates thatcthaposition range was appreciable. The
observed Pt, PtMo and Mglhases had relatively wide composition rangeagneement with

JCPDS dat¥.
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Figure 5.3.4.1:Compositions and XRD patterns of the Pt-Mo-N filj@@) Measured platinum
fractionx and interpolated X-ray diffraction (XRD) patterf@®lor scale). The substrate
positions analyzed by XRD are denoted by smallhnackers on the vertical axis. (b) Measured
platinum fractionx with the phases assigned to XRD patterns and tegrective composition
intervals. (c) Select XRD patterns from the platmfractions denoted by white circles in panel
(b). JCPDS patterns of the assigned phases annglsee JCPDS entries for Pt (JCPDS File
Card No. 03-065-2868), MoPt (JCPDS File Card Ne0®@1-9787), MgPtN (JCPDS File Card
No. 01-672-9865), MgN, (JCPDS File Card No. 01-089-3712)).

Figure 5.4.3.2 shows microstructure and cortipogal depth profile of the R4IM0g s
region of the film after nitridation, where singiase BMosN was identified. The SEM image
shows that the film was densely packed and th&nless of the film was 70-100 nm. The
compositional depth analysis exhibited high corgaitC, O and N and low contents of Pt and
Mo at the film surface, indicating the presencéydrocarbon contaminants and/or surface
oxides. While C and O were not observed after 11 ahiAr etching, Pt, Mo and N were then
found to be present in a ratio of approximatel\68@R0, which was close to stoichiometric ratio
of PbtMosN (34:50:16). This result indicated that the diftusrate of nitrogen during the heat
treatment was high enough to form theMRisN phase through the entire depth of the film.

Further etching uncovered silicon and oxygen fram3iQ underlayer. The absence of Si and O

116



in the XPS measurements taken from 11 to 41 metadfing suggested that Si and O diffusion

into the thin film was negligible.

59: 60 ! ]
%50 | _
540 il
®30 | :
520} _
(&

510} _
° 0fe-Bbood o

0o *Y1 31 51

Etching time/min

Figure 5.3.4.2:Cross-section SEM image of Pt-Mo-N film#£ 0.42) and XPS depth profile of
the corresponding position in the film.

Electrochemical characterization

Four regions of the Pt-Mo-N film were chosen faattochemical characterization. The regions
centered at metal stoichiometries x= 0.64, 0.58 @nd 0.24 show the structure type
characteristic of the cubic PtMo alloy, the hexagd?tMo alloy, the ternary f\losN phase and
the MoN,, respectively (Figure 5.3.4.1). The CVs acquired M formic acid showed that all
four samples were active toward the oxidation ofrfic acid, although the quantification of
oxidation current for the x=0.24 catalyst was coompised by electrode instability, as discussed

below (figure 5.3.4.3).
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Figure 5.3.4.3:Anodic sweeps of MoPNy film with different x values in 1 M HCOOH + 0.1
M H2SO, solution. Scan rate is 50 mV/s.

To determine the specific activity of the dexghase BMosN sample (x =0.45), a
surface area measurement using the ferrocenemétiealoa couple was made after fuel
oxidation studies and resulted in a roughness rfatd.0 +/- 0.1. This measurement was
consistent with the physical characterization dised below, and thus current densities for the
CVs in formic acid and methanol (Figure 5.3.4.4yavealculated using the geometric surface
area of the electrochemical cell (0.32%nThe onset potential for formic acid oxidationsyast
above 0.0 V vs Ag/AgCl, about 50mV more negativantthat of Pt (Figure 5.3.4.34The
oxidation current density was about 5 times highan Pt as wefl.For methanol oxidation
(Figure 5.3.4.4b), the onset potential was appraxéty 0.4 V vs. Ag/AgCl. While this onset
potential was near the potential at which the s@rfgtarted to oxidize in the absence of fuel, the
current density was more than twice as high asawitfuel. Thus, we concluded that methanol
oxidation occurs above 0.4 V. The onset potenthd @irrent density were comparable to those

of Pt® The activity of this catalyst toward the reductizfrO, was also measured. The cathodic
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sweeps with M-bubbled and @-bubbled solution are shown in Figure 5.3.4.5. Gihget
potential of oxygen reduction was about 0.2 V v$A&§l, which was more negative than that

of Pt (~0.65 V).
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Figure 5.3.4.4.Cyclic voltammograms of Pt-Mo-N film (x = 0.45,,Rto3N phase) in (a) a
solution of 1 M HCOOH + 0.1 M 80O, and (b) a solution of 1 M CGi#DH + 0.1 M BSO,. Scan
rate is 50 mV/s.
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Figure 5.3.4.5:Cathodic sweeps withJ\{black trace) and £flows (red trace) of Pt-Mo-N film
(x=0.45) in 0.1 M HSQ, solution. Scan rate is 50 mV/s. The presence,afadsed the current
to increase in the negative direction, supportivggrediction that @reduction was catalyzed
with the PtMosN compound.

Further understanding of the properties of th#1BtN sample (x =0.45) was attained by
comparing its electrochemical stability to tharefated materials. The binary film containing
PtMo1.x (x =0.45, no nitrogen) and the ternary film exhiig the binary MoN phase (x=0.24)
were characterized by the same electrochemicakproes as the ternary,MiosN (x= 0.45)
film discussed above. Figure 5.3.4.6 shows the @\6s1 M H,SQ, for all three films before
fuel oxidation testing and for the RtosN (x= 0.45) film after fuel oxidation testing. Fall
three compositions, the CVs before the catalystsassent showed two anodic peaks (~0.1V and
>0.4 V). While PtMosN and Pt-Mo alloy films did not visually changeaafCV measurements,

MoNy (x=0.24) turned black after the measurement dwsggtaficant electrochemical

roughening. We also noted that CVs acquired witinary MoN, (x=0) film showed similar
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oxidation peaks, and the entire film leached imtoitson after several CVs. These results
indicated that the MojNphase was unstable in this electrochemical enmisant for both x=0
and x=0.24. For the Pt-Mo (x= 0.45) alloy, the taredic current peaks were also observed,
which had been reported to involve Mo leachfnghe PiMosN (x =0.45) film exhibited the
lower absolute oxidation current before fuel oxiolattesting. After the oxidation testing, the
current did not change except the disappearancgidétion current at ~0.1 V and reduction
current at ~0.3 V. Thus, the ternary nitrideNRisN film was found to be the most resilient to
electrochemical leaching out of Mo of this setibh§. We noted, however, that the reactions
responsible for the two oxidation peaks were ndt waderstood. Possibly, this oxidation
current was due to the formation of a surface-stdty oxide such as MagH,0, which was

insoluble in pH 1 solutiort&
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Figure 5.3.4.6:Cyclic voltammograms in 0.1 M sulfuric acid of Mt-N film after nitridation
(x=0.45, 0.22) and PtMo film without nitridationc&h rate is 50 mV/s.
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Properties of electrochemically stable,MbsN

SEM images of the R¥osN single phase region showed a smooth surface utitracks before
and after the catalytic assessment. XRD charaetiioh of the BMosN region of the
composition spread thin film showed no significehénge before and after the electrochemical
tests. These results preclude a significant legcbirMo accompanied with phase change.
Chemical bonding at the surface in theMRi3N region was examined by XPS spectra before and
after the catalytic activity test (Figure 5.3.4.The spectra after 1 min of Ar etching are also
shown, in which hydrocarbon contaminants and/diaseroxide layer were partially removed
(Fig. 5.3.4.2) to investigate whether signals wadtebuted to the outer surface or inner. The
energy of two Pt 4f doublet peaks was observethaist the same energies (71.5-71.6 and 74.8-
74.9 eV) before and after the catalytic examinasisnvell as after 1 min Ar etching, indicating
that the bonding of Pt was unaffected by the ebetiemical tests and was similar in the outer
and inner surface. These energies were slightlydanithat those of Pt metal (70.9 and 74.2 eV),
possibly due to partial charge transfer from Pe Mo 3d peaks observed before the
electrochemical tests could be decomposed intadtvublet peaks with Mo 3@ binding

energies of 228.1 and 232.5 eV. The higher eneogplét matched peak energies reported for
MoO3*?, and the additional observation of oxygen on tiréase (Figure 5.3.4.2) indicated the
presence of a surface Mg@yer on the BMo3N. The lower-energy doublet at 228.1 eV was
between the characteristicsginding energies for metallic Mo (227.7-227.9 evigd MoN,
(228.6-229.1 eV¥. These doublet peaks were also observed aften JAmetching, indicating
they were attributed to the Mo in the ternary deérPtMosN, not to the outer surface of the
nitride. After the catalytic test, only the lowanexgy doublet was detected, indicating the

removal of the Mo@Ilayer by the electrochemical reduction. Stablalgét activities and the
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similarity of XPS between after the catalytic tast, 1 min Ar etching, suggested that the
catalytic activities should come from the nitridet from the surface oxide. The surface atomic
ratio of Pt to Mo in the PMosN phase was calculated from the corresponding X&& preas to
be 0.84 and 1.03 before and after the electrocladn@sts, respectively. The catalytic oxidation
increased the Pt/Mo ratio, but not considerablyn@Gimed with the XRD, SEM and
electrochemical characterization, the results g that the electrochemical testing resulted in

a slight enhancement of the surface Pt:Mo ratiodmlinhot involve bulk leaching of Mo.
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Figure 5.3.4.7:Pt 4d and Mo 3d signals of XPS of Pt-Mo-N film= 0.45) (a) before and (b)
after electrocatalytic assessment, as well asft@) ane minute of Arion etching.

The superior electrochemical stability opfbsN compared to PtMo (x=0.45) and MpN
(x=0, 0.24) was likely related to the high thermiedwyic high stability of BMosN. We

calculated the free energies of formatiaiG) of PtMosN, PtMo (x=0.5) and MoN by using
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density functional theory. The calculated free ggaf formation of PiMosN at 300 K was -219
kJ/mol, which was much lower than that of MoN (J7rkol) and PtMo (-30 kJ/mol). This high
formation energy should stabilize Mo inMbsN, presumably resulting in less leaching of Mo.
Another possible cause of the measured stabiliytiva formation of a Pt or Pt-rich skin which
created a kinetic barrier to Mo leachifig®* **Such a kinetic barrier had been proposed for Pt-
Mo alloys but did not account for the improved electrochathitability of the ternary

PtMosN compared to the binary Pt-Mo film at x=0.45.

5.3.5 Acknowledgements

We thank Malcolm Thomas and Jonathan Shu at theelldZenter for Materials Research for
help with the SEM and XPS data collections. Thisemal was based on work supported as part
of the Energy Materials Center at Cornell, an Epéngntier Research Center funded by the
U.S. Department of Energy (DOE), Office of Sciendéjce of Basic Energy Sciences under
Award Number DE-SC0001086. This work made use ®XRS, XRD and SEM facilities of the
Cornell Center for Materials Research (CCMR) wilport from the National Science
Foundation Materials Research Science and Engmgeéenters (MRSEC) program (DMR
0520404). This work was partially supported by DGiEant DE-FG02-87ER45298 and by the

National Science Foundation (NSF) through grant imembMR-0602526 and CHE-0910623.

5.4 Metal-Carbide Systems [Manuscript]

Paper: “Phase Behavior of Pseudobinary PrecioualMiarbide SystemsJ. Phys. Chem. C

201Q 114 21664-21671.

124



Collaborators: John Gregoire, Eva Smith, DarrereDiatancis DiSalvo, Richard Hennig, R.

Bruce van Dover, Sophie Cohen, and Anna Legaré (datection at CHESS).

54.1 Introduction

Transition metal carbides, which are known to hHaigh mechanical and chemical stability,
comprise a promising class of materials for fudlsaglectrode$™ *°In particular, carbides of W
and Ta are being investigated as fuel cell eleetrodterials due to their high conductivity, high
electrochemical stability, and catalytic properffed” While carbides of Ta and W have been
shown to have some catalytic activity for the reitucof oxyger® and the oxidation of
hydrogen® *°higher catalytic activity and electrochemical dtabhave been attained by using
the carbide as a catalyst support and by incoripgr#ite carbide in a ternary composite or alloy.
For example, Ta and C play an important role ingattng the electrochemical leaching of Ni in
ternary Ni-Ta-C catalysts: #?

