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Abstract

Direct ethanol fuel cells are especially important among emerging electrochemical power
systems with the potential to offset a great deal of the energy demand currently met
through the use of fossil fuels. Ethanol can be refined from petroleum sources or attained
from renewable biomass, and is more easily and safely stored and transported than
hydrogen, methanol or gasoline. The full energy potential of ethanol in fuel cells can
only be realized if the reaction follows a total oxidation pathway to produce CO,. This
must be achieved by the development of advanced catalysts that are electrically
conductive, stable in corrosive environments, contain a high surface area on which the
reaction can occur, and exhibit a bi-functional effect for the ethanol oxidation reaction

(EOR). The latter criterion is achievable in mixed-metal systems.

Platinum is an effective metal for catalyzing surface reactions of many adsorbates and is
usually implemented in the form of Pt nanoparticles supported on inexpensive carbon.
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This carbon is believed to be neutral in the catalysis of Pt. Instead, carbon can be
replaced with carefully designed metals and metal oxides as co-catalysis or support
structures that favorably alter the electronic structure of Pt slightly through a strong metal
support interaction, while also acting as an oxygen source near adsorbates to facilitate the

total oxidation pathway.

Niobium mixed-metal-oxides were explored in this study as bi-functional catalyst
supports to Pt nanoparticles. We developed a thermal aerosol synthesis process by which
mesoporous powders of mixed-metal-oxides decorated with Pt nanoparticles could be
obtained from liquid precursors within ~5 seconds or less, followed by carefully refined
chemical and thermal post-treatments. Exceptionally high surface areas of 170-180m?/g
were achieved via a surfactant-templated 3D wormhole-type porosity, comparable on a

per volume basis to commercial carbon blacks and high surface area silica supports.

For the first time, in situ FTIR measurements in acid electrolyte showed that highly
dispersed Pt nanoparticles (2-5nm) on NbRuyO, (at% 8Nb:1Ru) catalyze the formation of
CO; from ethanol in greater yield, and 0.35-0.4V lower, than Pt(111). Compared to
conventional Pt/carbon, this indicates that, (1) Pt supported on NbRu,O, can be more
effective at splitting the C—C bond in ethanol and, (2) the scission occurs at potentials

more ideal for a higher efficiency fuel cell anode.

Ex situ-microscopy revealed the polarization-induced two- and three-dimensional
formation of Pt-NbOy interfacial adsorption sites responsible for the facilitation of the
total oxidation pathway of ethanol. The results show that synthesis and post-treatment of

niobia supports can bias the utility of Pt/niobia systems towards the ethanol oxidation
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reaction at the anode or the oxygen reduction reaction at the cathode. Experimental and
computational-theoretical analyses indicate that the mechanism of interfacial site
formation is dependent upon the local oxygen concentration, as well as the availability of
multiple, energetically accessible oxidation states like those inherent to niobia. Future
directions for the development of highly active, niobium-based materials tailored for

efficient catalysis of the total oxidation pathway of ethanol are discussed.
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CHAPTER 1 - Introduction

Chemical reactions which involve the release of stored energy potential usually have an
activation barrier which must first be overcome, either by environmental changes, or
some other carefully controlled activation process. The latter is especially important for
the controlled release of energy from fuels which can follow multiple reaction pathways,
possibly leading to different final products. Some of these might be less favorable, either
because a portion of the chemical energy remains unharnessed, or they pose

environmental or health hazards in proximity to people.

Catalysis is generally known as the phenomena in which the energy of an activation
barrier is lowered through temporary electron exchange with a renewable material
(catalyst), increasing the rate, conversion, or selectivity of an interesting reaction. But
catalysis is also the science by which we can control otherwise difficult or dangerous
reactions for our benefit, and in the case of this study, tailor a process for a particular
application with unique design parameters. An example is the catalytic oxidation of
ethanol inside a fuel cell, which should proceed at a temperature of 60-80°C and in the
presence of moderate levels of water. Catalytic materials are often designed to be stable
at much higher temperatures than this while maintaining the highest surface area possible
on which reactions can occur. This can be achieved by dispersion of catalyst particles
onto a rough, inert substrate which remains stable under reaction conditions. Such an
approach is usually more cost-effective than introducing a high surface area, nano-scale

structure into the catalyst, itself.



Electro-catalysts and electrocatalytic systems primarily involve Faradaic reactions in
which a charge is transferred to the catalyst, while a counter-charge in the form of an ion
is also formed. If such a catalyzed reaction is occurring at the anode in a fuel cell, then
the catalyst and support must both be capable of conducting the negative charge away
from the catalyst surface for the overall reaction to continue. While most heterogeneous
catalysis processes are concerned with the steady supply of reactants to and removal of
products from the catalyst surface, fuel cell electro-catalysis is similarly concerned with
the conduction of electrons and ions from the anode to the cathode in order to affect
useful current and voltage potentials between the two. This is the basis for powering

devices in any electrochemical storage system.

Though they are co-dependent, catalysis and ion conduction are separate sciences unto
themselves within fuel cell design. The same catalyst that is efficient for hydrogen
oxidation may not be optimal for ethanol oxidation. Moreover, the resulting ions can be
positively or negatively charged depending upon the pH of the ionic barrier between the
anode and cathode. It is evident from this simple introduction to fuel cell systems that

great advances in the technology require coordinated efforts across multiple fields.

The Department of Energy began implementing programs to support the research and
development of fuel cell systems in 1984. Most of the effort since this time has focused
on catalysis in acidic electrolyte with proton charge transfer due to DuPont’s introduction
of Nafion over ten years prior as the most stable and effective ionomer available *. The
fluorocarbon chain structure of Nafion is resistant to most forms of chemical degradation,
except in the presence of alkali metals such as sodium or potassium. The chain contains
sulfonic acid ions which can conduct H*/H;O" ions when hydrated. This property
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inherently limits Nafion to acidic chemistry and lower operating temperatures at which
water remains a liquid. Lower operating temperatures limit the kinetics of reaction on the
catalyst. To compensate, larger amounts of catalyst are required. The most effective
catalysts known are platinum and platinum-ruthenium alloys in quantities which have
traditionally been prohibitively expensive to implement. The most notable exception has
been the implementation of alkaline fuel cells as part of NASA’s manned spaceflight
missions for nearly the past five decades. These systems have used compressed oxygen

and hydrogen free of impurities to produce drinking water as well as energy .

The delay in widespread implementation of fuel cells might be partially attributable to
this restricted approach and will most certainly continue until a decrease in the materials
expense is achieved. One promising approach is the development of more effective
catalysts which utilize less expensive materials with similar or complimentary properties
to platinum, tailored towards the oxidation reaction pathways of domestically producible

alcohols.

1.1  Fuel Cell Concept

The years that have elapsed since the introduction of the internal combustion engine
(ICE) and its widespread implementation to fulfill the energy requirements of a growing
world have been filled with great technological advancements and increasingly
complicated applications. In fact, it is difficult to provide an adequate picture of the
profound changes, and complications, caused by ICE technology and the availability of
cheap fossil fuels most widely consumed. To most people the fuel cell concept is
understood to be a progressive response to modern problems: environmental degradation

and pollution, energy efficiency, and increasingly expensive, imported petroleum, to
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name a few. People can also generally appreciate the clumsier aspects of ICE
technology: engines are noisy, smelly, and unwieldy for smaller applications. But for
most energy needs, electrical transmission lines separate the user from the

aforementioned unpleasantries.

Efficiency and simplicity are fundamental towards understanding why fuel cells represent
a favorable alternative to heat engines for many applications. Ethanol is a simple alcohol
which could easily be combusted inside an automotive engine, or oxidized inside a fuel
cell to power an electric motor. In both cases, the stored energy potential of ethanol is

the same, initially.

Power Generation: Chemical Energy - Thermal Energy - Mechanical Energy - Electrical Energy
Automotive: Chemical Energy - Thermal Energy >  Mechanical Energy

Fuel Cell: Chemical Energy - Electrical Energy -  Mechanical Energy

Each step in the above processes represents a loss in efficiency. Thermal energy capture
is especially inefficient, with a conventional automotive vehicle achieving as high as
20%. Alternatively, a fuel cell vehicle might achieve ~55% because, unlike a heat

engine, its efficiency can exceed the thermodynamic Carnot limit.

Because their efficiency is not based entirely upon the capture of thermal energy, the fuel
cell concept can theoretically be designed around a larger range of temperatures, usually
anywhere from 80°C to 1200°C. Similar to batteries, fuel cells can also vary greatly in
size for portable and stationary applications, including personal electronics, automotive
transportation, remote and backup power supply, and power for infrastructure in urban
and industrial environments. Advantages over batteries include the ability to refuel very

quickly as well as the potential for an air breathing cathode, resulting in less carried



weight. Supercapacitors (also known as ultracapacitors) are another emerging form of
energy storage, offering high power density at lower energy densities than batteries or
fuel cells. Many mobile applications such as automotive, as well as uninterruptible
power supply (UPS) schemes benefit from systems utilizing combinations of these
technologies, where the strengths of one can supplant the shortcomings of another. The
performance properties of these devices relative to one another are usually well described

in Ragone plots.