Tungsten carbide-based materials have been memsiaely explored and exhibit many
desirable properties. Tungsten carbide-supportéd&®been shown to have high electrochemical
stability and does not significantly oxidize in below 450 °C” **The tungsten carbide
supports have also been found to mitigate Pt poigdoy CO and increase the activity for fuel
oxidation due to interactions between the Pt arcttrbide suppoff. Tungsten carbides have
also been used to enhance the fuel oxidation act¥iPd catalysts, both as a suppband as a
composite materidf

Lu et al?® studied CO tolerance in the pseudoternary systeRUPNC with thin films
that were sputter-deposited from elemental and ¥W@ets. The three materials were deposited

in sequentially alternating layers and subsequenthealed at 520 °C to promote interdiffusion.
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The highest CO tolerance was found for an electratiethe approximate composition
PtsRus(WC)70, but the crystallographic phase of the samplenveasletermined.

Work presented here covers the interesting phasavie of the pseudobinary systems
P-M-C, where P is a precious metal (Pt, Ru, andaRd)M-C is a cubic transition metal carbide
(WC and TaC})’ Additionally, the pseudoternary system Pt-Ru-W@xplored. The work
presented in this section discusses the electrachéproperties of the films and only briefly

summarizes the phase behavior of these films.

5.4.2 Experimental

Composition spread deposition.

Films were prepared in a custom-built combinatasaltter deposition system, described
previously?® Each R.M,C, library was generated by first depositing a 12 Firadhesion layer
(underlayer) onto a 76.2 mm diameter Si substfatieing and after this deposition, the substrate
was radiatively heated and maintained at the odaposition temperature of 400 °C. For a
given library, each transition element was sputtérem separate magnetron sputter sources
(Angstrom Sciences) in a 0.66 Pa Ar/Caimosphere. With the aid of a cryoshréBithe
background pressure during deposition remainebdrlf® Pa range. The geometrical relation of
the deposition sources with respect to the Si satlesprovided a deposition gradient from each
source that upon codeposition resulted in a coatiawariation in transition metal composition
across the substrate. The range odpresented in a given library was dictated bydiygosition
profiles of the individual sources and the relafposver delivered to these sources. The
deposition rate from each source at substrate cete 1 x 16 mol/s/cnf, measured with a

quartz crystal monitor just prior to depositiontioé library.
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Carbon was incorporated into the growing film thgbuweaction of the transition metals
with CH, and its plasma induced derivatives, both at tifase of the deposition source and at
that of the growing film’s surface. The C concatitn in the thin film monotonically increased
with the CH, concentration in the sputter atmosphere, andgatesn substrate position (a given
transition metal composition), the valuezafias dictated by the reactivity of the transition
metals with the carbon species. While ths potentially a source for hydrogen incorporatio
into the thin film, at the growth temperature oD4@, the metal-hydrogen phase diagrams
indicated that the hydrogen concentrations wouielyi be well below 1 at. % for all transition

metal composition&

Thin Film Characterization.

Diffraction patterns of the Wghin films were acquired using a Bruker GADDS difftometer.
The crystallographic structure and compositiorhef composition spread thin films were
characterized by a high-throughput XRD and X-rapfescence (XRF) technique. These
experiments were conducted at the Cornell High g&n&ynchrotron Source (CHESS) and were
described in detail in a separate publicafibBriefly, monochromatic 60 keV X-rays impinged

the thin film with~1 mn? spot size, and the diffraction image was attaimefiagnsmission

geometry by a 345 mm diameter image plate (Mar &ebg. Integration of the images provided
diffraction patterns that were compared to pattefrisiown phases in the powder diffraction file
(PDF)?° Sputter deposition commonly yielded textured fiims in which the constituent
crystallites were randomly oriented with respectubstrate azimuth but aligned with respect to
substrate normal: The average crystallite orientation in the filmsagetermined by analyzing

the diffraction image&® XRF spectra were obtained with a Rontec X-Flagirgndispersive
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silicon-drift detector oriented orthogonal to theedt beam and analyzed with a custom
algorithm?> These measurements were not sensitive to elemstight as C, and thus, the XRF

measurements provided the stoichiometry of thesttian metals in the thin films.

Electrochemical Stability.

A high-throughput screening of the stability of W&, films was performed by using the entire
film as the working electrode in a specially desigrelectrochemical celf The potential applied

to the film was swept positive at 5 mV/s, and gdaarea Au coil served as the counter electrode.
The testing solution was near pH 7 with 0.1 M psita® triflate as the supporting electrolyte

and 0.3 mM quinine as the mediator for opticallynmaring stability of the film. Oxidation of

the film resulted in a local decrease in pH, anthenpH and potential range of interest, W

formed a water-soluble oxid& The working electrode current, which was attribute thin film
oxidation and corrosion, was recorded, and becallisé the films were mirror-flat in

appearance, the oxidation current density was lzdbmliusing the geometric area of the substrate.

Methanol oxidation was similarly screened for oesth films in the same electrochemical cell.

5.4.4 Results and Discussion

Fluorescence screening was performed on the P-B=@t( Pd, Ru; M = Ta, W) series to
determine catalytic activity and stability of thierfs. First, we wanted to verify the phases that
were present in the W-C films alone and correlagedoncentration of methane in the sputtering
chamber with the phases in the film. Figure 5Mshows the phases incorporated into the films,
such that at low pressures of about 5%, @ides a W-rich phase and then as the concentration

of methane was increased, a@\followed by a WC phase was formed. The fluoreseeof the
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W-C films can be ascribed to the oxidation of therWthe solution as the potential was scanned
positively. The linear sweeps over the entire wedsulted in different current outputs (figure
5.4.4.1). The current onset potentials for thgsti@n oxidation shifted to more positive
potentials, indicating the process was inhibitedHeypresence of carbon. This same trend was
observed over the P-W-C based combinations weestudihere the stability particularly of the
W-rich region was improved with the carbon conianteasing. The Ta based compositions

showed a similar response but it was not as evigetite W-C samples.

129



5 20% CH,
s —
£ 12% CH,
g ) =
=
E 7.7% CH,
B | -
=
© 4.8% CH,
'4—L| v 1
20 60 70
0.34
5
3 02
£
5 01
5
o
0.0

300 200 100 0 100 200
electrode potential (mV vs Ag/AgCl)

Figure 5.4.4.1:Phase identification and electrochemical oxidatbWC, films deposited at
different concentrations of CHn Ar. The diffraction patterns (top) are ovedavith the peak
positions for the corresponding phases, as repaortdte respective PDF entries (bcc-W, 04-
0806; W,.Cm 35-0776; and c-WC, 20-1316). The thin film @tidn current is shown for each
WC, film and a pure bcc-W film. Each potential sweepceeded at 5 mV/s, and the shift in
corrosion onset potential demonstrated increasaulisy with increasing.

Simultaneous experiments were performed to scraecatalytic activity for methanol
oxidation. In all cases, the addition of carboordased the electrocatalytic activity for methanol
oxidation; however, for the W films while still deasing the activity, the stability was improved
with the carbon incorporation. A representativegie of the effect of the carbon presence in

the composition film is shown in figure 5.4.4.2;TR&-C. The Pt-Ta alone exhibits an active
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composition near the Pt-rich region. This actegion was observed as 4.8% and 7.7% CH
were introduced into the sputtering chamber withdkerall fluorescence onset potentials
occurring at higher potentials. When the 12% t#%20H, was introduced into the sputtering
chamber, the active region near the Pt-rich regias almost nonexistent over our potential
range. Upon phase characterization of the filmgresting phase behavior of these films was
noted and the intercolation of the carbon in thd-- lattice was described in more detail in the
published papel’ As far as electrocatalysis, we can concludettietarbides under our testing

parameters decrease the overall activity of metélins, but in some cases can improve stability.

Ta ; iy g ~
0% CHa 4.8% CHs 7.7% CHs 12% CHas 20% CH4 I

Figure 5.4.4.2:Fluorescence onset potential images for methatdhton over Pt-Ta
composition spreads sputtered with different ameohimethane that resulted in varying carbon
content in the films. The fluorescence in thewactirea decreased as more carbon was
intercolated into the film. The color intensityaée is the fluorescence onset potential vs.
Ag/AgCl.

To summarize the interesting phase behavior afetfiems?’ little solubility was found
between the precious metals and the TaC; whildhemther hand, complete solid solubility was
observed with the fcc precious metals and c-W@Qnil&ily, high solubility of Ru in c-WC was
demonstrated. Carbon stoichiometries were infeined measured lattice constants using a
model, which was established through DFT calcutetioln the ternary carbide alloys, the

carbon stoichiometry varied rapidly at a criticalsféichiometry, and it was demonstrated that

this behavior was well-modeled by a statisticahdoounting analysis of the NaCl ternary alloy.
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CHAPTER 6

Fundamental Studies on Electrochemical Oxidation Rycesses

This chapter covers the influence of our fluoresaedicator, quinine, on the methanol oxidation
process. As the effect was being studied, we dexeal a reversible process whereedolution
should occur. This sparked a somewhat tangentralstigation, such that the reversible reaction
was surface Hspecies generated from the methanol oxidationit s diffusion limited as it
remained at the surface. As we were concernedthgtmechanism of the oxidation of the fuels,
we decided to pursue other fuels that were inytibighly oxidized compared to methanol,
ethanol and ethylene glycol, such as formic aadtia acid, and acetaldehyde. Preliminary
work on whether the oxidation of these proposeerimediates (formic acid, acetic acid) could

indicate positive activity for the complete oxiaatiof methanol and ethanol.

6.1 Quinine Effect on Fuel Oxidation Activity

Since we were screening for catalytic activity wgihinine in solution, we thought it best to
determine the effect of quinine on the onset paéenA Pt thin film was tested and a linear
sweep was collected with and without methanol dsagewith and without quinine (figure

6.1.1). We noticed a pre-peak for the methanalatkn and the overall current was slightly
lower than for solutions without quinine. The adngetential also appeared to be at more
positive potentials with quinine present (aboun®@). However, this was somewhat difficult to
determine from the CV because of the differencezimature with the presence and absence of
quinine. It was also noted that the pre-peak veasonsistently observed in all the samples.
There did not appear to be an immediate correlato the cause of the pre-peak but it

instigated a more thorough investigation of methaxalation.
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CV plots comparing the presence of quinine

2 1 & Methanol solution with quinine

® Methanol solution without quinine

Triflate solution

Current (mA)

Voltage (mV) vs. Ag/AgCI

Figure 6.1.1:Methanol oxidation on a Pt thin film (5 M methan@l1 M potassium trifate,
and/or 0.5 mM quinine) at 5 mV/s.

A 3-mm diameter Pt slug was encapsulated in gladspolished to expose a flat 3-mm
disk of Pt. This experiment was to determine thi& 81 onset potential with and without
qguinine on a well-behaved system. The reasontls® was better behaved than the Pt thin
film was that it could be mechanically polisheddeled by electrochemical cleaning, via
cycling over the potential range of the solventwas not possible to mechanically polish the Pt
thin film to ensure that it was clean before perfimg electrochemical experiments. In this
experiment, the electrode was polished as descibi Experimental Sectioand
electrochemically cleaned. Figure 6.1.2 depiotsdifference for methanol oxidation without
quinine, with quinine and with quinine sulfate tve Pt 3-mm diameter electrode. Previously,
quinine sulfate was used for the background scnegoecause it had a higher solubility in water
than quinine. Later, the quinine sulfate was reeaball together and replaced by quinine at a

concentration of 0.3 mM, which was an acceptableevaven in water without the presence of
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an organic solvent, such as methanol or ethan@mdmote solubility. In any case, it was readily
evident that the currents with and without quirgneatly differed. While the current was
diminished by ~3x in the presence of the quinine,pmint of interest was the onset potential.
The actual onset potential shifts were within aldsfutnVV which was within the error of our
screening process. Thus, we concluded that thet posentials were not significantly affected
by the quinine and validated our screening methibal obtain an accurate current measurement,
we employed the minicell or scanning minicell ie #tbsence of quinine. One last feature to
note in the CVs was the presence of a reversiblexpeak centered around -0.4 V vs. Ag/AgCI.

This feature will be discussed in the next section.

Methanol on Pt

* 50 methanal and 0.1M potassium triflate
50 mrethanal, 0.3m quinine, 0.1M potassium triflate
= &M Methanal, 0.3mM quinine suffate, 0.1M potassium triflate

Current Density (mA fcmz2)

075 -0.55 035 -0.15 0.05 025 045 0.65 0.83 1.05 1.25
Potential (\V vs. AgiagCl)

Figure 6.1.2:CVs of a 3-mm Pt electrode to determine the efdéeidding quinine to the
solution. Scan rate = 100 mV/s. Data suggestedjthatne shifts the observed onset to more
positive potentials.
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6.2 Methanol Oxidation at pH 7

The redox couple found in the methanol oxidationattral pH’s stimulated the search for the
origin of this species. We performed a seriesxpeements and concluded that the curve arose
from protons generated at the surface from methaxidhtion and since no buffer was present
to consume the protons, they remained at the suvf@b the amount of protons generated being
diffusion limited by the amount formed upon methamadation. Figure 6.2.1 demonstrated the
effect of the Pt electrode in a neutral solutioonGuffered) and with the contribution from
bubbling B. The bubbled hydrogen shifted the potentialdhiefRt to more positive potentials

and also exhibited the reversible redox couple froass-transfer limited Hn solution.