1.2  Fuel Cell Design

A polymer electrolyte membrane fuel cell (PEMFC) is an electrochemical device which
utilizes oxidation and reduction processes specific to a given fuel to release chemical
energy that can be used to perform work. A fuel is first fed to the anode where it passes
through the gas diffusion layer (GDL) and is broken down into three components after
adsorbing onto the catalyst: electrons, hydrogen-based ions, and oxidized byproducts. In
the case of hydrogen as a fuel in an acidic ion-membrane, H, is broken down into H* and
e’, with no byproducts from the anode assuming the fuel is entirely consumed. Electrons
travel from the anode to the cathode by way of a complete circuit to and from an
electrical device to which power is provided. H" charge carriers also traverse an ion-
conductive membrane as HzO". Both charged species recombine at the cathode along
with O, to form H,O. This last process is referred to as the oxygen reduction reaction

(ORR).
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Figure 1.1: (Left) Schematic of a single fuel cell with emphasized components and
chemical processes. (Right) Fuel cells can be connected in various configurations of
series (shown) and parallel stacks to produce the necessary volts and amps for a particular
application.

Reactions occurring on both electrodes are conventionally catalyzed by platinum
nanoparticles dispersed onto high surface area carbon support particles. The carbon is

amorphous with a graphitic surface that is relatively stable and hydrophobic.

To yield useful amounts of power for most devices, multiple cells must be connected in
series to produce higher voltages. This constitutes a fuel cell stack, which warrants
further design considerations: a system for balanced hydration regulation, effective heat
dissipation, and even disbursement of reactant gasses across the entire surface area of the
electrode using bipolar plates with carefully patterned channels. Each one of these
systems helps address an efficiency sink within the system. The commonality of such
losses in fuel cell stacks is why it is especially important for a catalyst to be designed

around a particular fuel and ion-membrane chemistry.



1.3 Properties of Potential Fuels

In addition to their potential efficiency and scalability, much of the political and
technological appeal of PEMFCs is based upon the variety of chemicals which can be
used as fuels. The ideal fuels of the future and the accompanying infrastructure
necessary to distribute them will likely prove to be regionally specific, unlike the systems
currently in place for petroleum consumption. Even though domestic oil production can
only provide about 5 million barrels of oil per day (mB/d), an advanced, global land and
sea infrastructure allows for the importing of an additional 11 mB/d for transportation
and 6.5 mB/d for industrial processes *. A feasible infrastructure is an indispensible
criterion for new energy sources, though an alternative fuel which could be distributed on

this scale is not currently available.
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Figure 1.2: Hydrogen and carbon composition (oxygen not shown) in relevant materials
for chemical energy storage.

Electro-catalytic oxidation of large hydrocarbons is considerably more difficult than for
hydrogen and lighter alcohols. Generally, it is helpful to associate energy density of a
fuel with its hydrogen content. H ions are the smallest species to associate with

electrons, and the kinetics of oxidation are relatively fast. Of the fuels listed in Fig.1.2,



hydrogen, methanol, and ethanol have the highest hydrogen content and involve simpler
catalysis. Fuels which appear farther left are better suited for heat-driven energy
production, while those farther to the right have the most potential for efficiency electro-

catalytic oxidation.

Table 1.1: Energy Density of Potential PEMFC Fuels Compared to Gasoline *

Fuel H, H, Tank Methanol Ethanol Gasoline
(~1.5wWt%)
kWh/kg 32.8 0.42 6.1 8.1 12.7

The energy density of gasoline is 156% that of ethanol. Yet considering the relative
efficiency of heat engines and fuel cells alone, an ethanol fuel cell would only need to
operate at about 35% efficiency to deliver the same energy per mass as a gasoline internal

combustion engine.

1.3.1 Hydrogen (H2)

Hydrogen is easily oxidized over Pt and has an excellent energy density until one
considers attainment and storage. Storage as a compressed gas is currently the most
practical method, but the energy loss per weight is obvious in Table 1.1. Alternative
storage techniques involve reversible absorption of hydrogen into a substrate to form
metal hydrides * © or adsorption onto the surface of carbon nano-tubes ’, both at lower
pressures than compressed H; gas (~15-35 MPa). It is usually obtained from steam
reforming of methane, natural gas or coal, or from electrolysis of water *. And all these
sources involve high emissions of COy species with current reforming methods (except in
the case of solar-driven electrolysis). Hydrogen is also difficult to store for long periods

due to a high diffusion rate through most tank materials. And because of its high
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flammability and the significant losses incurred during transport from Source

Material>Refined State>Stored State>Vehicle Tank, an entirely new infrastructure is

necessary for its implementation.

Acid Electrolyte
Anode: H, —» 2H' + 2e”

Cathode: 1 + _
502+2H +2e” - H,0

I: 1
Cell: +50, > Hy0

Eqn.1.1

Anode:

Cathode:

Cell:

Base Electrolyte

H, + 2(0H™) - 2H,0 + 2e™
1
502+ Hz0 +2e™ > 2(0H")

1
Hy +50; > Hy0

Eqn.1.2

Despite these complications, the hydrogen oxidation reaction has been well studied and

remains the simplest fuel for which a PEMFC can be designed.

1.3.2 Methanol (CH30H)

Methanol is usually obtained from coal or natural gas, both of which are abundant in the

United States, resulting in significant emissions of greenhouse gasses. Zero emissions

processes from renewable biomass are possible, but not currently established. Storage

requires tanks and lines made of corrosion resistant plastic and metal. If these are

available, then methanol is easily stored as a liquid under ambient conditions for

stationary and mobile applications. However, its use for smaller devices is questionable

due to the fuel’s toxicity and potential to be absorbed through the skin.



Acid Electrolyte
Anode: CH;0H + H,0 — CO, + 6H" + 6e~

Cathode: 3 + _
502+6H + 6e” - 3H,0

I: 3
Ce CH5OH +0, > 2H,0 + 0,

Eqgn.1.3

There has been extensive time and money invested into the development of direct
methanol fuel cells ® ® and methanol reformers which subsequently produce hydrogen *°
mainly because of the ease with which it can be stored, as well as its substantially higher

energy density compared to compressed hydrogen.

AH
CHyOH = CO +2Hy; AH =+91Y/ Eqn.1.4
AH
CHsOH + H,0 5 CO, + 3Hy; AH = +49%/ Eqn.1.5
1 AH
CHy0H +0, = CO, + 2Hy; AH = ~192 Ky Eqn.1.6

Decomposition of methanol (Egn.1.4) is undesirable for PEMFCs because of the high
concentrations of CO produced. The reaction for steam reforming of methanol to
produce hydrogen (Eqn.1.5) is similar to the anode reaction in Egn.1.3. However, in
PEMFCs where steam is unsuitable, the reaction instead proceeds exothermically using
Pt catalyst. An exothermic partial oxidation reaction (Egn.1.6) can be considered to

avoid the need for an external heating source which is otherwise required and
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complicates the design of smaller devices **, but this represents a significant loss of

efficiency.

At the PEMFC anode, the methanol oxidation reaction is complicated by slower kinetics,
and the formation of CO with its strong adsorption affinity for the Pt surface that can lead
to poisoning of the catalyst. If CO,q4s and Ogqs 0CcCupy adjacent Pt surface sites, then the
energy of formation and desorption of CO, is about 95 kJ/mol, compared to 259 kJ/mol
to desorb CO,gs otherwise 2. Nafion ionomer is also somewhat permeable to methanol,
allowing some of the fuel to traverse the membrane and react on the cathode catalyst.

The result is a decrease in the potential between the anode and cathode.

1.3.3 Ethanol

Ethanol shares the same storage benefits and precautions as methanol. It is less toxic
than either methanol or gasoline, and established processes already exist in the United
States and elsewhere for the attainment of ethanol from bio-renewable sources, including
corn, wood, and grass and others *3. Currently, manufacturing processes are still energy

intensive, similar to hydrogen.

The high energy density of ethanol can only be realized inside a fuel cell with the
complete oxidation of both carbon atoms, leading to the formation of CO,. This requires
that partially oxidized, double-carbon intermediate species remain bonded to the catalyst
surface long enough for scission of the C—C bond to occur. Conventional catalysts for
PEMFCs such as Pt/C and PtRu/C fail at achieving a high yield of CO or CO,. Much

work has been spent designing Pt-alloys, especially variations of PtRu in which the
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ruthenium helps stabilize the Pt surface against poisoning by CO. However, this

approach might not necessarily be conducive to C—C scission of multi-carbon fuels.

Acid Electrolyte
Anode: C,HsOH + 3H,0 — 2C0, + 12H* + 12e~
Cathode: 30, + 12H* + 12e~ —» 6H,0
Cell: C,HsOH + 3H,0 + 30, —» 6H,0 + 2C0,

Eqgn.1.7

The mechanism of ethanol oxidation in alkaline electrolyte is more complicated than in
acid. This is partially due to the formation of soluble carbonates from CO, production.
But ethanol also has a greater variety of partial oxidation products than methanol,
including acetic acid and acetaldehyde. Similar to oil, ethanol is a commaodity for
chemical products as well as energy, with varying value for each depending upon
whether it is obtained from biomass or fossil fuel **. However, with regard to stability of

storage and toxicity (including oxidation by-products), ethanol is most optimal.
1.4 Economic Factors

1.4.1 Catalysts and Support Materials

Platinum based catalysts are the conventional standard for both oxidation and oxygen
reductions in low temperature fuel cells. The cost of this material, alone, greatly defines
the overall expense of fuel cells. To be economically competitive, the cost must decrease
roughly five times for the implementation of fuel cell stacks for automotive applications

> Alternatively, systems which require similarly smaller amounts of Pt with enhanced
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durability must be developed. One approach being pursued is the use of ultra-low Pt
loadings, wherein monolayer amounts of Pt are deposited onto a substrate *°. Another
method is the synthesis of nanoparticles with carefully controlled morphologies which
promise greater stability "8, Corrosion of the carbon support also leads to a loss of

platinum, and carbon nanotubes are being pursued as a more stable alternative *°.