P—/E
n ,\\ M
S
25 0 025 0.75 1 1.25

t (pA)
Current (pA)

a.

Potential (V) vs. RHE

Potential (V) vs. RHE

Figure 6.2.1:CVs at 50 mV/s of 0.1 M ¥SO, on a 3-mm diameter Pt electrode without H
bubbling (a) and with KHbubbling for 15 minutes (b).

Furthermore, we suspected that moleculawis not formed in solution and wished to
confirm that the increase in the redox peaks cdettiwith methanol oxidation. Conversely, we
would expect the peak heights to diminish whenpibtential was not cycled to methanol
oxidizing potentials, supporting our assertion tinat protons for this hydrogen redox couple

were directly correlated to the methanol oxidatoocess (figure 6.2.2).
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Potential (V) vs. RHE

Potential (V) vs. RHE

Figure 6.2.2:CVs at 100 mV/s of 1 M methanol, 0.1 M$0O, on a 3-mm diameter Pt electrode
cycled from —0.5 to 0.75V vs. RHE (a) followed bgcdeasing the range from —0.5V to 0.20V vs.

RHE (b).

We concluded that the onset of methanol oxidatlanges the local pH on the surface of
the electrode and thus shifted the hydrogen ewiutiThis result was confirmed in the literature

by J. Sobkowski, et al(figure 6.2.3), where the reversible #¢dox couple was observed upon

methanol oxidation.
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Figure 6.2.3:CVs of 0.5 M NaSQ, + 0.06 M methanol on Pt at 50 mV/s (neutral pH).
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6.3 Alternate fuels

As our screening process included a number ofreifiefuels (methanol, ethanol, and ethylene
glycol), we found that different compositions résalvarying activity for the different fuels.
Figure 6.3.1 demonstrated this effect for two reprgative composition spreads. Whilg,8ty
and PisRuz, showed almost identical onset potentials for mathaxidation, in the ethanol and
ethylene glycol case, thesfBn activity was significantly higher relative to that PtisRUss,

likely indicative of an alternative fuel oxidatigmathway. We proposed that acidic species were
generated during fuel oxidation and fluorescenceestng could be the cause of partial fuel
oxidation to intermediate compounds. For instaacetic acid could be a possible intermediate
for ethanol and, in fact, it was. Thus, we becamerested in studying more fuels in our
screening protocols to better understand the axidg@irocesses and propose alternative and
more attractive pathways by employing other fueés formic acid, acetic acid, etc.). As a

follow-up on the mechanistic findings, we also nddo use the scanning DEMS set-up.

50

-50

-100+

-150+

fluorescence onset potential (mV vs Ag/AgCl)

Metlhanol Ethylene Ethlanol
Glycol

Figure 6.3.1:Fluorescence onset potential plotted versus astet for two thin film catalysts

(PueRus4 and P4,Sms). Pb,Srg showed a significant drop in onset potential wtested with
different fuels compared to JBRuUs4.
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Some intermediates we were interested in wereitoagid and formaldehyde, for the
case of methanol oxidation; acetic acid and acelside for the case of ethanol oxidation; and in
the case of ethylene glycol, glyoxal and glycoketigde. These intermediates were more
oxidized than their alcohol counterparts and tinesproposed that we could study the alcohols
and obtain their electrochemical properties. [fidentified a catalyst showing good activity for
alcohol oxidation, then we could test for the imediates to better understand whether the
mechanism involves these compounds for their cofmpbeidation to CQ Especially in the
case of ethanol, we found that the fluorescencarsat much lower onset potentials than for
both methanol and ethylene glycol. We attributed to the ease of the first proton being
removed from the ethanol to form an intermediateerathan the complete conversion to O
Hence, we suspected that the intermediate maydie acid and that we were only monitoring
the conversion from the ethanol to acetic acid. uakd our scanning minicell to test for acetic
acid oxidation (and formic acid oxidation for metbd in acidic pH and found that little to no
activity was observed for the few samples we te@ed’t and PtRu). This indicated that if
acetic acid was formed as an intermediate, them#ehanism stops there and was not further
oxidized. Therefore, we still aim to understane tlechanism by examining these possible

intermediates.

6.3.1 Dimethoxymethane

~ O"\/O\

Figure 6.3.1.1 Chemical structure of dimethoxymethane.
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Dimethoxymethane seemed an attractive fuel to shedpuse of the absence of C-C bonds and
our goal was to determine whether the absence©foGnds aided the complete oxidation of the
fuel to CQ. Other groups investigated dimethoxymethanegssaible fuel for fuel cells?

Some work had been done for determining the reactiechanism and below are two suggested
processes

Without accumulation of products:

(CH30)CH, + 2H,0 — 2CHOH + 4H + CQO, + 4e-

CH3OH + 2H0 — 6H" + CO, + 6e-

With accumulation of products:

(CH30)CH;, + 2H,0 — 2CH;OH + HCHO

CH3OH + 2H0 — 6H" + CO, + 6e-

HCHO + HO — 4H" + CO; + 4e-

The reaction mechanism suggested that the inteatesdvere methanol and
formaldehyde, but we desired to understand if & ail possible for these intermediates to be
completely oxidized in this system. In fact, din@tymethane proved to be more complicated
than we initially thought. One of the complicatiisgues was that it hydrolyzed in acid and,
hence, it was not stable even over the courseeoétberiment. Figure 6.3.1.2 demonstrated the
effect of the hydrolysis of dimethoxymethane in #ved solution. Immediately after the solution
was made, the oxidation processes masked thetBtdsdypically in a cleaning CV of Pt. The
approximate onset potential for the positive sweap at 0.5 V vs. Ag/AgCl and was consistent
after sitting for 3 days. The biggest differencaswhat the currents were greatly diminished and
the Pt features were evident, indicating a muchelosoverage of the dimethoxymethane on the

surface. Furthermore, the hydrolysis productsndidseem they were available to be oxidized.
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—— 0.1 M Dimethoxymethane in acid tested couple hours after made
0.1 M Dimethoxymethane in acid tested after 3 days sitting
Both are at 100mV/s

0.12

0.10
0.08

0.06

Current (mA)

0.04
0.02
0.00

-0.02

T — T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Potential (V) vs. Ag/AgCI

Figure 6.3.1.2:CVs of 0.1 M dimethoxymethane in 0.1 M$0, to monitor the hydrolysis over
time of the solution. Reference electrode = Ag/AgGunter electrode = Pt, and working
electrode = 3 mm diameter Pt electrode, 100 mV/s.

With the instability of dimethoxymethane in acidg @ecided to test it in neutral
solutions with the premise of possibly includingnitour fluorescence setup. Figure 6.3.1.3
presented the change in scan rates significandgpgéd the CV's appearance. The slower scan
rates allowed for more of the dimethoxymethanegd@xidized especially on the reverse sweep.
The reversible hydrogen redox peaks were similalolserved as we usually saw in the non-
buffered neutral solutions. The difference inskan rates also indicated the oxidation was
kinetically slow such that on the reverse sweepxidation current was observed, rather the Pt
oxide reduction peak dominated. We compared the i@¥he beginning of the experiment to
the end at the same scan rate and could obsemnmghgirothe hydrogen adsorption peaks and the
hydrogen redox peaks. This indicated that thegorobncentration increased, as expected with

the oxidation of the fuel. Similarly, on the resersweep, an increase in a formed intermediate
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was present at the end and not at the beginnittieafxperiment. These results had proved

interesting and a follow up on the mechanistic pasowas performed by Eric Rus using DEMS.

0.00003 0_1 T glmetgoxyfggtha\r/m;a, 0.1 potassium ftriflate —.—Scan 11 - 100 mVis at end of expt
can s - mv/s —-—Scan 3 - 100 mV/s beginning of expt
—+—S8can5-5mV/s 0.00002

0.00002

0.00001
0.00001

Current (A)
Current (A)

0.00000
0.00000

-0.00001

-0.00001

T T T T T T T T T T T T T T T T T N T T T T T T T T
-06 -04 -02 00 02 04 06 08 1.0 -06 -04 -02 00 02 04 06 08 1.0
Potential (V) vs. Ag/AgCI Potential (V) vs. Ag/AgCI

Figure 6.3.1.3:CVs of 0.1 M dimethoxymethane, 0.1 M potassiuffate at two scan rates: 5
and 100 mV/s (Left); before and after the experin{Right).

Because Pt-Ru is a good catalyst for methanol ¢iiclaa composition spread was tested
in the fluorescence assay with a dimethoxymethahdisn as a proof of concept experiment.
Given the very nature of the dimethoxymethane ggdaor shelf life, the compound would not
be able to be used for high-throughput screenimguee a fresh solution that had purified
dimethoxymethane would have to be made up evem.tiEven so, we desired to test the effect
in the fluorescence cell for comparison.

The currents from the films are shown in figurd.6.4 and they were consistent between
linear sweeps and after the films were pretreateéte pH 2 solution. The currents, when
compared to methanol oxidation, were significatggs and because of the low current, no
fluorescence was observed. Thus, with the instalsksue and the complications of the

mechanism, we decided not to use this fuel to adileerescently.
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—=— Methanol before sulfuric acid test
—=— Scan 5 dimethoxymethane test before sulfuric acid —=— Dimethoxymethane (1)before sulfuric acid test
—=— Scan 6 dimethoxymethane test before sulfuric acid — = — Dimethoxymethane (2)before sulfuric acid test
—=— Scan 9 dimethoxymethane test after sulfuric acid
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0.25
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Current (mA)
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Figure 6.3.1.4:Currents from a linear positive sweep of the dimgymethane in solution on a
Pt-Ru composition spread in the electrochemicarltacence cell with quinine and methanol
were obtained. “Before sulfuric acid” refers te thretreatment process in pH 23@, solution.
The plot on the right compares the currents forhaed! (magenta) and dimethoxymethane (red
and blue).
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CHAPTER 7

Combinatorial Screening for Fuel Cell Cathode Catalsts

7.1 I ntroduction

As described earlier, our screening methodologyddp on a pH sensitive fluorescent
indicator, quininé=® Quinine fluoresces as the local pH decreaseswgland upon oxidation
of a fuel in neutral solutions, protons are gereztatlecreasing the pH and causing localized blue
fluorescence. Because this process can showZedadictive areas, it has proven to be a
valuable method for screening many compositionspnasdes simultaneously. We wish to
compile a database of pH sensitive fluorescentatdrs for possible uses in different pH ranges
and for the oxygen reduction reaction (ORR). Femtiore, upon preliminary screening we have
identified fluorescent indicators for oxygen redotscreening. This section consists of the
compilation and findings from the indicator seangtgmising oxygen reduction indicators, and

proposed applications.

7.2 Compiling database

With the assistance of Miguel Caban, an REU stuftent the University of Puerto Rico,
a database of pH sensitive fluorescent indicat@s eompiled during the summer of 2007.
As our methodologies were focused on fluorescememy resources were consulted to gather
the list of 87 indicators and they were subseqyentjanized into an excel spreadsheet
according to pH range of fluorescence (whether,amdtral, or basic) and type of reaction the

indicator would be best suited for, ie. cathodi@apodic reactions. See table 7.2.1 for a
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complete list of the acidic fluorescent indicat@sd the indicators in the list that were
commercially available show the cost and compamyentound in 2007.

Among the acid indicators we selected a numbeantlidates based on their commercial
availability, color change, toxicity to the enviraent, and health rating. Some of the possible
candidates were: Eosin, anthranilic acid, chronptracid, 5-aminosalicylic acid, scopoletin
and morin. Out of these, we chose indicatorswmatld have a bright color change for a few
selected pH ranges. For instance, we chose aitbraeid because it changed from non-
fluorescence to light blue in a pH range from 1.8t Morin changed from non-fluorescence to
green from pH 3.1 to pH 4.4. Another reason thesewere chosen was due to the fact that
they were noted to have a second fluorescence cbhérge and we thought it could be used for
other applications. In the case of the anode iimh, &e tested 4-methylumbelliferone (green pH
0 to weak blue pH 2).

The neutral pH indicators for the cathodic reactiare few and they included:
umbelliferone and luminol. Umbelliferone and luwililad a very similar color change and pH
range. We chose umbelliferone because it wasetsedxpensive out of the two.