Cost, pue (S1k/kg)
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5100 -
SR80
560 -
540

220 -

50

Figure 1.3: Bulk cost of pure raw earth elements. Open circles indicate promising
elements of interest for PEMFC electrodes.

Yet another approach involves replacing the carbon support, entirely, with an alternative
material that offers better stability while simultaneously enhancing the stability and/or
performance of platinum. But because activated carbons tend to be very inexpensive, any
replacement must be appreciably better on both counts. The figure above shows the
average bulk prices of various elements in 2009 (relative prices can vary from those
associated with gram-amount purchases). Elements with open circles indicate some

promising alternatives with notable electrochemical behavior.
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Elemental Abundance on Earth (log)

Figure 1.4: Logarithmic elemental abundance on earth. Open circles indicate promising
elements of interest for PEMFC electrodes.

The elemental abundance of potential support materials is especially relevant. Platinum
is relatively rare, with most mines centralized in South Africa and Russia. The market
price can be inconsistent and subject to severe fluctuations. Materials with a positive
logarithmic abundance would help ensure a more stable production price, and allow fuel

cells to be more easily implemented.

1.4.2 Ethanol from Biomass

As mentioned previously, ethanol has value in multiple markets including energy as well
as food. This is especially true in the United States where gasoline is blended to contain
10% ethanol (E10) in order to reduce automotive emissions. Government subsidizing of
ethanol is intended to support this practice and add stability to the energy market by
guaranteeing corn-farmers a minimum annual demand. This inflates the $/bushel value
of corn by 15-30% depending upon the state 2°. Gasoline refiners also receive an income

tax credit of $0.51 per gallon of E10 sold . These subsidies ultimately cost the
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government $2.00-$3.00 per gallon of ethanol produced from biomass in addition to what
is paid by the consumer. The benefit of this system is clearly relative to the market value
of petroleum. Fossil fuels are used in the production of most biomass derived chemicals.
This includes hydrogen and alcohols, in which the energy contained in the fossil fuel
consumed is usually greater than that of the chemical produced. But when the ethanol
market is considered in its entirety, including all energy inputs involved in growing the
corn, refining, transporting, and marketing, it can be shown that the ethanol produced
contains more energy than the fossil fuels used in its production . Alternatively, the
energy obtained from gasoline by the user is 80% of that in the fuels used in its

production 2.

Subsidization of corn also affects the food market. Arguments against corn ethanol often
discuss the adverse impact on food prices that could result because corn products are
more common than any other in refined foods in the United States. It is estimated that an
increase of 50-80 million acres of cropland would be necessary to displace gasoline
consumption with biomass-derived fuels for energy. Currently the United States utilizes
roughly 430 million acres for all grown crops. But the main obstacle in realizing such an
increase is not land, but instead, the water required for irrigation. It was recently reported
from analysis of NASA satellite imagery that the single largest irrigated crop in the U.S.
is grass (32 million acres), covering an area three times greater than that of all irrigated

corn 2%,
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The discussion of the economics of ethanol is intimately related to intelligent water
management. With this revelation, it is notable that Food vs. Fuel arguments are not
limited to ethanol, and instead encompass the growth of biomass-derived chemicals, in

general.

1.5 Spray Pyrolysis Aerosol Synthesis

The spray pyrolysis process is also referred to in the literature as aerosol decomposition,
evaporative decomposition, spray roasting, spray calcination, and liquid aerosol
thermolysis %. The concept involves a liquid mixture containing precursors which are
soluble in a particular solution. This liquid is atomized to produce droplets by one of
several aerosol generation techniques also involving a carrier gas. Depending upon the
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desired oxidation state of the final material, the carrier gas is commonly air, Ho/N, mixes,
or other inert gasses. Suspended in the gas, the droplets are carried through a furnace
reactor where they eventually dry into particles and the precursors thermally decompose,
most often into metals or metal oxides. These particles are collected on a surface, in a

solution, or on a filter paper that traps only the desired product.

PARTICLE
COLLECTION

Exhaust or
Vacuum Pump

Figure 1.6: Spray Pyrolysis reactor setup

The advantages of spray pyrolysis are considerable for synthesis of catalyst materials:

e Simple precursors dissolved into solution

e Homogeneous mixing in which droplets act as individual micro-reactors
e Rapid processing time on the order of several seconds

e Utilize evaporation-induced self-assembly of surfactants (EISA)

e Consolidated processing of multiple thermal decomposition stages and

atmospheres into a single scheme
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e Excellent scalability from bench-top to industrial processes

Sufficient solubility of precursors in the initial solution ensures that each droplet will
have a homogeneous composition. Droplets are usually poly-dispersed and vary
depending upon the atomization method, though diameters c.a. 0.2-0.3um are common.
With compatible precursors, this type of aerosol synthesis technique can be used to
produce metals and metal-oxides, ceramics, and composite materials involving non-
metals. Surfactants can be used to template materials with meso or nano sized features.
In addition, sol-gel chemistries in the literature can be easily adapted to spray pyrolysis to

achieve products of equal composition over much faster processing periods.

The type of solvent used depends upon the precursor and template of interest, and is often
aqueous or alcohol-based. Other potential solvents or additives such as NH3OH,
benzene, or similar have hazardous byproducts which must be scrubbed or thermally
decomposed from the exhaust gas downstream of the main reactor. Such solvents are
usually avoided for industrial scale processes when possible. Typical precursors include
metal carboxylates, halides, nitrates, and alkoxides. Nitrates are useful in place of
carboxylates when carbon contamination in the product is of concern. However,
carboxylates usually break down to CO and CO,, whereas nitrates and halides can result
in more hazardous or reactive byproducts, such as HNO3z and NOy 2 %% Chlorides can
be useful precursors because many metals exhibit similar solubility in aqueous solutions.
Byproducts are usually H,, HCI, and CI, which deposit into the collected sample at low
concentrations and are easily removed by washing or thermal post-processing. Chlorides
will decompose in aqueous solutions into metals or metal oxides when pH is increased
beyond a certain threshold, often above pH 2-3. Such a change can be induced by
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evaporation of solvent with solvated CI" from a droplet. The ability to coordinate the
decomposition of metal precursors in near simultaneous fashion is especially helpful for
achieving homogeneous materials of components with varying volatilities. The
independent nature of each droplet in SP is particularly useful for heterogeneous catalysts
because it is easy to maintain a high level of dispersion for metallic nanoparticles within

a metal oxide matrix .
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Figure 1.7: The effect of SP reactor conditions and precursor characteristics on A)
Particle Morphology, and B) composite particle microsctructure *'.

Another attractive feature of SP is the scalability. Control over the various droplet-
reaction phenomena described above, along with consolidation of sequential post-
treatments, can be economically achieved in large, multi-zone reactors carefully designed
for a specific type of material. Multi-physics simulations of such reactors (see Ch.5) can
help ensure specifications before any significant financial investment into a pilot system.
Simulated flow patterns and residence times for different reactor designs can be coupled
with kinetics models of a droplet to predict the state of the end product, so long as

properties of the material are known.
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Depending upon the concentration of the precursor solution, the solvent will provide 90%

or more of the droplet’s initial mass. The change in mass initially correlates to the

evaporation rate of solvent at the droplet surface ** %%
dm 4nRD,M (P P4
et il Eqn.1.8
dt ~ R, (Too Td) m

Rg is the universal gas constant, Dy is the diffusion constant of vapor, R is the droplet
radius, p. and pq are the ambient vapor pressures far from and at the droplet surface, T.,
and T4 are the reactor and droplet temperatures, and M is the molecular weight of the
carrier gas. The equation above neglects changes in droplet radius, which is also
assumed to be greater than 50nm and moving at a vector equal to that of the ambient

carrier gas.

The rate of temperature change at the droplet surface is a factor of loss of energy to the

latent heat of evaporation of solvent, as well as heating from the ambient gas.

dm de
ATRK (Too — T;) + A— = mS— Eqn.19a
dt d¢
~ 4RoT3
condition: X «1 Eqn.1.9b

K is the ambient thermal conductivity, S is the specific heat of the solvent, and o is the
Stefen-Boltzmann constant. This model applies assuming Eqn.1.9b is true, indicating

negligible contribution from radiant heating.
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The solute concentration in the droplet decreases from the surface to the interior as
solvent evaporates from the surface. This involves a concentration gradient, the

mathematical solution for which varies greatly for different systems:

ot r2or " or

ac DS(’)(ZOC> Ean.1.10
- qn. 1.

Eqgn.1.10 assumes a constant particle radius. When the evaporation rate from the surface
is similar to the diffusion rate of solvent from the droplet interior, this model becomes

inaccurate. It can instead be modified to account for changes in concentration *:
u= C?A,z = [Cr?dr,s = DsC?

ou 0 (r“‘s 3_1;)

i 57 Egqn.1.11

Ds is the diffusion constant of the solvent, and r is the radius (now variable) of the

droplet.