The basic conditions provided many options as:\ella-methylumbelliferone,
salicylaldehyde thiosemicarbazone, acridine oraagd,naphthol AS. These indicators were not
tested in this screening process, although fronr@guirements had the possibility of being
studied in the future. The anode case was otgraserest because we had a fluorescent
indicator, quinine, for lower pH’s and desired Bk the ability to screen for activity in basic
solutions. The indicators we were interested inewguinine, anthranilic acid, morin. To note
these were interesting choices because they ctadda used in acidic pH and have a second

pKa at higher pH's for this to be possible.
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For the cathode in acid pH’s, we studied: anthiaaitid (non-fluorescence pH 1.5 to
light blue pH 3), fluorescein (pink/green pH 4 t@en pH 6), and morin (non-fluorescence pH
3.1to green pH 4.4). For the cathode in neutsabltions, we explored umbelliferone (non-
fluorescence pH 6.5 to blue pH 8). Quinine (weigtet pH 9.5 to non-fluorescence pH 10.0)
and anthranilic acid (dark blue pH 12.5 to non-feszence pH 14) were investigated for the
anode in basic solutions. In an attempt to scfeealectrocatalysts under fuel cell conditions

(low pH), 4-methylumbelliferone was tested for Hrede in pH 0 to 2 solutions.
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Table 7.2.1:Fluorescent indicators that fluoresce or changerélscence below pH 6. The
indicators were classified according to their calbange and for the type of reaction the change
could be used for, i.e. anodic or cathodic reastidmdicators that constantly fluoresce but
change color or tonality upon pH change were atded) but were not likely to be selected for
the primary fluorescent indicators for monitorirngdation or reduction.
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Table 7.2.2:Fluorescent indicators that changed in the neptdalegion. All changed from no
fluorescence to fluorescence upon an increase iarqHvere likely candidates for oxygen

reduction.
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Table 7.2.3:Indicators that fluoresced above pH 7. The diasgions were based on whether
the indicator would be a possible candidate foildenar cathode screening. Indicators that

changed in fluorescence color and tonality weremgiwer priority because the change would
not be as evident as beginning with no fluorescence
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7.3 The Cathode: Oxygen Reduction Reaction

We wished to expand our fluorescence screeninget@xygen reduction reaction (ORR),
denoted below, in which protons were consumed hagH then increased:

O,+4H +46—-2H0 oE 1.229V
Utilizing fluorescence for the ORR was not a newazpt. In fact, Mallouk, et al. used a
fluorescent indicator, Phloxine B, at low pH (pR27) for studying ORR and found that
Pt sRwlrgswas a superior catalyst compared to Ptioo, et al. used fluorescein sodium salt
(pH = 4) to identify promising catalysts and suddkat PtBi, PtCu, PtSe, PtTe, and PtIr
demonstrate better activity than’Ptn our case, we focused on indicators that esétbno
fluorescence in neutral pH but exhibited fluoreseeat a higher pH. We avoided looking at
indicators that changed at pH >10 and pH <2 becautese pH’s the change in the
concentration of protons was too large to be viafilee three indicators we explored were:
fluorescein, morin, and umbelliferone.

Quantitative testing was performed on promisingdedates to determine solubility, pH
range, and fluorescence change. Aqueous soluiohsnM fluorescent indicator and 0.1 M
potassium triflate (supporting electrolyte) weredmé#or each indicator and the pH was changed
by adding 0.1 M sodium hydroxide (NaOH) or 0.1 Mfauc acid (H:SO,). A pH meter was
used to monitor the pH of the solution and a hagld-k)V lamp § = 336 nm or 254 nm) was
used to monitor the excitation of the fluorescence.

Electrochemical experiments were performed orptbenising indicators that showed
solubility and fluorescence change over the appaitgprange. The three electrode
electrochemical cell as describedSaction 2.1 Experimental sectiaith a Ag/AgCl reference

electrode was employed.
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7.3.1 Fluorescein

The fluorescent indicator, fluorescein, had beexdus a few groups as an oxygen reduction
fluorescent indicatof.® Fluorescein was noted in the literafutle change from green to
pink/green over the pH range of 4.0 to 4.5. Ouwlitative testing revealed the change in
fluorescence is actually from a green to a morenis¢ green over the pH range indicated. We
performed oxygen reduction on a Pt electrode arsemvied that no notable fluorescence change
could be seen on the electrode surface (figurd21)3.even though other groups used fluorescein
for screening @reduction and were able to isolate active arédsyever, our aim was to find

an indicator that made it easier to view by eye.

Figure 7.3.1.1:Fluorescein molecular structure; 0.5 mM fluoresc8il M potassium triflate
solution, bubbled for 10 minutes with, @efore electrochemically reducing to®in ambient
light (left), under UV light before ©reduction (middle) and after,@eduction (right).
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7.3.2 Anthranilic acid

Anthranilic acid showed promise as it could be es&gle indicator because of the three different
pK, values and corresponding color changes. Thephstange was listed as going from pH 1.5
with no fluorescence to 3.0 light blue fluoresceand would be useful for oxygen reduction in
acidic media. The two other fluorescence pH ramged be substitutes for the quinine
fluorescent indicator (pH 4.5 (light blue) to 6datk blue)) or alkaline anode indicator (pH 12.5
(dark blue) to 14.0 (no fluorescence) — figureZB. The mid-pH range for this indicator was
not explored in detail due to the similarity to mjuie. However, it was explored for possible
alkaline applications (discussed in a later segtidrhe oxygen reduction at a Pt electrode was
performed with this indicator in solution but nadrescence change was observed (figure
7.3.2.2). The concentration of protons at thisraie was too large for the oxygen reduction

process to change it measurably to give a detectddange.

Figure 7.3.2.1:Chemical structure of Anthranilic acid. 0.5 mM lamatnilic acid, 0.1 M
potassium triflate under UV light at pH 4 (leftH®» (middle), pH 7 (right).
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Figure 7.3.2.2:Electrochemical cell with Antranilic acid under Uight before the @reduction
(left), immediately after the reaction (middle), fHright). The fluorescence that seemed to
appear at the electrode was, in fact, from thecttin of the UV light on the glassware.

7.3.3 Morin

Morin was also another possible candidate as aghoent indicator for screening for

fuel cell catalysts. From the Handbook of indicatomorin had two pH ranges: pH 3.1
(nonfluorescent) to 4.4 (green) and pH 8.0 (gree®).8 (yellow/green). When the qualitative
tests were performed on morin, the first pH rangs wot visible and by pH 5 a faint green color
was observed. As the pH was increased, the gresmged to a yellow/green (figure 7.3.3.1). It

was also found that morin was partially solublevater.

OH ]

HO u] =

HO OH

Figure 7.3.3.1:Chemical structure of morin. 0.5 mM morin, 0.1pigtassium triflate under UV
light at pH 4 (left), 6 (middle), 9 (right).
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Oxygen reduction was performed with the 0.5 mM madi1l M potassium triflate
solution at pH 6 and upon reduction for 2 minuyedlow/green fluorescence could be observed
diffusing from the electrode surface (figure 7.3)3.Because a significant visual fluorescence
change could be observed, morin was a great caedualascreening for oxygen reduction
catalysts. The partial solubility in water coulel lomewhat of a concern, especially since it
could not contain organic solvents to increaselslify for applications to the oxygen reduction

reaction.

Figure 7.3.3.2:Electrochemical cell under UV light before the i@duction (left), immediately
after the reaction (middle), pH 6 (right) to se#ubrescence could be seen at the higher pH
change.
7.3.4 Umbelliferone

The last fluorescent indicator we studied in detes umbelliferone. The attractive
aspect of this indicator was that the range ofptdevhere the fluorescence changed was near
neutral pH, making it easier to detect small changeH. According to thindicators
handbook the pH change would be observed from 6.5 to &ihggfrom non-fluorescence to
blue. Upon qualitative examination in a pH 5 solut(5 mM umbelliferone), the solution
exhibited a strong blue fluorescence under UV layid with the change to basic pH, the color

changed to an even more intense very bright bigar@ 7.3.4.1).
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Figure 7.3.4.1:.Chemical structure of umbelliferone (also knowrydsydroxycoumarin). 0.5
mM umbelliferone, 0.1 M potassium triflate under Uight at pH 5 (left) and pH 8 (right).

The unique quality of this indicator was evidentantwe performed the Qeduction at a
Pt electrode. Because the indicator changed fheerd color near neutral pH, the small changes
in pH were readily evident and are shown in figtu@4.2. The pictures demonstrated the
diffusion of the basic solution away from the etede surface and the intense color enabled the
local change in pH to be observed even amidst lthee lmckground fluorescence. With this

striking difference, we decided to pursue the udbis fluorescent indicator further.

'Y
T T R

k___L_L_

Figure 7.3.4.2:Electrochemical cell containing 5 mM umbelliferameder UV light before the

O, reduction (left), immediately after the reactiomiddle), a short period after the reaction
(right). The bright blue fluorescence, high pHutimn, diffuses away from the electrode into the
solution.
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7.4 Oxygen Reduction Screening Preliminary Results

With umbelliferone showing the most significantuas fluorescence change and the ability to
change near neutral pH, we decided to test thisarfluorescence electrochemical cell. As a
proof of concept and to ensure we could differeatibe fluorescence signal from the
background, a 1-chPt square was sputtered onto a Si wafer that \wa@ted (figure 7.4.1).
The Ta coating provided a conductive surface froenRt square to the edge of the wafer and

once the Ta was exposed to air, it oxidized, fogx@amon-reactive surface to oxygen reduction.

1 cm? Pt layer

Oxidized Ta layer

Figure 7.4.1:Outline of the Pt square on a Ta-coated Si wafer.

A solution of 5 mM umbelliferone and 0.1 M potasnsitriflate (50 mL) at pH 7 was
added to the fluorescence cell angvias bubbled in the solution. The working electradhs
scanned from 800 mV to -800 mV vs. Ag/AgCl. Thesguare fluoresced upor, @duction
and figure 7.4.2 confirmed that the fluorescentensity could be plotted versus potential,
giving a fluorescence onset potential. Thus, alfErscreening for oxygen reduction can be

performed, in a similar manner to our anodic cataigsting.
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Figure 7.4.2:Top: Background subtracted image of the fluoreseentensity on the Pt square
with the color axis showing the blue color intepsBottom: Fluorescence intensity of the Pt
square vs. potential (mV), showing a fluorescentsebpotential of approximately 250 mV vs.
Ag/AgCl in pH 8 (where the fluorescence began).
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APPENDIX 1

Comments on Leaching

An important materials property, especially in sareening process that can easily lead to false
positives, is the propensity for one or more metélhe least noble metals in an alloy or
intermetallic compound to preferentially dissolvem either the surface or the bulk material (in
our case the combi films) into solution (a proddsd is known as leaching or de-alloying).
When very noble metals like Au or Pt are presédmy tare usually left behind. Some key
variables that determine the extent of de-alloynglisted below:

- The extent of de-alloying is generally a functidriree mole fraction of the less noble
metal. If the mole fraction is above 0.5, bulkal®ying may occur. At lower mole
fractions, de-alloying is often confined to thefaae, leading to a depleted surface layer
but interior layers that are unchangéd.

- De-alloying can be a significant factor if the dduium metal/metal-ion redox potential
between the two (or more) metals in the thin filma drastically different.

- The kinetics of dissolution, surface diffusion, andss transport through the bulk of both
alloy and solution can result in de-alloying thatises cracked and/or porous filins.

- The partial enthalpy of formation of each metalwvilie most noble metal in the alloy is
an indicator of a related phenomenon, the tendehtiye alloy to surface segregate or
remain alloyed.Low enthalpies generally favor surface segregatibine element with
the lowest surface energy will segregate to theasar With the surface segregation,

surface leaching can occur for the less noble edéme
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- Surface oxidation from air or water exposure mayl |l a multiphase surface reaction
layer consisting of metal oxide(s) or hydroxidetsxed with small particles of any
unoxidized (more noble) metals. The surface okidemed may be soluble in the
solution. This process can also be consideree-adlaying.
- In accordance to the Pourbaix diagrams for the efeah metals, the pH of the solution
and potential applied to the electrode are impoffastors in determining the
electrochemical oxidation for the metals to prodsa@leible cations, again resulting in de-
alloying?>
Therefore, as we perform our fluorescence screetiiege key factors must be taken into
account.

Leaching can atrtificially alter our fluorescencgmal drastically as seen clearly in the Pt-
Zn system. In this system a significant “improvertiién fluorescence onset potential was
observed when the Zn concentration exceeded 538.intreased fluorescence, however, was
attributed simply to an increase in the surfaca afehe electrode from Zn leaching from the
surface as inferred from SEM images. The usuabkoreafor comparison with the literature is
the currentensityfor specific redox reactions, where the signahotad is normalized to the
surface area. This unit of measure is essentia@dmparing catalytic properties of materials.
Since the absolute current response can be algretreasing the exposed catalytic surface
area and our fluorescence assay measures totaehtuather than current density per se, with an
artificially high surface area, the current reactiesthreshold for fluorescence at a lower
potential than it would have if the surface areadsenhanced. Therefore we infer an

incorrectly low onset potential, i.e. a false posit
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In order to minimize the number of false positivee have developed methods for
identifying leaching at the surface and in the buBulk leaching can be used to create porous
films with high surface ar8ar can cause cracking throughout the filidowever, if leaching
occurs only in the surface, detecting such behasaarbe very challenging, especially if the
depth of leaching is on the nanometer scale. Téihoads we developed for identifying false
positives due to surface or bulk leaching are:

- Inspection of SEM and AFM images, which are manelgvant for bulk leaching.

- Cyclic voltammograms of hydroxymethylferrocene ba tegion in question, which
result in a large enhancement of peak currentdaltres increased surface area. The
surface area can be inferred by modeling with tardRes-Sevcik equatidhDepending
on the depth of penetration, this is mainly uséulbulk leaching and is generally not
sensitive to nanoscale surface leaching.

- Cyclic voltammograms of the thin film in 0.1 M,HO,, which gives a characteristic
electrochemical response of the thin film and cahdate how the CV changes with
continued cycling. If the electrode contains Rgntthe characteristic H-adsorption peaks
on Pt should change depending on the surface apesed to the solution. The surface
area of Pt can be calculated from integrating tkedsiorption peaks and dividing by the
appropriate charge/surface area ratio (for polyatlyse Pt the conversion factor is 210
uClenf). Additionally, if the elements exhibit any redoauples or form oxide species
that have redox properties within the potentiabeaof interest, then these can be
measured with cyclic voltammetry. These seriesxgieriments enable one to estimate

the extent of the surface leaching.
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- XPS on the thin film, which can provide surface @amtrations of metal species as well
as their oxidation states before and after eleboucal testing. Elements found in their
oxidized state before electrochemical testing each upon electrochemical testing and

the change can be determined with XPS.

References:

1. Stratmann, M.; Rohwerder, M., Materials sciemfe@ore view of corrosiomNature2001,
410, (6827), 420-423.

2. Newman, R. C.; Corcoran, S. G.; ErlebacheAzz, M. J.; Sieradzki, K., Alloy
corrosion Mrs Bulletin1999,24, (7), 24-28.

3. Erlebacher, J.; Aziz, M. J.; Karma, A.; Dimitrd\.; Sieradzki, K., Evolution of
nanoporosity in dealloyingNature2001,410, (6827), 450-453.

4, CRC Handbook of Chemistry and Physics. In [Gg]l®ist ed.; Haynes, W. M., Ed. 2011.

5. Pourbaix, M.Atlas of Electrochemical Equilibria in Aqueous Saos National
Association of Corrosion Engineers: Houston, TX749

6. Zeis, R.; Mathur, A.; Fritz, G.; Lee, J.; Erlebar, J., Platinum-plated nanoporous gold:
An efficient, low Pt loading electrocatalyst for MEuel cells.Journal of Power Sourcex)07,
165, (1), 65-72.

7. Gregoire, J. M.; Kostylev, M.; Tague, M. E.; Mlg, P. F.; van Dover, R. B.; DiSalvo, F.
J.; Abruiia, H. D., High-Throughput Evaluation ofdlleyed Pt-Zn Composition-Spread Thin
Film for Methanol-Oxidation Catalysi§ournal of the Electrochemical Soci&§09,156, (1),
B160-B166.

8. Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and Applaai
2nd ed.; John Wiley & Sons, Inc.: New York, 2001.

171



APPENDIX 2
BIOSENSORS

A Generalized Platform for Antibody Detection

Collaborators: Mary (Liz) Welch, Norah Smith, YoungpXu, Hongjun Chen, Abhinav Rastogi,
Suddhasattwa Nad, Manabu Tanaka, Yelena BishakysaBlum, Nicolas DaMota,

Judith Appleton, Theodore Clark, Barbara A. Baadgd Christopher K. Ober

9.1 Motivation

One of the biggest issues society must face isphead of disease across a wide population
especially with global transportation being the traxessible it has ever been and such diseases
have caused epidemics in the past, i.e. the blagup, polio, etc. As part of a body’s immune
response to an infection, antibodies are geneatddheir detection can be a means for
monitoring the spread of the disease. Since ther@ wide range of functional antibodies that
contain specific antigen groups, the device foed@n must be not only selective but also
sensitive. False positives and false negatives@aree of the limitations of device development
today. False positives occur when the signal famnassay is triggered from something other
than the desired analyte, such as a contaminasther non-specific species. False negatives
can occur when the antibody is present but theyass®t sensitive enough to detect it and
might be considered to be noise in the assay. rQithiations are ease of use, speed, required
sample size, expense, and portability; if usedkira@eous locations.

With regards to specificity, our main focus is &wean influenza (H5N1), which has
accounted for 36,000 deaths in poultry and wild$iper year in America. The reported
mortality rate in humans is high; the WHO data @adie that 60% of cases classified as H5N1
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resulted in death. The virus is considered one of the world’s latgesrent pandemic threats
due to high lethality, virulence, increasingly largost reservoir and ongoing mutations.

Our immediate goal is to develop a microfluidic devfor the electrochemical detection
of avian flu antibodies but aim to expand this meths a general platform for any infectious
agent. Our device would also eliminate specifaoselary reagents, a limitation associated with
the current standard ELISA assay. The differenitle @ur method compared to the

conventional ELISA assay will be discussed in wiiving section.

Status as of 25 February 2008
Areas reporting confirmed occurrence of H5N1 avian influenza in poultry and wild birds smce 2003 Latest available updarey
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2009 since 2003 (World Health Organization). Orarsgfor poultry and beige is only wild birds.
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Status as of 18 February 2009
Latest available update
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Figure 9.1.2:World Health Organization areas with confirmed harf#bN1 avian flu virus

from 2003-09.

9.1.1 ELISA vs. ACWOP

Many of the current assays and devices for antilomdgction utilize an Enzyme-linked
immuno-sorbant assay (ELISA). Figure 9.1.1.1 dspite scheme for an ELISA, where a
polymer brush is functionalized with an antigenapten, specific for the antibody desired. The
solution containing the test antibody is applied Aonded to the hapten. After wash steps, a
labeled secondary antibody specific for the speamnessub-class of the primary antibody is
allowed to bind to the antibody, followed by anatthvash cycle. The labeled secondary
antibody can be fluorescent or a conjugated enzymdjorseradish peroxidase (HRP), which
generates a colored or luminescent product froneéddbstrate. The catalytic unit on the HRP
increases sensitivity but the non-specific bindihgecondary reagents can cause a high
background. Moreover, the secondary antibody redunust be specific for the species and
class of the analyte antibody. The ELISA limitdgitection has been claimed to be as low as 1
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ng/mL, but it is closer to 10-100 ng/mL (1-10 nMijhus, the limits of using the ELISA are the
requirement for specific secondary reagents, spegutnse, and sample size/composition

especially with all the washing steps.

Enzyme Linked ImmunoSorbent Assay Antibody Catalyzed Water Oxidation
NV /4 Pathway

CB \“'/'A‘\_,,
— 1 | -
A \

HRP AT

Ak Ru
R 5
Antibody Antibody c A
Labeled Secondary T g rxn

rxn {’ ‘ﬂ’ xn

Antibody
~20 nm ~20 nm

Antigen Antigen

HRP rxn: H,0, — detectable product ACWOP rxn: 2'0;, + 2Hzoib>2|_|202 +0,

Figure 9.1.1.1:Left: Enzyme Linked ImmunoSorbent Assay (ELISAhematic. Right:
Antibody Catalyzed Water Oxidation Pathway (ACWOMR).both cases, the antibody binds
onto specifically functionalized polymer brush€d.ISA requires a secondary antibody from
which the HO, production can be monitored; whereas for the AC\W@® HO is the direct
product from the desired antibody. Amplex Red iGAthe electrochemical mediator that is
reduced to form the electrochemically active reBor{B). Therefore, a linear correlation
between HO, and the resorufin signal detected enables thetdilietermination of antibody
concentration.

On the other hand, the Antibody Catalyzed Wated@ion Pathway (ACWOP) in
figure 9.1.1.1 utilizes the intrinsic propertiestioé antibody for detection as discovered by
Wentworth et af. The promising aspect of this method is the rerhof/the requirement of a
secondary antibody and as a result, the ACWORIepiendent of specificity, class and species
of the antibody. The “active site” responsible tioe intrinsic propertyis related to the
tryptophan groups. The antibody protein strucegems to be resistant to oxidation by reactive

oxygen species generated during the water oxidgtiocess. To summarize the process,

singlet oxygen'©,) is generated by a photosensitizer in ambient@enditions and reacts
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with the antibody to form pD,, which can be detected using a solution aésajieva and
Wentworth found that as much as 40 mole equivalehni,O, per mole of antibody were
generated over several hours and can be extengeatiifict inhibition is eliminatedi.We aim to
apply this process to a wide range of antibodiesaeate a specific biosensor by altering the
binding sites of the antigens, where the rest efptocess can remain constant due to this

intrinsic property.

9.1.2 Overall process

Our overall process incorporates many steps anceh@mumber of collaborations are required
for each step in the process. First of all, tHestnate (Au, Pt or Si) is modified with polymer
brushes and subsequently functionalized with antggeups for specific antibodies. In our case,
we are using DNP-functionalized brushes to bind-2NP rat IgG1 antibodies as a proof-of-
concept model with the main goal being the antiesdjenerated by the avian flu. Additionally,
we can quantify the functionalization of the DNPtba brushes using an electrochemical quartz
crystal monitor (eQCM). The eQCM measurement is-reversible, so the number of DNP
groups is approximate. The antibody is then ad=sbdpecifically onto the DNP-functionalized
brush and quantified with the QCM. As this pothg substrate is ready for the ACWOP
process. An Amplex Red fluorescence assay wasageglto polyclonal sheep antibodies to
ensure the production of;B, (Figure 9.1.2.1). Since this process was verifvdgt the sheep
antibodies, we prepared an aerated solution cantaiphotosensitizer [Ru(bpyf* and
fluorescent mediator to detect®} (in our case Amplex Red + HRP). The solutionxgased

to UV light and because the solution is aerategl tiiplet oxygen is excited to singlet oxygen

and reacts with the antibody to form®}. We can detect the,B, electrochemically with an
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electrochemical mediator. The electrochemical atedimay vary and upon examining a few
mediators, we chose Amplex Red in the presenceR# End HO, converting to the
electroactive resorufin. We can monitor the reBorsignal and evaluate the amount ol

generated quantify the amount of antibody present.
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Figure 9.1.2.1:Amplex Red fluorescence assay on 10 uM polyclshakp antibodies and IgG
against H5 from the avian influenza compared tocthr@rol (buffer alone) in a solution with 100
1M photosensitizer [Ru(bpyff*, to show that the antibodies producgpl The antibody

solution was exposed to UV light and removed atibted times. Peroxide concentrations were
derived from a standard curve of® concentrations with the Amplex Red assay.

Two of the issues associated with our processwitalbe addressed are lowering the
background signal by chemically fixing the photasgrer onto a substrate and patterning the
substrate to incorporate both the polymerized @sisind polymerized photosensitizer. The
patterning is to promote the transfer of the single/gen generated by the photosensitizer to the
antibodies on the polymer brushes with the goapaimizing HO, output. Lastly, we hope to

switch the functional group on the brushes to &NNA group, to be specific for the avian flu

virus antibodies.
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9.2 Experimental

This section covers the different analytical tegueis used as well as the synthesis and

experimental parameters for each step in the psoces

Chemical and Immunochemical Reagents.

All reagents were purchased from Sigma Aldrich aseld without further purification.
Dimethylamino pyridine p-toluene sulfonate (DPT3swrepared from dimethyl amino
pyridine and sodium p-toluene sulfonate followiniiferature procedurg.The anti-DNP IgE

was purchased from Aldrich.

Luminescence experiments for detecting ¥D, produced.