Once most of the solvent has evaporated and the droplet is better described as a particle,

solvent diffusion-limited drying can be taken in the place of Eqn.1.8 3*:

dm 4tR.D
rri ) - US Yd — Vo) Eqn.1.12
1+%
Do R.—6

R. is the droplet radius at the point of precipitation, & is the thickness of the precipitation
layer at the surface, D, is the diffusivity of vapor through the precipitation layer, and v is
the mass concentration of solvent vapor. Eqn.1.12 assumes a constant rate of diffusion

through a uniform precipitate layer of unchanging thickness.
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Figure 1.8: Common solvent and solute concentration profiles in a droplet during SP.

Common droplet behavior similar to what might be modeled by Egn.1.8-1.12 is depicted
in Fig.1.8. The actual concentration gradients of metal precursors and solvent will vary

depending the materials and temperature profile of the reactor.

CHAPTER 2 - Electrocatalysts: Stability and Performance

2.1 Aqueous Electrocatalysis

When two electrodes are connected by an electron and an ion conducting medium, each
will exhibit Faradaic behavior in which a charge transfer occurs. This involves a redox
process in which reduction and oxidation reactions are simultaneously proceeding at
equilibrium. One function of the catalyst is to shift this equilibrium to favor one redox
process over the other, altering the charge transfer measured as exchange current density.
The value of this term reflects electro-catalytic activity at the electrode. Oxidation
behavior is assigned to the anode, and reduction to the cathode. The difference between
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the exchange current density of each electrode constitutes the total potential of the circuit,

referred to as the cell.

AE = Egnode — Ecathode Eqn.2.1

In the absence of an externally applied potential, the natural redox behavior of each
electrode will proceed proportionally to the magnitude of the negative Gibbs energy of

reaction until equilibrium is reached:
AGP, = —NFE, . q0x Eqn.2.2

where AG%,, is Gibb’s free energy of reaction. n is the number of electrons transferred.
F is Faraday’s constant, 96,489 C/mol e". Eregox IS the reversible potential of the cell. In
this case, AE of Eqn.2.1 represents the open circuit potential (OCP) of the system. The
value of OCP can be useful for determining how similar an electrode’s natural redox
processes are to its intended operating potential inside a fuel cell. For a hydrogen/oxygen
fuel cell run under standard conditions, the OCP is known to be 1.23V. This is the

theoretical potential limit of such fuel cells.

The Nernst Equation is useful for describing the electrochemical activity of a cell when
an external potential is applied and the response of one electrode is based upon a
predictable, measureable reference redox couple (E°):

RT [red]
TaE [ox]

RT
E.op = E° — n—Faneq =E° Eqgn.2.3

where Eg is an externally applied potential. R is the universal gas constant, 8.314J/mol-

K. T is the temperature of the system. Kgq is the equilibrium constant between reduction
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and oxidation processes at the electrode of interest. In this way, Eqn.2.3 is an analogue
of Eqn.2.1. If the response of one electrode (E°) to the applied cell potential (Ece), then

the activity of an unknown electrode can be described.

The nature of the electrolyte affects the operating potential range of the cell. Aqueous
systems must operate within the potential range at which H,O is relatively stable without
evolving hydrogen or oxygen. These boundaries are reflected in the potential-pH

diagram of Figure 2.1, denoted by the dotted lines, (a) [H2/H'] and (b) [O2/H,0].
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Figure 2.1: Potential-pH equilibrium diagram for platinum in water at 25°C *°.

The state of the catalyst surface between (a) and (b) is of interest. In this range, platinum
is largely metallic, which is a desirable property. Through interaction with the
electrolyte, platinum can also form hydrides, oxides, and hydrous phases. During a
Faradaic process, the composition of the catalyst/electrolyte interface can be simply

described in terms of these charged species.
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Figure 2.2: Helmholtz interpritation (simplification) of potential distribution from the
surface into the bulk electrolyte 3°.

The Helmholtz model is a simple description of the change in potential across the
interface from the polarized electrode to the bulk electrolyte. The charge which is
externally applied to the surface of the electrode, ¢, causes an opposing response from
the electrolyte in the formation of a compact layer of charged H,O molecules. In the case
of a negatively charged catalyst, H,O molecules will orient to bring their more positive
hydrogen atoms into contact with the surface as opposed to negatively charged oxygen,
and vice versa. The Inner Helmholtz Plane (IHP) passes through the center of these
molecules. lons from the solution will collect atop the IHP to form the Outer Helmholtz
Plane (OHP). Beyond this plane and into the bulk electrolyte, positive and negative ions
exist in @ more homogeneous state. The IHP and OHP together form the electrical double
layer, across which the potential drop (¢m> ¢iHp > dorp > ¢s) is a measurable phenomena.
The actual interface is more complicated than the Helmholtz model describes due to a
variety of ionic behaviors depending upon the system. Three fundamental processes

which occur at the electrode-electrolyte interface are shown in Figure 2.3.
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Figure 2.3: Fundamental electrode processes. Note that the Faradaic process (a)
illustrates oxidation. (b) is applicable when K* cannot be reduced at the applied potential
of the catalyst.

Ethanol oxidation and oxygen reduction reactions are Faradaic and contribute to the
exchange current density. The double layer forms by a charging process which is
apparent in most electrochemical measurements. Such measurements becomes more
complicated when all three processes occur simultaneously. When an electrochemical
experiment is designed so that it can be reasonably assumed that most of the electrode
activity is from Faradaic reactions, the following equation can be used to quantify the

mass activity on the electrode surface:

Q 1
M R =—=—|1 Eqn.2.4
oles Reacted T dt qn

where | is a measured current taken in amperes, and Q is the cumulative current over
time, or total charge passed across the electrode. This relation is the basis for many

forms of electrochemical analysis.
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Figure 2.4: The changing concentration profile of oxidation and reduction species with
time relative to the electrode surface.

When ethanol or a similar hydrogen-containing molecule is oxidized at the electrode, the
concentration, [red]g, will naturally decrease at a rate which is dependent upon the
kinetics of the reaction as well as the diffusion of more ethanol from the bulk to the
electrode. At the same time, the byproduct of EOR, [0x]g, will begin to form at the
electrode. At a constant current, linear concentration gradients will develop across a
diffusion layer, the length of which begins at the electrode and ends at the point when
both concentrations in solution stabilize. This diffusion layer represents the point at
which the reaction becomes limited by mass-transfer. The time-dependent flux of

reactant towards the electrode can be modeled as®’:

Dred)2
Tt

05 = Allred]sop — red]z.) ( Eqn.2.5

where Dygq is the diffusion coefficient of ethanol through the electrolyte. A is the area of
the electrode surface. Two modifications can be made to relate this equation to Eqn.2.4.

The current can be found by multiplying Eqn.2.5 by nF. In addition, under steady state
28



operation at constant current, the rate of the charge transfer reaction will become

negligible compared to mass transfer. In this case, Eqn.2.5 can be written as:

Dred %
I =nFog = nF( = ) [red]somn Eqn.2.6

2.2 Ethanol Oxidation in Alkaline Fuel Cells

Liquid electrolyte alkaline fuel cells (AFCs) are far more practical than those which use
an ionomer, referred to as AMFCs. The latter type can operate at temperatures of 80°C,
though are usually limited to 50-60°C due to instability of the membrane. Anion
conducting membranes usually fail after several days of use and require aqueous KOH to
maintain ion conductivity. This fact has traditionally made it difficult to manufacture
reliable membrane electrode assemblies (MEA) for comparative studies against acid
PEMFCs. Carbonate buildup at the cathode from interactions between CO/CO, and

KOH is another problem which hinders AFCs and AMFCs.

These drawbacks are overlooked by researchers who recognize alkaline electrolyte as a
more efficient environment for the oxidation of alcohols and other organic fuels * %, It
is apparent from the anode process for ethanol oxidation of Eqn.1.7 that the forward
reaction is favored in more basic environments. This would seem to be verified by the
experimental observation using in situ spectroscopic techniques that ethanol appears to
oxidize more completely to CO, on a Pt surface in alkaline media *°. Some researchers

have noted that the kinetics of oxidation of organic molecules at the anode as well as the

oxygen reduction reaction (ORR) are easier in KOH electrolyte “°*2. Others question the
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idea of improved kinetics, citing a lack of clear evidence to this point. Instead, there is
better evidence to show that the alkaline environment is less corrosive towards catalyst
metals and that less poisoning occurs due to the easier oxidation and removal of

impurities **. This allows for the use of a wider variety of metals on the electrode, such

I iron or aluminum * that would otherwise dissolve into solution at certain

as nicke
potentials. Though the most active catalysts in AFCs still use Pt and Pd *°, many other
transition metals have been shown to enhance EOR and ORR activity by altering the
electronic structure of noble metal binding sites ** or forming oxides which allow oxygen

species to form in proximity of bound ethanol and subspecies *"*.