This fluorescence assay is based on a previousipleshed methddwith modifications. 10 uM
antibody solutions were made in buffer (10 mM @y, 160 mM NaCl, pH 7.4) containing
photosensitizer (100 uM tris(2,2’-bipyridine) ruttiem II). Samples were placed in acrylic
cuvettes (Sarstedt) and irradiated with an 8W wulbtat (302 nm) transilluminator (UVP). At
times indicated (every 30 minutes for 3 hoursyjwadits were removed and placed in a black flat-
bottomed 96-well plate on ice protected from lighfiter all desired samples were collected, the
plate was removed from the light and Amplex Rediffngen) was used to assay fos(4
production. Briefly, samples were diluted in 5Mmodium phosphate (monobasic) containing
Amplex Red (final concentration 30 uM) and Horsehgeroxidase (Type 1) (final dilution

0.07 U/mL) (Sigma) and then incubated at room teatpees, while protected from light, for 30

minutes. Fluorescence of Amplex Red was measuredptate reader (Tecan) usikgs 540

178



nm andie,=590 nm filters. Standard solutions of®4 were included in 96-well plate for

quantification purposes.

Immobilization of Initiators and Polymerization of PAA Brushes.

The pegylated thiol initiator was prepared accaydmthe literature procedure published by
Rastogi et af. Gold coated silicon wafers and QCM electrodesevpémsma cleaned for 5 min
and rinsed with ethanol and deionized water anefdddunder nitrogen. They were immersed in a
2 mM initiator solution in anhydrous ethanol undegon for 24 hours at room temperature. The
PAA brushes were grown by modifying a previouséitare proceduré.A solution of sodium
acrylate (2.029 g, 21.59 mmol), CuBr (68.8 mg, 8.4¥mol), CuBs (21.4 mg, 0.096 mmol),
bipyridine (188.18 g, 1.20 mmol), and degassed pH®(9.6 mL) were cannulated into sealed
Schlenk tubes containing the substrates under atmosphere. The polymerization was
stopped after 15 minutes at room temperature astrsiies were subsequently rinsed with water
and ethanol, dried in Nlow, and dipped into EDTA and a pH 5 solutiorrémove the copper
catalyst and protonate the carboxylic acid groupslymer brushes were characterized by
ellipsometry, water contact angle goniometry, amanéc force microscopy (AFM). Thicknesses
of the polymer brushes were measured by a Woolamale angle spectroscopic ellipsometer
at a 70 degree angle of incidence. A Cauchy madieli¢hy layer/Au substrate) was used to fit
the data, in which the Cauchy layer was represeatat the PAA brush. Water contact angles
were measured using a VCA optima XE goniometerfaSa topography and roughness were

measured using a Veeco Dimension 3100 scanningeprnidroscope.
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Preparation of DNP Functionalized Brushes.

PAA brushes were modified with DNP in two step#st-substrates with PAA brushes were
placed in Schlenk tubes under Ar atmosphere ifdiso of 2-(2-aminoethoxy)ethanol (250 pL,
2.5 mmol), DIPC (125 pL, 0.8 mmol), and DPTS (18M¢, 0.63 mmol) in anhydrous DMF (10
mL). The reaction was heated to 32°C and keptuadé\r atmosphere. After 24 hours, the
wafers were washed with DMF, water, and ethanoldaretl under nitrogen. The activated
carboxylic groups of the polymer brushes were fla@ctionalized with the DNP groups. A
solution of DNPe-amino-n-caproic acid (37.5 mg, 1.12 mmol), DIPEFLuL, 0.8 mmol), and
DPTS (187.5 mg, 0.63 mmol) in anhydrous DMF (10 mEkye cannulated into the flask
containing the substrates. The reaction was atiaweontinue for 24 hours at 32°C. When
finished, the substrates were washed with DMF, wated ethanol and dried under nitrogen.
Functionalization of DNP on polymer brushes wastigated via binding DNP-specific IgE
antibodies to DNP groups. DNP-PAA brushes wereénsed in a 10 pg mtsolution of
AlexaFluor 488 labeled IgE antibodies in the darkoam temperature for 90 min. Fluorescent
images were taken using an Olympus BX51 uprigldrlacence microscope, equipped with a
Roper Cool Snap hx CCD camera. Alexa488 was obderith a 450-490 nm excitation and

520 nm emission filter set.

N/\/O\/\O \©\
Initiator for Atom gj

Transfer Radical ’\
Polymerization T g Poly(acrylic acid)

I Dinitrophenol (DNP) group

Figure 9.2.1:Chemical structure of polymer brushes immobilizedagyold electrode surface,
functionalized with a DNP group.
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Antibody adsorption measurements using Quartz Crysdl Microbalance (QCM).
The basic premise of a Quartz Crystal Microbalgli€&M) consists of a piezo-electric device
where oscillations of a quartz plate, between twiocAntacts, changes frequency depending on
the mass loading (adsorption or desorption) ofraly@e onto the electrode. The quartz crystal
electrode usually contains a smaller area of timelgcting material with 10 nm thick Ti adhesion
layer and 100 nm thick Au or Pt on a 1 inch diamgtertz crystal and this is exposed to a
solution or air. As long as the following condri®are met, the Saurbrey equation can be used
to relate the frequency change to the mass chaémgenass must be rigid, distributed evenly,
and cause a frequency change of less thafi Z¥he Sauerbrey equation is as follos:

Am =-C; AF
Am = change in mass (ng &n
AF = the change in frequency
C; = the proportionality constant for a 5 MHz crysthf.7 ng HZ cm®)
The proportionality consta@; is based on the resonant frequerfgly piezoelectrically active
crystal area (A), density of quartz,t 2.648 g/cm), shear modulus of quartz for AT-cut crystal

(Uq = 2.947 x 18" g/cm $) in the relationship below:

2f2
A Py,

In our case, the Au electrode is functionalizechvaitthin film of the DNP-functionalized

Cf:

polymer brushes in the range of 13-17 nm thick wh#hassumption that the film is thin enough
to be considered rigid. Thus, a DNP modified Qd&t®ode was first immersed in a 1mg/mL
bovine serum albunium (BSA) PBS pH 7 solution aaftdifat a constant temperature of°€5

The BSA was added to inhibit nonspecific antibodyding to the film. After the frequency had

stabilized, 100 pL anti-DNP IgG1 (1mg/mL) solutiere injected into the above-mentioned
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solution. Upon stabilization of the frequency, the quantityotibody on the electrode could be
calculated based on the Sauerbrey equation.

Additionally, electrochemical QCM (eQCM) measuremseran be performed on the
DNP-functionalized polymer brushes to obtain thecamtration of DNP groups on the brushes.
From this, we can, in turn, relate the coveragantibodies on the DNP groups from the
conversion shown in figure 9.2.2. A CV begins@t-V vs. Ag/AgCI in the negative direction
for the irreversible reduction of the dinitro-groups the CV is swept positive, integration of the
oxidation peak at approximately 0.35 V vs. Ag/Agfiles the charge and since n is known, the
number of molecules can be calculated to give tN® Boncentration on the polymer brushes.
These samples cannot be reused for the actuabdgtdxsorption because the reduction at -0.3
V vs. Ag/AgCl is irreversible.

Au elactrade with nolymear hnushes and DNP in 0.5MH SO solition

7] WEpuebushes sONP - PR-(NHOH), 2 Ph-(NO), + 4H" + 4e’

CE: Bt

| SenRate:somvs e

0- et g
! /;W o, —?—‘"“‘“m_—M =8.96 x 10°C
< - I = 1.4 x 10** molecules
= ] (: : = 2.44 x 10™ moles/cm?
|

15 T T T T T T T T T T T T T T !
06 04 -0.% 0.0 0.2 04 0.6 08
Vaoltage/V

Ph-(NO,), + 8H* + 88 —— Ph-(NHOH), + 2H,0

Figure 9.2.2:CV collected using the eQCM for determining thentner of DNP functional
groups on the polymer brushes.
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Electrochemical measurements (Amplex Red/Resorufir) DPV and SWV.
Throughout our series of experiments, cyclic voltaetry, differential pulse voltammetry, and
square wave voltammetry were the three technigsed for monitoring 6O, production. In the
beginning, we used cyclic voltammetry but the rsswiere noisy because of the low currents
and the change was not as evident. The CV parasrfeteresorufin measurements were within
the potential range of -0.3 V to 0.4 V vs. Ag/Ag110 mV/s. A carbon fiber
ultramicroelectrode and Pt were used for the waylkdlectrode and counter electrodes,
respectively.

In an effort to suppress the background signalremsk, Differential Pulse Voltammetry
(DPV) was implemented, where the potentials angpsté and sampled over the potential range
of interest. DPV provides better quantitative fsscompared to CV and less distortion from the
background® A method derived from DPV is square wave voltanmnéSWV) and figure
9.2.3 gives a representative example of the patievgrsus time profile of the measurements.
SWV was preferred over DPV due to reasons stat&ard and Faulkner’s Electrochemical
Methods booK® Bard stated that SWV is generally the best chaineng all pulse methods,
because it offers background suppression with ffleetezeness of DPV, sensitivity slightly
greater than DPV, and much faster scan times, pplitability to a wider range of electrode
materials and systemi$The SWVs were collected with amplitude 25 mV, dtejfght 5 mV, and
frequency 25 Hz. These SWV relate directly tokh®, produced by the antibody as shown in

figure 9.5.2.3.
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Figure 9.2.3:Potential vs. time profile for square wave voltanmye

The general methodology of our experiments begaadolyng an antibody solution
(100pL (1mg/mL)) to the fabricated DNP-PAA-Au elexte and allowing to sit for about 2-3
hours. The electrode was rinsed and placed istdwion that contained Horseradish
peroxidase (Type I) (10 uM) (Sigma Aldrich) and 1 Amplex Red (diluted from 5 mM
Amplex Red in dichloromethane solution stored nefaigerator). The immersed electrode was
exposed to UV light (UVEXS 110 series spot curiggtem) at a max wavelength= 450 nm
and power of 10 W/cfrat an approximate distance of 2 cm above the safopbne hour. The
electrode was removed from the solution and a sketacttrode, glassy carbon (3mm diameter —
BAS), electrochemically reduced the resorufin fribva oxidized to reduced form, as it was held
in solution at a given distance from the surfade. Ag/AgCI reference electrode and Pt counter

electrode were used for the voltammetric measurésnen

Patterned Device (on Si wafer in clean room).

A checkerboard patterned device consisting of 3&rof sixteen 300 x 300 pum silicon oxide

squares bordered by a platinum (or gold) lattice fadricated for signal amplification purposes.
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The silicon islands are surrounded by a continyodaisnum (or gold) grid with lines that are 150
pm wide and enclosed by a 500 um wide border. @amwnal UV photolithographic methods
were employed to pattern the electrodes used snwbrk.

Silicon wafers with approximately 500 nm thick timadly grown oxide film were spun
coated with lift-off resist (LOR) and photoresi€oft contact exposure was performed on an
EV620 contact aligner for 10 sec and a post-exgoake was carried out at 115 °C for 90 sec.
The wafers were developed and briefly descumedéefeaporation. A CVC SC4500 e-beam
evaporator was used to deposit 10 nm of Ti (adhdsiger) and 90 nm of Pt. After metal
deposition, the LOR/photoresist was removed by isgathe wafers in a solution of Remover
1165 for a few hours.

As a means of mapping out the surface, a Scarktlagrochemical Microscope (SECM)
was employed with an emphasis on the pattern oftieekerboard electrodes but also when the
different positions were coated with polymer brisshad/or DNP functionalized. The SECM
involves an electrochemical probe, usually an oltcaoelectrode (electrode diameter < 25 um),
that rasters over a substrate or surface of irttaresur case the patterned surface, and monitors
the current response from the conducting or ingaturface. The probe is contained in an
electrochemical cell, where the reference electredey/AgCl and the counter electrode is a Pt
wire. The solution contains a reversible electasoltal mediator, which can be selected based
on the charge of the mediator and on the intenaatith the surface. For instance, we use a
neutral hydroxymethylferrocene for mainly neutnaifaces and could monitor the current from
the surface features. In the case of our DNP fonalized brushes, we used [Fe(GN) for the
SECM imaging of a Au electrode with half initiatand half pure Au, when we could not

observe features with the hydroxymethylferroceAs.one might expect for a scanning probe
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technique, it is important to level the substratehsthat the change in current is not as a re$ult o

the substrate being unlevel.

Immobilization of the [Ru(v-bpy)(bpy)]Cl..

Our limit of detection was constrained by the pletusitizer being in solution. It was proposed
to immobilize the [Ru(bpy) " on the Pt sections of the patterned electrodés pfocedure
followed for the polymerization is explained in titerature™* In summary, after bubbling in
nitrogen for 15 minutes, the Pt electrode is cyahed.5 mM solution of [Ru(v-bpy)(bpyXPFs)2

in 0.1 M BuNCIO4/acetronitrile between -0.7 and -1.7 V vs. Ag/Adg&l 10 cycles at a scan

rate of 100 mV/s.