2.3 Catalyst and Support Durability

At the anode, the current state of the art utilizes decorated nanoparticles of PtRu alloy
supported on high-surface-area carbon blacks 2. It is generally believed that the
improved fuel oxidation and enhanced resistance to CO poisoning seen with PtRu is a
result of the bifunctionality of the material **3. Carbon blacks have traditionally been
used as the catalytic support for PtRu due to their excellent electronic conductivity and
high surface areas ranging from 150 to 1200 m?/g. The outer surface of the most
commonly used carbons is graphitic with a low degree of oxidation, whereas the interior
remains amorphous and especially susceptible to corrosion >* *°. There are three primary
means of failure of carbon as a catalytic support. The first develops from percolation
effects in the conductive carbon matrix as the material shifts and its simple morphology is
unable to maintain as many points of electrical contact among particles, resulting in
ohmic losses. Because carbon does not interact with the catalyst, kinetic losses also occur

when platinum particles agglomerate and migrate around and off of the support surface,
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leading to sintering and loss of catalyst/support contact. Consequently, platinum and
ruthenium have been shown to detach from the carbon and migrate across the ion
exchange membrane ***%, Finally, carbon forms surface oxides that create a hydrophilic
interface and lead to flooding of the support, ultimately hindering fuel flow to the
catalyst. Carbon supports do not participate in the catalytic oxidation/ reduction reactions
and offer low stability, leading to degradation of the fuel cell. For these reasons,
noncarbon supports are being explored as an alternative. Transition metal oxides
possessing variable oxidation states are one class of noncarbon material that offers
promise as electrocatalyst supports because of the generally superior stability, and
reasonable electrical conductivity associated with substoichiometric oxides. This class of
materials for electrocatalyst supports has been recently reviewed >°. One challenge with
these materials is the need for the oxide to be partially reduced to provide electronic
conductivity while maintaining high surface area ®°. In some cases, incorporating a

61, 62

second oxide element, such as Nb into titanium oxide , can enhance electronic

conductivity. Alternatively, small to moderate weight percents of metal oxides supported

on carbon have also been implemented as pseudo supports for catalyst * ¢,

Niobium oxide, when modified to enhance electrical conductivity, is one of several
potentially suitable materials for replacing carbon as a catalytic support in membrane fuel
cells ®- %, Literature has shown that niobia can play a complementary role in the catalysis

of oxygen reduction °*®*, hydrogen oxidation ®°, and methanol oxidation & ©

, wherein Pt
activity is enhanced depending upon the form and quantity of the metal oxide. The design
requirements of alternative electrocatalyst support materials are rigorous. A competitive

replacement must have a reasonably high surface area, exhibit a degree of catalyst
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stabilization, have minimal gas transport resistance, be electrically conductive, and have
the proper balance of hydrophobic surface chemistry so as to avoid inhibiting levels of

hydration.

2.4 Theory of Pt and Pt-Alloys

Platinum is an excellent oxidation catalyst because of its crystalline surface structure and
moderate adsorption energies with COy, H, and O, due to the element’s noble electronic
structure. This concept is described by the Sabatier Principle ®. While the energies of
sp-band electrons are relatively stable across the periodic table ', those of d-band
electrons in transition elements vary considerably and are responsible for the improved
catalytic performance of platinum-group metals compared to others. D-bands are
localized closer to the Fermi level, which can make them well suited for bonding in
addition to exhibiting conductivity from an occupied valence band. An optimum
catalytic rate occurs when the surface-bond strength is rate limited neither by the
dissociative adsorption or by desorption of by-products. Of course, real systems are
biased toward one or the other. This bias can be visualized using volcano plots which
compare the adsorption energy of a species onto a surface relative to the d-band center of

that surface.
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Figure 2.5: (Left) DFT calculated adsorption energies of O, as a function of d-band
center energy from Eremi On altered noble metal surfaces °®. (Right) Volcano-type
relationship between the rate (current) of the methanol oxidation reaction versus the
binding energy on different transition metals °°.

Nearly full d-orbitals result in a stable atom which is better able to form bonds strong
enough to hold an intermediate at the surface for the duration of the reaction, and weak
enough to release the product when the reaction is complete. In the case of methanol
oxidation, binding with Pt lowers the activation energy necessary to break the O—H and
C—H bonds. This occurs as CH3OH approaches the Pt surface and begins to interact
with the broad sp-band (lower energy) at the surface, which lowers and broadens the
energy of the sp-bands of the methanol. The molecule also interacts with the Pt d-band
(higher energy near Egemi). This dual-orbital interaction causes the shared electrons of
O—H to split into bonding (low energy) and anti-bonding (high energy) orbitals. If the
latter is occupied by electrons, then the internal bonds within the molecule weaken,
leading to dissociation °. The hydroxyl hydrogen is the first bond to break, followed by
the remaining hydrogen bonds from carbon. The molecule dissociates as methanol >
methoxy intermediate > formaldehyde >> CO. The same mechanism is not effective for

the C—O bond which becomes more stabilized, contributing to CO/Pt poisoning. The
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ethanol oxidation reaction is more complex than that of methanol, but the activation
energy of splitting the same C—O group is comparable "3, Pt-group alloys, such as
PtRu and Pt3Sn, and other intermetallic compounds are an attempt to fill the spaces
between elements in a volcano plot and obtain the most desirable binding energies for a

specific reaction ®" ™47,

The specific structure of the d-band of a Pt atom depends upon its coordination number
as well as the atomic spacing. The Pt(111) surface is recognized as the most catalytically
active due its close-packed structure. The optimal size of Pt nanoparticles is between 2-
5nm diameter, after which there is no gain in active surface area or exposure of Pt(111)
from dispersion. But this size also implies a ratio of surface and edge atoms which
exhibit different binding energies. An edge atom with a low coordination number will
compensate by forming stronger bonds with adsorbates. Therefore, stronger binding will
occur on the less dense Pt(110) face than on Pt(111), while the latter exhibits the fastest
kinetics. This behavior illustrates reactions which proceed with varying degrees of
structure sensitivity. In a PEMFC with electrolyte of pH similar to that of typical Nafion,
hydrogen will preferentially adsorb/desorb on Pt surfaces at different operating voltages
(potentials): 0.35-0.45V on Pt(111), 0.3-0.4V on Pt(100), and 0-0.2V for Pt(110) ”. Pt-
alloys and homogeneous intermetallic compounds are ideally designed with a modified
electronic structure specific to the anode or cathode reaction of species anticipated to be
present in a system. The design of new, more effective electro-catalysts for the ethanol

oxidation reaction must be approached in this way.
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2.5 Niobia for Alcohol Oxidation or Oxygen Reduction

There has been some disagreement in the literature about the catalytic nature of
niobium/niobia and whether it is best suited for alcohol oxidation or oxygen reduction.
The question is hardly as simple as this because niobia can be implemented in different
oxidation states, amorphous or crystalline morphologies, and in various amounts with
other metals. Conventional PEMFCs utilize platinum at both electrodes which is
problematic when fuel crosses the membrane and is able to adsorb and oxidize at the
cathode. Although crossover issues seen with hydrogen and methanol should be less with
a larger molecule like ethanol, the overall cell potential would be improved if the
electrodes were intrinsically different to suppress the primary reactions of one from
occurring on the other. Therefore, it is important to identify the primary functionality of
niobia as a bi-functional electrocatalyst. Nb(V) is the most representative form to
consider due to the instability of more reduced forms in the presence of aqueous

electrolyte.

Fuel cells are usually limited by the kinetics of oxygen dissociative adsorption onto Pt at
the cathode. The cathode is more sensitive to ionized species derived from the aqueous
electrolyte than is the anode. At the anode, adsorbed HO" surface species can assist in the
oxidation of alcohol intermediates. But this same species at the cathode acts as a major
inhibitor of O, adsorption. Reduced forms of niobia at the cathode would ideally donate
electrons to Pt in order to weaken its binding energy with undesired hydroxyls.
Alternatively, more oxidized niobia at the anode might help oxidize neighboring Pt and
adsorbed intermediates to exhibit a similar effect. It is known that the niobia surface is

acidic in aqueous electrolyte by the formation of Nb,Os*nH,O species. It is not clear
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whether HO™ species would spillover from niobia on the Pt surface, or if hydroxyls on the

more noble Pt surface would react to form H,O from a similar spillover effect. The

prevalence of one effect over the other is highly circumstantial. Pourbaix diagrams can

be used to approximate the stable niobia species present in different electrolyte

conditions. But nano-particle or nano-structured niobia likely exhibits behavior which

deviates from such figures. Experimental or computation studies are required to examine

the binding energies in each case and begin associating the properties of niobia with

either electrode.
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Figure 2.6: Pourbaix diagram for niobium showing the equilibrium species in an aqueous

environment of varying pH and potential (V) at 25°C, 75°C, and 95°C .

Nb+H,0 — NbO+2H" + 2¢’ E, =-0.733-0.0591 pH

NbO+H,0 — NbO, + 2H" + 2¢ E, =—0.625—0.0591 pH
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NbO, +H,0 — Nb,O; +2H" + 2¢ E, =—0.289-0.0591 pH (Eqn.2.9)

Equations 2.7-2.9 demonstrate that Nb(V) is the dominant form of niobia at cathode and
anode potentials, 0-1.2V. Though Fig.2.6 shows how niobia at the charge transfer
interface on an electrode can be influenced by temperature, possibly to stabilize

perniobate species that could lower the barrier to CO oxidation.

Another important property relating to the sensitivity of the cathode comes from the fact
that dissociative adsorption is more complex than adsorption followed by decomposition.
The former requires availability of adjacent surface sites with partially filled d-orbitals
which exhibit a long bonding radius. Platinum and other 5d elements are best at meeting
this last criterion, whereas the orbitals of 3d elements are generally too small. This rule is
relaxed somewhat in electrolyte of higher pH, which is why a wider range of transition
metals may be catalytically active in an alkaline environment. Niobia is a 4d element,

and is not clearly suited to either electrode by this standard.
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CHAPTER 3 - Problem Statement

The efficient electrocatalytic oxidation of ethanol requires the use of more carefully
considered composite catalysts tailored for the specific environment of interest. This
research seeks to develop aerosol synthesis routes with promising alternative metals and
metal-oxides that could be used to form alloys or intermetallic compounds with platinum
as catalysts tailored specifically for the ethanol oxidation reaction. Due to its relative
stability at high temperatures and in corrosive environments, niobia is of interest to
supplant carbon as a support material. It can also improve upon carbon with the added
benefits of a stabilizing strong metal support interaction (SMSI) with Pt nanoparticles and
multivalent oxide compounds which could lower energy barriers associated with

oxidizing adsorbed Pt surface species.

e Objective 1: Experiment with the aerosol spray pyrolysis system to identify a
stable surfactant/solvent/metal precursor system using niobium as the primary

metal.

The bench-top spray pyrolysis system will be refined for synthesis of intermetallic
niobia compounds also utilizing promising transition metals previously identified.
The synthesis process will utilize block co-polymer surfactants to impart a porous
mesostructure into the metal oxide matrix. The large surface area which results will
enhance mass transfer characteristics and maximize the number of accessible reaction

sites.

e Objective 2: Develop a protocol for quickly testing the conductance of bulk

powders which can be used to ascertain their suitability as an electrode material.
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A device which measures the conductance of bulk powder (500mg or less) will be
constructed. Synthesized intermetallic compounds will be compared against
commercial powders of other conductive materials typically found in conventional
electrodes, including carbon XC72, Ru/RuO,, NbO,, and Nb,Os to establish an

acceptable level of conductance.

e Objective 3: Synthesize an electrically conductive intermetallic compound
primarily composed of niobia with a nanostructured network of pores 4-7nm in

diameter.

The entire synthesis process, including the bench top spray pyrolysis apparatus as
well as additional post processing steps, will be refined to produce 1g or more of
conductive powder of consistently homogeneous composition. An emphasis is placed
on engineering porous nanostructures using templating surfactants to attain high
surface area morphology, as only surface atoms directly lend themselves to
electrocatalytic activity. Both chemical and thermal post-processing steps will be

evaluated until a powder of this description based upon niobia is obtained.

e Objective 4: Achieve highly dispersed platinum on the surface or within the

matrix of the intermetallic support.

A variety of techniques will be explored for the deposition of platinum onto
mesoporous niobia mixed-metal-oxides. These will include in situ formation of Pt
nanoparticles on the metal-oxide matrix during spray pyrolysis, wet and dry
impregnation methods in which varying amounts of Pt dissolved in solution is dried

on the support, and galvanic electrochemical deposition. Materials which
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successfully meet all of the aforementioned criteria will undergo basic

electrochemical analysis for EOR.

e Objective 5: Achieve a catalyst which catalyzes the total oxidation pathway of the

ethanol oxidation reaction.

Half cell cyclic voltammetry, as well as in situ electrochemical FTIR will be used to
monitor the adsorption and formation of species on the catalyst surface correlated to
the time-dependent potential of a polarized electrode. The potential and relative
concentration of evolving species provides evidence which will be used to describe

the reaction mechanism of EOR in the context of the bi-functional effect.

e Objective 6: Elucidate the nature of the catalyst’s EOR performance and
characterize and improve upon the stability of the catalyst in the electrochemical

environment.

Half cell analysis, including ex situ electron microscopy methods, will be used to
study the degradation behavior of platinum supported on niobia-based oxides at the
operating potential limits of anode and cathode conditions. Mechanisms of support
and catalyst degradation will be compared to that of Pt supported on carbon. Half cell
experiments using acid and alkaline electrolyte allow for more comprehensive

comparisons to other literature studies.

Computational Density Functional Theory will be used to model the interface of
Pt(111) with common species encountered in a PEMFC utilizing niobia supports.

These species include C, O,, Hy, Nb, and similar compounds. These studies will be
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used to determine the binding energy and better explain the state of the Pt(111)

surface.

e Objective 7: Recommend a continued direction of research for the primary

objective beyond the scope of the dissertation.

Once a stable catalyst system has been developed, alternative pore-templating
techniques will be pursued using similar precursor chemistry. Low temperature
aerosol synthesis will result in amorphous materials for many transition metal oxides.
Crystalline materials achieved by heating to temperatures above 500°C will be
explored for the potential to better stabilize reduced oxides in aqueous environments.
Specifically, porous structures will be achieved using silica-based templates which

are stable at 900°C or higher.

CHAPTER 4 - Experimental Methodology

4.1 Spray Pyrolysis Reactor System

Spray pyrolysis (SP) is a versatile synthesis approach capable of producing spherical,
mesoporous oxide particles that, when incorporated into a well-engineered electrode
architecture, could provide an attractive electrocatalyst support system. In particular, SP
is well-suited to effectively utilize evaporation induced self-assembly (EISA) of
amphiphilic templates to synthesize mesoporous materials with controlled pore size and
mesostructure and relatively high internal surface area "', The purity, composition, and
uniformity of precursor solutions for SP are highly controllable, and that control is also

reflected in the properties of aerosol droplets produced from the solution 8 . Each
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droplet within such an aerosol can be viewed as an independent microreactor with
homogeneously mixed components and minimal internal diffusion resistance *!. Total
reaction time is relatively short in SP reactor systems, usually in the range of seconds or

tens of seconds. SP also has excellent potential as a scalable process.

Products of a particular composition can be collected as a powder or as a film deposited
onto a substrate, shown in Fig.4.1. Individual particles of a powder can form a variety of
different morphologies depending upon temperature, composition, and energy of

vaporization and crystallization of subcomponents.
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Figure 4.1: (Top) Mesoporous Nb,Os film deposited as a film after SP processing at
190°C followed by post treatment at 400°C to remove P123 surfactant. (Bottom Left)
Cross section of 60%Pt/Nb,Os powder which has been pressed into a film at 5,000 Ib/in?.
(Bottom Right) Fractured particle of mesoporous Nb,Os synthesized by SP at 200°C
showing a precipitation layer at the outer edge.
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Porous films can be achieved in two primary forms by spraying directly onto a substrate.

The reactor temperature can be held slightly lower (~10°C) than the thermal

decomposition temperature of the precursors so that approaching particles coalesce into

an indistinguishable layer which is then calcined in air at the appropriate temperature to

remove the employed surfactant. Alternatively, higher reactor temperatures allow each

particle to maintain a spherical shape. After deposition, the sample can be calcined at

temperatures appropriate to induce sintering of the particles into a solid structure, or the

powder can be pressed at high pressure using an appropriately shaped die.

Heat of Vaporization
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Figure 4.2: Heat of vaporization. Open circles mark especially relevant elements

considered in this study.
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Heat of Fusion
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Figure 4.3: Heat of fusion. Open circles mark especially relevant elements considered in
this study.

Synthesis of intermetallic compounds containing one element which is only weakly
soluble in the other at ambient conditions is usually achieved by heating to extremely
high temperatures of 800°C or greater or through high pressure extrusion processing .
Homogeneous intermetallic compounds from volatile precursors would be extremely
difficult to obtain in an aerosol process at such temperatures, and the mesostructure is
easily compromised at high pressures. To obtain intermetallic compounds at lower
temperatures, it is necessary to choose precursors with similar volatility and reactivity in
cases when the precursors exhibit significantly different heats of vaporization. For
example, some species such as ruthenium become more volatile as they are increasingly
oxidized, Ru<RuO,<< RuOz:< RuO4 887 The same is true of Pt-oxides, which can form
a vapor phase in an oxygen atmosphere, or mobile atoms/clusters restricted to surface
migration in H./N, atmospheres 8. However, a chloride precursor of the same base-
metal can be considerably more stable. a-RuCls is not volatile until temperatures above
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600°C *°. An optimal SP system will utilize precursors with similar thermal properties
designed to induce thermal decomposition of all components to achieve co-precipitation

shown in Fig.1.7.

The bench-top SP system used for the materials described in this work is represented in
Fig.1.6. The atomizer is of the collison type (TSI model 3076). The drying zone is
exaggerated in the figure to emphasize that most of the solvent evaporation modeled by
Eqgn.1.8 will occur in the piping leading from the atomizer to the furnace, or shortly after
entering the heating zone. The result of this effect is the formation of structured
surfactant (3D wormhole type) within the droplet (just before or after the entrance of the
heating zone) before thermal decomposition of metal precursors begins farther
downstream into the furnace. If the thermodynamic shift of surfactant structure
formation were to occur at temperatures much greater than the ambient, the motion of the
surfactant would augment the overall fluidity of material throughout the droplet,
especially when ~50% of the droplet volume is occupied by surfactant. This would lower
the diffusion barrier across the droplet radius for all components, allowing especially
volatile reactants to segregate. Upon cooling, these phases condense on the particle
surface to form a decorated surface type structure through a process of successive co-
precipitation (if liquid intermediate phase exists) or nucleation, seen in Fig.1.7. Useful
catalysts exhibiting a bi-functional effect for the ethanol oxidation reaction are expected
to result from intermetallic compounds *¢, which is why the reaction process must be
carefully considered and designed to avoid the type of component segregation of more

volatile components described here.
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The processes occurring in the reactor are described in the following steps for Nb, Ru,

and Pt chloride precursors:

1. Metal chloride precursors (NbCls, RuClsz, H,PtCls*6H,0) and surfactant (P123)
are dissolved in an ethanol/water solution in a container and stirred until well
mixed. The container is then attached to a collison aerosol generator.