9.3 Parameter Optimization

Our system requires optimization of factors thatldgotentially preclude signal and confound
interpretation of the data. More specifically wgestigated the electrochemical stability of the
buffer solutions, photosensitizer selection, angelength of UV light. The following section

discusses these items in more detail.

9.3.1 Buffer solutions

Electrochemical stability is an important propesfythe environment under investigation, which
includes the buffer. In conjunction with the séafar electrochemical mediators, we also were
interested in buffers that had a wide potentiabeaof stability to enable testing of mediators
within this range. Especially in the case of ampkd that had a redox response beginning

around -0.1 V, we required a buffer that was stableotentials negative of this value. The

186



buffers we studied included: citric acid buffer (pHnd pH 6), phosphate buffered saline (PBS)
pH 7, Borate buffer pH 8, acetate/acetic acid byffé 5, sucrose gradient buffer pH 7, Tyrodes
buffer pH 7, and ADA buffer pH 7.2.

According to figure 9.3.1 the borate buffer, ssergradient buffer, and Tyrodes buffer
all exhibit instability beginning around -0.1 ta20V vs. RHE (or at -0.3 V vs. Ag/AgCl). The
pH 5 phosphate buffer was also unstable beginrifgvavs. RHE. ADA buffer begins its
reduction at -0.25 V vs. Ag/AgCIl. The pH 5 citacid buffer seemed to show the best stability
with the reduction beginning around -0.35 V vs. AgCl. Therefore, we chose to use the pH 5

citric acid buffer and later pH 6 for the antibadgting.
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Borate Buffer - H3BO3+ NaCl pH 8 (C-fiber) Sucrose gradient buffer HEPES, NaCl, EDTA (C-fiber)
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Figure 9.3.1:Cyclic voltammograms of buffers to test for stapil Scan rate = 10 mV/s;

Working electrode = ultramicroelectrode Carbonffigepum diameter); Counter electrode = Pt
wire.

9.3.2 Photosensitizer
The optimization of the photosensitizer was perfedroy Norah Smith and a table of tested

photosensitizers is shown in table 9.3.2.1. Dutiregoptimization, white light irradiation was
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initially used and later UV irradiation (monitordarough the amplex red fluorescence assay)
was employed, since it seemed to produce a higirejule yield. Norah reported that both
[Ru(bpy)]** and Hematoporphryin IX showed promise with UV déion but the ruthenium
complex was more advantageous because it was alagadinding on the surface of our
electrode. A variety of other photosensitizersenaso screened for possible replacements for
[Ru(bpy)]?* and are listed as being tested in Brazil. St} conclusion from the fluorescence
assay revealed that the most efficient photoseesitvas, in fact, the photosensitizer currently
used, [Ru(bpy**.

Table 9.3.2.1:The list of photosensitizers tested using the AmBled assay for evaluating

H,O, production.
White light illumination

Riboflavin
[Ru(bpy)]**
[Os(bpy}]
Zn-pthalocyanine
Hematoporphryin
Protoporphryin IX

UV illumination

[Ru(bpy)]**
Hematoporphryin IX

In Brazil:
White light illumination
[Carboxyl derivatives of Ru(bpy])

6 carboxyl (charge -4) RyL

4 carboxyl (charge -2) RuylL

2 carboxyl (charge 0) RyL
Ru(Pc)
[Tb(TsPc)(acac)]

UV illumination RUuAPy
Ru(NH;)sPz

[Ru mepz (P2)A(PFy)4

Ru (NHs)4(Py)
[Ru(bpy)(4acpy)(NQ)](PF)
[Ru(NH3)sPz](PF)»
Ru(bpy}Pz NG

(A= NHs, Pz=pyrazine, acpy=acetylpyradine, bpy=bipyradi®ys pyradine, Pc=phthalocyanine,
Ts=tetrasulfonate, acac=acetylacetonate)
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A new photosensitizer, [Ru(tpypydppn}.]** (n=1), that was found to have ~100%
quantum efficiency for the conversioni, to '0,*? This photosensitizer did not show any
improvement to the tris(2,2’-bipyridine) ruthenidhraccording to the fluorescence assay. This
is a surprising result because we would expechidjieger concentration of the singlet oxygen to
assist in the kD, production. We are still attempting to understm@process and what

characteristic of the photosensitizer causespetéorm better than the others.

[Ru(tpy)n(pydppn)s_n]®*

n=0,1
[(b)
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Figure 9.3.2.1:Ru-based photosensitizer that has ~100% efficiéorcthe conversion of light

and energy t80, to 'O,. On the right, the absorption spectrum of the plemis shown?

9.3.3 Wavelength of UV light (LEDS)

When we examined the absorption spectrum of théogkasitizer (figure 9.3.3.1), we aimed to
optimize the absorption of light, and to do thatpuechased two LEDs with narrow bands of
emission. The LEDs were purchased from Newailkedtit uxeon emitters. The two types of
LEDs were: blueX = 460-490 nm) and royal blug € 440-460 nm). Our hope was to provide a
higher power output for the specific wavelengthshef photosensitizer. The only method for
testing the output for this parameter was measuhagurrent output from the,B, produced.

A more complete explanation of the result is disedsinSection 9.6.To summarize the results,
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we found that the LEDs did not provide as highmbatput as the wide-range wavelength UV
light.
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Figure 9.3.3.1:Absorption spectrum of the Tris (2,2"-bipyridyl)thenium (1) [Ru(bpy)] .
Based on the absorption spectrum, LEDs with enmiss@velength at 450 nm were exploréd.

9.4 Polymer brushes

Our method is highly dependent on the specific gatgm of the antibody onto a functionalized
surface. Thé&xperimental Sectiodiscussed the synthesis method for adhering thyeneo
brushes onto the electrode surface followed bytfanalization with a DNP group. As of yet,
we have been using the DNP functional group witcgr anti-DNP antibodies as our model
system that we can apply to other antibody systeiis.first coat our surface with a non-
functionalized group and, in the case of Au, thalimg of the brushes occurs through a thiol
group. We have also used a silane-functionalinéiior to adhere to Si{bn a Si wafer. The
brushes are fixed onto the substrate and then guesty functionalized for the specific
antibody. The SECM was used to image the covesatee initiator on a Au coated Si wafer.
Figure 9.4.1 shows the boundary of the Au surfaxckethe insulating initiator coated surface.

The increased current (brown) denotes the Au regimhthe lower current (green) represents the
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initiator, which is not entirely coating the surgagniformly. Rather, surface features can be
observed as the sample is scanned. A continuatiins experiment would be to expose half
Au and half functionalized polymer surface; halfiator and half functionalized surface; with
and without antibodies. Ultimately, the goal wobklto map out the functionalized surface,
then add antibodies and see how the conductivityedses, which would indicate the adsorption

of the antibody.
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Figure 9.4.1:SECM images of a Au electrode with half initiatord half pure Au. The mediator
is [Fe(CN}]* (5 mM) in 0.1 M NaCl.
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9.4.1 Forest vs. garden

As we aim to optimize the amount of antibody adedrto our electrode, the configuration of the
polymer brushes can be an essential variable teiden We propose the “forest canopy” and
“English garden” configurations, where one is mdasely packed than the other as shown in
figure 9.4.1.1. We expect the English garden talahigher adsorption of the antibody than
the forest canopy due to the functional groupsdpeiore readily accessible to the lower
branches on the polymer brushes. Some prelimegpgriments have been performed with the
SECM in hopes to identify the differences betwdessé configurations, but the results were

inconclusive and should be revisited.

YYY (.Y

‘Forest canopy” “English garden”

Figure 9.4.1.1:Forest vs. English garden configuration for thesity of polymer brushes
attached to the gold substrate.

9.5 Electrochemical mediator search

We examined a number of redox mediators for thedtiein of the generated,d&, with the three
substantial ones being: 1,4-benzoquinone, 1,4-haginone, and amplex red. These

mediators make up the following section.
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9.5.1 1,4-Benzoquinone and 1,4-Naphthoquinone

1,4 Benzoquinone and 1,4-naphthoquinone have bemhas redox mediators fop®4 in the
past* We desired a mediator that was reduced at maitiy®potentials and reached steady
state at potentials before the reduction of theesdlor buffer. Figure 9.5.1.1 shows the steady
state response of the two mediators without ag@.rdded. The current of the 1,4-
naphthoquinone is more than twice the currentierl,4-benzoquinone; however, thg s

approx. -0.1 V vs. Ag/AgCl compared to 0.1 V vs/AgCI for 1,4-benzoquinone.

5.0x10™°

0.0 +

-5.0x10™°

\

-1.0x10°

-1.5x10°

-2.0x10° / '
/ —— 1,4-Benzoquinone

-2.5x10” 1 :
—— 1,4-Naphthoquinone

wul

-3.0x10°

T T T T T T T T T T T T T T T T T
-1.0 -08 -06 -04 -02 00 02 04 0.6
Potential (V) vs. Aa/AqCl

Figure 9.5.1.1:0.1 mM mediator in Citric acid pH 5 buffer. Saate 10 mV/s, C-fiber
ultramicroelectrode as the working electrode, Rewas the counter electrode.
1,4-Benzoquinone was selected out of the two fahér studies because the redox
potential was more positive and had a higher ch&roeaching steady state before the onset of
the reduction of the buffer. From the CVs and uaddition of HO,, the steady state current
did increase incrementally (figure 9.5.1.2) anddheent response vs.,8, concentration
indicated that the linear region begins after apjpnately 25 uM HO,. In our experiments we
expected lower peroxide concentrations to be prediand we aimed to maximize our signal so
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that our limit of detection should be in the nMlscaThis caused us to explore the
electrochemical properties of Amplex Red, which wessame compound commonly used as a

fluorescence assay.

1,4-Benzoquinone + HRP in Phosphate Buffer pH 5,
10 mV/s (C3-Cfiber)
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—HRP + 100 uM H202
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Figure 9.5.1.2:Top: Cyclic voltammograms of 0.1 mM 1,4-Benzoquiac- HRP (0.2

Units/mL) with varying HO,. Bottom: Current response of the benzoquinon&y®,
concentration. Scan rate 10 mV/s, C-fiber ultrapetectrode as the working electrode, Pt wire
as the counter electrode.
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9.5.2 Amplex Red

As is prevalent in the literature, amplex red gamising mediator for monitoring low levels of
H»0, not only electrochemically but also for fluorescel? Gajovic-Eichelmann and Bier

report the process in which amplex red is oxidirethe presence of @, and the reversible
electrochemically-active product, resorufin. Thedmanism also demonstrates that the amplex
red can be electrochemically reduced to the redtored of resorufin and a CV is shown that
supports this explanation (figure 9.5.2.1). Trassye perform our electrochemical experiments,

we must be careful not to exceed potentials beloout-0.4 V vs Ag/AgCI.
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Figure 9.5.2.1:(a) Amplex Red and the enzymatic reaction to foesorufin which has a redox
couple at -0.17 V vs. Ag/AgCIl. The Amplex Red edso be electrochemically reduced to form
resorufin at -0.6 V vs. Ag/AgCl. (b) Cyclic voltanograms of Amplex Red and Resorufin
starting at 0.1 V (vs. Ag/AgCl) in pH 5 Mcllvaineutfer (PBS + citric acid buffer) at 10 mV/s
with a 3 mm-diameter glassy carbon working. Thewrfollows the initial course of the
Amplex Red CV before the occurrence of the eletteatically generated resorufin. See
reference?®

According to the buffer optimization in an earlgsction, we tested amplex red in pH 6
citric acid buffer. We sequentially added®4to a solution of amplex red and HRP and
observed the current increase witsC concentration. It must be noted that the ampdeixand

HRP alone did have a small current response, wiiecmust consider when we do these
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experiments. This background signal must be mirashiand especially with all the components

of the system, could be a source of a false pesiggponse.

H202 calibration in Amplex Red + HRP +Citric Acid pH 6,
10 mV/s (C3)
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Figure 9.5.2.2:Cyclic voltammograms of 0.1 M Amplex Red + HRRJitric Acid pH 6, 10
mV/s, with a C-fiber ultramicroelectrode.