2. Aninert gas, N, is fed into an inlet on the aerosol generator (atomizer) at 30psi.
The gas passes through an orifice, causing an increase in velocity. This results in
a pressure decrease in a tube downstream of the orifice. The effect draws solution
from the container (Bernoulli effect).

3. Aerosol flows from the atomizer into a horizontal tube furnace set at 220°C.

Most of the solvent has evaporated shortly downstream of the furnace entrance.

4. The aerosol is comprised of droplets which absorb ambient heat up as they travel
down the furnace. Each droplet contains stoichiometric amounts of solvent,
metal chlorides, and P123 surfactant relative to the original precursor solution.
One end of the linear P123 molecule is more soluble in solution. As solvent
evaporates, these like ends stick together, eventually forming 3D organic
scaffolding within the Pt/NbRuyO, bulk. Afterwards, the heat causes metal
chlorides to decompose into HCI, Cl; gas, and dry metal oxide particles (formerly
droplets) containing the structured P123 surfactant.

5. Particles are collected on a filter at the end of the furnace, while N, vaporized
solvent, and chlorine byproducts pass through the filter into an exhaust filtration
system. Collection rate varies from 0.1 to 3g per hour for the bench top SP

system.
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4.2

The relatively low temperature of the furnace provides just enough heat transfer to
droplets so as to thermally oxidize the chloride precursors without substantial
vaporization of volatile ruthenium. Surfactant removal requires higher

temperatures.

. The particles are heated to 400°C at 5°C/min, a much slower rate than that

imparted to the aerosol upon entering the furnace (~12500°C/min). Oxygen from
the metal-oxide surface reacts with surfactant to form volatile COx species which
are carried away in a flowing gas of 10%H,/N,. Surface oxygen removal, along
with the flowing hydrogen, simultaneously reduces the metal oxide to a lower
oxidation state, held stable to various degrees by the formation of metal-metal or
shared metal-oxygen-metal bonds.

P123 surfactant byproducts enter the exhaust filtration system.

Remaining mixed metal-oxide particles have a mesoporous structure resulting

from the voids left by the P123 surfactant.

Conductance Testing

Conductivity is a necessary requirement for electrode materials to efficiently pass

electrons with minor loss to heat generation. Graphitic carbon exhibits excellent

conductivity across planar networks of pi-bonds connecting carbon atoms. Once the

carbon is oxidized, these electrons are locked in the hybrid band of the C—O bond at a

lower energy with a greater band gap. Only electrons occupying the conduction band can

move freely across atoms. The band gap is the energy barrier necessary to activate this

electron mobility through some form of excitation. The process is directly related to the

way in which materials exhibit color properties, or photon responses to excitation by
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visible and non-visible electromagnetic radiation (EMR). A conductive material like
graphite will have a very small band gap, and a proportionally minor transmission
(reflection) of EMR excitation, i.e. conductive materials will appear to be darker than

semiconducting or insulating materials.

Figure 4.4: Imposed photo and schematic of the compression-conduction device used to
test powders synthesized by SP.

Therefore, powders produced by spray pyrolysis which are lighter in color are not
feasible electrode materials. Post-SP thermal reduction of these powders in hydrogen gas
can reduce some materials to a conductive state, which may be reversible upon exposure
to the oxygen in open air. It is also possible for atoms near the surface to reduce,
resulting in a dark appearance, while those in the bulk remain oxidized. To adequately
determine the true conductance of various powders, a compression-conductance device
was fabricated from brass. A measured amount of powder is placed into a small cavity

inside a base-plate. A small, fitted insert is placed over the powder into the cavity. The
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base-plate is then affixed into a plastic, cylindrical housing with contains a variable
height, brass hammer at the opposite end. The hammer and base-plate are each
connected to a resistance-meter. As the head of the hammer is rotated, complimentary
threading in the housing moves the hammer towards the base-plate until a complete
electrical circuit is formed. As the pressure is increased between contact points, the bulk-
density of the powder decreases while intra-particle contact points increase, improving
conduction. The resistance can be simultaneously measured. For materials of similar
composition, this test provides a reliable comparison of conductance [Q™] between
different samples and is more expedient than measuring true conductivity [(€-cm)™].

Some results for Ru/RuO, are shown below:

RulZ = 150 Rulz = 250 Ru0z = 250
Weiaht (a1 0.0002 Weinht o) 0.0002 Weiaht (a1 0.0002
Touch 1A nleciic) Touch [147] | 125E+001 Touch (1M | 125E+001
Press 1401 10,0000 Fress [147] 1 Z25E-+001 Press[1A1] 125e+H0M

Figure 4.5: Example effect of reduction temperature on conductance using Ru/RuO,.

“Touch” represents the first reading at which electrical contact is made, while “Press”
represents compaction of the powder. Ruthenium which was reduced at higher
temperatures exists in a more metallic state, resulting in higher conductance values.
Powders which did not exhibit similar values to those shown here were not considered for

further electrochemical testing.
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4.3 Structural and Compositional Analysis

4.3.1 Electron Microscopy (EM)

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
provide visual means of examining the particle size distribution, micro-structure, and
homogeneity of a powder. Both techniques probe a sample using an accelerated beam of
electrons. SEMs detect electrons which are scattered off of the sample surface at
different angles from a beam accelerated at 2-20keV. A TEM beam is accelerated at
100keV-300keV and detects electrons which pass through the sample. The resulting
image depicts the silhouette of a cross section from within the sample’s depth
corresponding to the point at which the beam is focused. The technique requires very
small amounts of a sample compared to other characterization methods. TEM, in
particular, can provide a great deal of information in addition to external morphology.
The ordered atomic structure of crystalline samples will diffract electrons to form a
pattern which can be analyzed to determine lattice structure, as well as single crystal or
poly-crystalline nature. The high spatial resolution (0.2nm) of TEM allows for analysis
of individual nanoparticles apart from the surrounding material. Elemental analysis due
to sample excitation from the electron beam is also discussed. TEM requires that
samples be sufficiently thin so as to allow enough electrons to pass through to provide
detectable contrast. In both techniques, the sample chamber is under vacuum. Highly
conductive samples can partially absorb some of the electron beam resulting in sporadic
electron emission. This is known as charging, and can lead to apparent drifting of the
sample from the detector’s frame of reference. In this study, both EM techniques serve

as a primary means of materials characterization.
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4.3.2 Elemental Analysis (EDS & EELS)

Elemental analysis is a useful subcomponent of EM which benefits from the high
detection resolution, allowing a user to distinguish between nano and micro-sized areas
of a sample. A material which is exposed to an electron beam will emit x-rays as an
excitation response, the energies of which are characteristic of individual elements within
the sample. The detection and measurement of these x-rays is known as energy-
dispersive spectroscopy (EDS). The penetration depth surveyed depends upon the
accelerating voltage of the beam, but is typically limited to ~1um. Elements present at
concentrations below 1% or of mass below carbon (Z<12) are undetectable. The
resolution limits in the plane orthogonal to the electron beam are usually about 800nm

and 50nm for SEM-EDS and TEM-EDS, respectively.

When electrons from the higher energy beams employed in TEMs pass through the
sample, many are inelastically scattered, resulting in an energy loss. The reduced
energies of scattered electrons will also be characteristic of specific elements and can be
quantitatively measured. This technique is known as electron energy loss spectroscopy
(EELS). More powerful electron beams allow for the excitation of higher energy orbitals

closer to the atomic nucleus.

EDS and EELS are both useful for elemental analysis of different regions inside a single
frame of reference. EELS will tend to allow for better spatial resolution because
electrons travel a more direct path through the sample, whereas a significant amount of x-
ray scattering occurs throughout a volume within the sample bulk before traveling

towards the detector.
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4.3.3 X-ray Diffraction Spectroscopy (XRD)

XRD utilizes a monochromatic x-ray emission source to probe a sample in an attempt to
identify crystalline structures from diffracted x-rays. The incident angle of the beam
relative to the plane of the sample begins at ~10° and is increased at a steady rate
sufficient to obtain a high number of counts at each point. The number of counts at any
particular angle can be correlated to the known x-ray wavelength from the source to
determine the lattice spacing of a crystalline structure according to the Bragg equation.
When a “Bragg angle” is reached, x-rays will diffract in a coherent manner, resulting in
an increase in the magnitude of x-rays reaching the detector. In a plot of Counts vs 26
(Bragg angle), this will result in peaks of various aspect ratio depending upon the
distribution of crystallite sizes. Amorphous materials will result in low detection, and a
steady baseline decrease in signal with increasing angle absent of any features. Detection
limits vary with materials, the source emission, and detector quality. Because platinum
exhibits a distinct pattern and crystallizes by 200°C, it can be a simple matter to identify

changes in its structure due to modification by other elements.