It was determined later that a better current nrespaould be obtained by SWV. Again,
H,O, was added at incremental amounts and the curr@nnveasured from 0.1 V to -0.3 V vs.
Ag/AgCI. A calibration curve was constructed andrid that the limit of detection is 0.33 nM
with an upper limit of ~1.2 uM. Therefore, with tlosv detection limit, we are continuing to use

Amplex Red as our mediator for our entire system.
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Figure 9.5.2.3:Square wave voltammetry (top) of Amplex Red + HR&h varying
concentrations of HD, to construct a calibration curve (bottom). Thadilaration curve suggests
that the lower limit of detection is 0.33 nM with apper limit of ~1.2 uM.
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9.6 Device and testing of all components

Our proposed device uses the principle that ani@socbntaining tryptofan groups can
intrinsically produce KO, that can be monitored with various processes testearlier,
including fluorescence and electrochemical metfoktse promising feature with this approach
is that a secondary antibody is not required fgd4+butput and it can be directly applied to the
antibody of interest. In an effort to verify thrgrinsic process, an Amplex Red fluorescence
assay was applied to monitor theQd output of an anti-DNP rat IgG antibody. The praciss
described above, with the inclusion of a photosaesi HRP, and Amplex Red and antibody in
solution and exposed to UV light over time. Usangalibration curve, the fluorescence can be
correlated to B, produced after UV irradiation, which was foundriorease with the increase
of the UV exposure time as shown in figure 9.5.2.3.

Now that we confirmed that the antibodies can poed40O, in amounts that can be
monitored, it is important to adapt this processhsa it can be used in a device that would be
specific for the antibody desired. Our methoddnabling antibody specificity is to immobilize
the antibody onto functionalized brushes that titéoadies will favorably bind to. For a proof
of concept experiment, we use anti-DNP rat IgGhasantibody studied and as a result the
functionalized brushes are terminated with DNPe P#A-brushes are polymerized onto an Au
substrate as described in taeperimental Sectiofollowed by DNP functionalization. We
confirmed that the brushes were functionalized aifluorescently labeled antibody
(AlexaFluor 488 labeled IgE) and electrochemicahsuements described in a previous
publication® Electrochemical QCM results in the concentratibthe DNP functional group on
the polymer PAA-brushes to be about 3 pmoficifio monitor adsorption of the anti-DNP

antibody, QCM measurements (figure 9.6.1) weregoeréd and found that the concentration of
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antibody on the surface was 2.5 pmofcmhich indicates that there is good coverage ef th
antibody on the surface. On the other hand, foispecific adsorption, the QCM frequency
increases rather than decreasing as we would ekpetthe adsorption of a material on the
surface. This is indicative of solution most likéleing displaced with the addition of the non-
specific antibody but further supports our clairattthe DNP successfully inhibits the binding of

nonspecific antibodies.

1mg/mL BSA PBS pH6 solution %
4994550 - i
Injection of anti-DNP IgG1 k ;
-
4994540 -N
- " Am = -C; A
H 1 = +17.7 x 21.0 ng/cm?
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S = 2.5 pmol/cm?
S 21.0 Hz
(on
o
L 4994520 -
4994510 — T T T T T T
4000 5000 6000 7000 8000 9000 10000 11000
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Figure 9.6.1:QCM frequency response to the addition of anti-O§EB1 antibodies to a 40-mL
solution of 1 mg/mL BSA PBS pH 6 solution held &°C.

Once the antibody is immobilized on the polymefate and excess antibody rinsed off,
the next step requires an analytical methodology¢hn detect low levels of.8,. The
mediator we selected was Amplex Red, which in tiesgnce of HRP and,B,, becomes
oxidized to resorufin, which is electrochemicakyersible at -0.17 V vs. Ag/AgCI. In our

initial experiments, we employed cyclic voltammeimy monitoring the resorufin redox
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response on a C-fiber ultramicroelectrode and we ased the citric acid pH 6 buffer because of
its wide potential window. Figure 9.6.2 demongsahe HO, production over time as the

entire system is exposed to UV light. We can olesan increase in reducing current, indicating
the growth of the resorufin and consequently tleelpction of HO,. When we compare the
current response at the reduction peak heightsofredéin, the maximum current seems to occur
after about 1 hour. This could be due to the aatylbeing denatured upon that length of
exposure to an intense UV light and thus levelifig Burthermore, it is promising to note that
the same experiment without exposure to UV ligeules in minimal, most likely within error,
current response over time, thus supporting oumsl®f the process requiring UV light for the

H,0, generation to occur.

Amplex Red + HRP + Ru(bpy)s over IgG1 adsorbed on Si H.0, production vs. Time (Amplex Red = mediator)
wafer in Citric Acid pH 6, 10 mV/s B s e b
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Figure 9.6.2:CVs of the resorufin response denoting th®+Horoduced by the anti-DNP rat
IgG1 antibodies bound on DNP-PAA brushes on a Aatexb Si wafer (1 cm x 2 cm) with
Amplex Red, HRP, [Ru(bpy)** in solution over the time exposed to UV light. eT$ame
experiment was performed without any UV light exjpesand the current peak was plotted vs.
UV exposure time. CV collected at 10 mV/s withcBunter electrode and Ag/AgCl reference
electrode.

Later in our experiments, we found that the DPV sneaments can give a better signal

especially at low currents than cyclic voltammeétryWe also found that the collecting tip was
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not required to be an ultramicroelectrode and r@salt, we obtained higher currents with the
larger surface area of the 3-mm diameter glasdyoreelectrode. We wished to decrease the
amount of UV exposure and aimed to obtain a higlgput by using LEDs with the emission
coinciding with the absorption of the photosensitizWe found that the overall signal was
greatly decreased with the LER{x = 450 nm) vs. the UV source. Since we determthatl

the HO, reached a plateau after 1 hour of UV exposurejsecthis value to compare between
prepared samples. As we were performing a comp@retysis determining the effect of each
component in the system, we found that even wittfweipresence of the antibody a high signal

can be observed with the exposure of LED or UVilighgure 9.6.3).

DPV with a Glassy Carbon electrode (3mm diameter)
over a DNP-PAA-Au on a Siwafer
—Buﬁ&r—;\ntibo:Iy—Ru[bpyj;_,—H RP +AR (LED 1h}

Buffer+Ru(bpy),+HRP+AR (LED 1h) )
-0.4 4 o

-0.2

-0.6 4

-0.8 4

Current (pA)

-1.0 4
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Figure 9.6.3:DPV of the resorufin current response tgkiproduction with antibody (red) and
without antibody (green) using the LED as the etmh source. The same comparable
background signal is seen for the UV light as well.

To minimize the signal from sources othenttiee antibody, we immobilized the
photosensitizer by electropolymerizing [Ru(v-bf)§)) onto a 1 cm x 2 cm Si wafer with a Au

layer as reported by Abrufia, et-alThe photosensitizer plate was positioned adjamean

identically shaped Au-coated Si plate with the DiNRetionalized polymer brushes. Figure
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9.6.4 shows the current response of 3 differeréasd the presence of high background even
with the photosensitizer immobilized. The two cag®&t have comparable responses are the
antibody plate without the presence of the photeiseer plate and the photosensitizer plate
without the antibody plate. We can confirm that ACWOP is catalyzing the 8, production
with the increase of signal. As the®} production is plotted over time, a significantfelience
can be observed from the background (DNP-functinedlplate alone) but antibody catalysis
reaches a limit at a time around 90 minutes ex@osuJV light. This could be due to the
antibody being destroyed upon the long exposuréBitight. Moreover, we still aim to

minimize these effects of the antibody and photsisizer alone.

Antibody, No Photosensitizer
No Antibody, Photosensitizer

Using pon[Ru(vinyl-bpy)3]2+modified plate as photosensitizer
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Figure 9.6.4:Left: SWVs for resorufin that measureg®d production for three representative
cases: (1) the DNP-functionalized plate with ardpadsorbed (red); (2) photosensitizer plate
alone (black); (3) photosensitizer plate adjacerart antibody adsorbed onto DNP-
functionalized polymer coated plate. All the sa@splvere exposed under UV light for 1 hour
and contained HRP and Amplex Red. Right: Effeamifbody presence on the DNP-
functionalized plate next to a photosensitizergpatposed to UV light in a solution of Amplex
Red and HRP over time.

To further improve the output of.B, and delivery of the singlet oxygen to the

antibodies, patterned Au and Pt electrodes weresrhgd.iz Welch (figure 9.6.5). We found Pt
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could not be used because it catalyzes the reduatithe HO, to H,O, thus diminishing our
overall signal. This result left the Au electraaethe primary electrode of choice in our device.
At first, the [Ru(v-bpy)]** was electropolymerized onto the Au part of thetetele, then the
functionalized polymer brushes were synthesizetherSi spaces. This initially seemed to work
but then problems arose with the polymer brushethggis on Si. We eventually decided to
shift our direction to patterning a Au QCM to alldar monitoring the antibody adsorption on

the same substrate (refer to the next section).

Figure 9.6.5:Pt and Au patterned electrodes on a Si wafer. Piiteg Au are for polymerizing
the photosensitizer and the Si spaces are avaiiablee DNP-functionalized brushes to bind the
antibody.

9.7 Futuredirections

Our successful implementation of the Antibody Catetl Water Oxidation Pathway to our

model system, DNP, demonstrated the viability afsmiheme to other antibody systems, such as
the antibody from the avian flu virus. A numberiteins have been proposed for future work and
many are listed below:

1. Optimize photosensitizer conversion of triplet ogggo singlet oxygen. As the antibodies

are exposed to UV light, the proteins within thélaodies can be denatured over time and
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hence can kill the antibodies. Some possibleradteres could be to use LED lights or a less
intense UV light.

2. Introduce new antibody functional groups faction 9.7l Ensure that the generalized
scheme can be applied to other infectious viraakss.

3. Correlate the concentration of the® measured to the antibody concentration. Determine
the HO, production per antibody over time.

4. Combine the QCM with SECM to both identify the ambaf antibody adsorbed over the
entire sample but also determine if the coveragmirm. The SECM would also permit
the detection of kD, directly on the surface rather than through a atedi

5. Build flow cell and test the system on a patter@€M electrode by introducing the analytes

in sequence.

9.7.1 Altering functional groups for other viruses

Since our main focus is to develop a device thatade low levels of avian flu antibodies or
other interested antibodies from a living sample,aim to shift our tests from the DNP-
functionalized groups to a functional group spediir the avian flu. Our method for changing
the functionality of the polymer brushes is in ablbration with the Ober group and uses a Ni-
NTA functional group (figure 9.7.1.1). The Ni-NTi#as two HO ligands and these are replaced
with a His-tagged protein, which is specific foethntibody in question. The only difference
that would differentiate these devices for différantibodies are the His-tagged protein, which
are isolated from infected cells and obtained fiiced Clark’s (Cornell's Vet school) group. A
possible disadvantage to using the Ni-NTA is thatNi can oxidize and then confound the

electrochemical signal we are measuring. The tdgdrave the possibility of being removed
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upon Ni oxidation and therefore ruining our devi¢¢ence, alterative approaches are being

explored currently.

L=t N i 1 l N
< N His-tagged b 00 % H
00 % : %
N /\/\/LC\C o protein N /\/\/IKCOO
s 5

Figure 9.7.1.1:Structure of the polymer brushes immobilized ol gurface, functionalized
with a Ni-NTA group. The addition of the His-tagopein to the Ni-NTA group is shown.

9.7.2 QCM monitoring in conjunction with H,O, detection

In an effort to correlate the antibody adsorbeth®oH,O, generated, a patterned QCM electrode
was fabricated by Liz Welch in the Cornell Nanofeation (CNF). Once patterned, a
photoresist is applied on alternating spots andthexposed surface is covered with the
initiator for the polymer brushes. Then the phesist is removed and the photosensitizer is
polymerized on the freshly exposed Au surfacese Sdample is returned to Liz Welch and the
last steps of the polymer brushes and DNP fundiiataon are performed on the initiator
previously bound to the Au surface. A depictionhsd patterned QCM is shown in figure

9.7.2.1.
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2+]

Poly[Ru(vinyl-bpy)s

DNP functional PAA brush

Figure 9.7.2.1:Schematic of patterned Au QCM electrode with aléing spots of immobilized
poly[Ru(vinyl-bpy)]?* and DNP-functionalized polymer brushes. Left: fietof the patterned
QCM electrode.

Antibody adsorption can be now be monitored whidh patterned QCM electrode and
subsequent SWV measurements can be performed ndttvighout antibody. A preliminary
SWV collected by Dr. Hongjun Chen compares th®X+yenerated with and without the
antibody in figure 9.7.2.2. We observe that ther#ill a significant amount of background
signal but found that the difference correspondspiaroximately 32 nM kD,. We are still
working on the reproducibility of these sampleg] dacause of this uncertainty, the QCM

measurement is not shown at this time. The mgsbitant message to take from this is that the

QCM patterning enables the combined quantitativasueements of antibody and®3.
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Figure 9.7.2.2:SWV of a patterned Au QCM electrode with altemgtspots of immobilized
poly[Ru(vinyl-bpy)]** and DNP-functionalized polymer brushes. The senallirrent (black)
indicates the absence of antibody and the largeeru(red) indicates the B, output from the
adsorbed antibody.
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