4.3.4 X-ray Photoelectron Spectroscopy (XPS)

XPS utilizes an x-ray source to irradiate a sample surface and induce the emission of
photoelectrons with energies (eV) characteristic of the elements within the sample.
Specifically, UNM operates a Kratos Axis Ultra XPS with a monochromatic Al KR
(1486.6 eV) source running at 300 W. This approach is especially useful for complex,
intermetallic compounds because small shifts from the expected emission energy for a
pure element indicate chemical bonding with other elements. The probing depth depends

upon the mass of the sample and the incident angle of the beam, usually between 3-10nm.
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For powders consisting of nanoparticles, XPS can be taken as a bulk-measurement
technique which can yield relevant information about the oxidation state of platinum

nanoparticles and any accompanying metal oxides.
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Figure 4.6: Incident x-rays excite core electron levels causing the ejection of
photoelectrons with elementally specific, measureable kinetic energies.

Limitations include the shallow sample penetration of the low energy x-rays, the need for
larger sample areas with diameters on the order of several millimeters, and sample
compatibility with ultra-high vacuum conditions. The last limitation is rarely a problem
with metal and metal-oxide powders unless degassing of the sample occurs to any
significant degree inside the chamber, or if one wishes to study the properties of a surface
under any significant atmosphere. Otherwise, XPS also offers a great deal of additional
versatility in which the sample can be simultaneously imaged, or ion sputtering can be
used to bore into the sample and increase the x-ray penetration to perform elemental
depth profiling. It is a vital technique to understand how different transition metals are

affected by the presence of one another as well as carbon contaminants. By using XPS to
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ascertain the nature of the electronic structure of composite catalysts, the electrocatalytic

can be better understood.

4.3.5 X-ray Absorption Spectroscopy (XAS)

XAS is a technique in which a monochromatic beam of incident x-rays bombards a
sample while the absorption of transmitted x-rays from the sample is measured. The
energy of the beam is steadily increased (~10°-10V or more) until core electrons within
the sample are suddenly excited to a higher level. When this occurs, significantly more
incident x-rays are absorbed, resulting in a spike in the measurement called edges. This
region of the data is known as X-ray Absorption Near-Edge Structure (XANES). The
energies at which edges occur are unique to different elements as well as the particular
electron core level experiencing excitation. The shape and energy-shift of an edge
relative to that from a neutral (metallic) foil of the same base element (taken as a
reference) reveals information about the density and valence state of an element within
the sample. This excitation results in the release of scattered photoelectrons which
propagate as a spherical wave that scatters off of surrounding atoms in the structure. This
effect also impacts the x-ray absorption and the shape of the spectra several hundred eV
above the edge to further reveal information about the local atomic structure. This area is
known as Extended X-ray Absorption Fine Structure (EXAFS). Together, these regions
offer a comprehensive analysis of the sample. With post-analysis, XANES reveals the
density of states, the coordination geometry, and the valence state of the excited atoms.
EXAFS can yield bond length, coordination number, and types of ligands within the

sample.
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Electronic Transitions of the Emission Lines for Any Element
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Figure 4.7: Qualitative depiction of the excitation potential of different core electron
levels °*,

XAS has some similarities to TEM-EELS. A 200keV TEM electron beam can probe
electron shells of energies from hundreds to several thousand eV, revealing most M-shell
edges. But the energies of these edges can be very close, making them difficult to
distinguish. Alternatively, XAS is usually performed using a synchrotron: an accelerated
ring of electrons which is used to produce monochromatic x-rays. The National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratories operates at
2.8GeV and is capable of probing all remaining core shell edges with excellent elemental
resolution. The NSLS was used for the analysis of several Pt/NbRuyO,-type materials

discussed in this study.

55



4.3.6 Gas Adsorption-Desorption Analysis

It is usually important to determine the surface area of mesoporous materials, as well as
the type of porosity imparted from the templating agent. Both questions can be answered
by attaining adsorption-desorption isotherms for a sample. The pressure of inert gas such
as N is slowly increased inside an initially vacated chamber containing the sample until a
saturation pressure is reached (P/P,~1). Because a monolayer amount of N, adsorbs on
the sample surface in this range, the measured pressure of the chamber will be less than
would be expected if no adsorption were to occur. By approximating the space which
each nitrogen atom occupies on the surface, a total sample area per mass can be

calculated using the Brunauer-Emmet-Teller method *.
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Figure 4.8: Behavior of an adsorption-desorption isotherm for a mesoporous structure
experiencing capillary condensation from the adsorbate.

In mesoporous structures, the adsorption curve will often behave differently than the
desorption curve. Even before the saturation pressure, some of the gas can condense
beyond a single monolayer inside individual pores. Depending upon the shape of the
pore, capillary effects will stabilize the adsorbate in this state until much lower pressures.

Models such as the Barrett—Joyner—Halenda (BJH) method, which are based upon the
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Kelvin equation for relating equilibrium vapor pressure of a liquid to the shape of the
liquid/vapor interface, can be used to determine pore size distribution. But these models
use either the adsorption or desorption curve without the other, and will yield different
results depending upon which is used. Typically, the most accurate results are obtained

using the adsorption curve, removing points closer to the saturation pressure.

4.3.7 Thermogravimetric Analysis (TGA)

TGA measures changes in the mass of a sample upon exposure to controllable
temperature profiles, usually involving specified heating ramp rates, isothermal periods,
and different flowing atmospheres. Measureable changes in mass occur when a sample is
reduced/oxidized, desorbs water, or thermally decomposes. Heat flux is also recorded so
that shifts in mass can be attributed to endo- or exothermic processes. Better accuracy
requires ~10mg of sample, which is why the heating rate must be slow enough to allow
for the completion of processes which involve diffusion through the sample. Otherwise,
results are more easily misinterpreted. If a diffusion-dependent process is well

understood, Kinetic data can be determined from the rate of change in mass.

4.4 Computational Method: Density Functional Theory

Density Functional Theory is a quantum mechanics-based approach used to compute the
electronic structure of atoms in a sample and predict a variety of material properties.
These might include molecular structure, vibrational frequencies, ionization energy, and
reaction pathways. DFT can also be used to model the behavior of molecular or
elemental species on the catalyst surface. The conceptual framework provided by DFT
makes no assumptions on the nature of chemical bonding in materials and is universally

applicable to many-electron systems. Thus, it provides an unbiased description for
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elements and element combinations across the periodic table and can be applied to
improve our understanding of solid, liquid, or gaseous phases. These are some of the
reasons for the success of DFT after its invention in 1964 %. The following provides a
description of the foundation of DFT, highlighting the origin of the universal character of
DFT and several ways in which we augmented and enriched the experimental content of

this work.

Foundation of DFT: DFT rests on two theorems that were instrumental for its invention

93.

1) For any (electronic) system in an external potential, Vex(r) (here the
combination of ion-electron interaction and the ion-ion interaction) is determined

by the ground state (electronic) charge density.

2) The functional E=E[n(r)] is universal in terms of the charge density and valid
for any Vex(r). For any particular Vex(r) the ground state energy of the system is
given by the density that corresponds to the global minimum of the energy

functional.

The main purpose of the theorems are to ensure that the correct charge density can be
found by minimizing the energy which makes this method accessible to efficient
numerical minimization techniques. The theorems make no mention of the type of system
and hence provide a universal description of many-electron systems. Therefore, DFT
provides a thorough and widely applicable description of elements in the periodic table.
However, this notion comes at the expense of an exchange correlation functional (Eyc).
Since the method is universal, so is Ex.. Yet, the exact functional form of the functional
remains unknown. Finding and formulating increasingly better exchange correlation

functionals is an area of active research *. However, it should be noted that DFT, in
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principle is an exact theory, or more precisely, it can be improved systematically by
virtue of the existence of a universal exchange correlation functional. This also provides
DFT with a predictive power that can be used synergistically with experiment as well as

independently.

For these reasons and the insights at the atomic and electronic level that can be gained
from DFT, we combine experiment and theory more closely in this research. All

P %% In the first case, VASP was used to

simulations are carried out using VAS
simulate a Pt(111) surface with various relevant adsorbates including C, O, Nb,, NbOy
and HxNbOy to determine stability at the interface. The translational energy of the
molecule can also be calculated as it moves from one point on the Pt surface to the next.
In this way, the translational diffusion constant can be estimated. In the second case, the

structure of NbRu3C and NbRus was studied to estimate the physical and electrical

properties of the cubic phase as a potential support for Pt.

4.5 Electrochemistry Studies

4.5.1 The Half Cell

A three-electrode cell is used to measure the catalytic behavior of powders for the ethanol
oxidation reaction. A glass cell holds 100mL or less of electrolyte and has available three
ports for electrodes and one gas inlet. The Working Electrode (WE) is a glass carbon
disk encased in a Teflon body with one surface exposed. Onto this surface,
electrocatalyst inks are deposited in measured quantity. A Counter Electrode (CE) is
needed to receive the charge imparted from Faradic processes occurring at the WE.

Usually, a Pt wire is sufficient for this function. Though the surface area of the CE
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should not be significantly lower than that of the catalyst on the WE in order to obtain
reliable results, and a Pt-mesh may be needed. Electron exchange between these two
electrodes must be measured against a reproducible potential from a known redox couple
provided from a Reference Electrode (RE). The appropriate redox chemistry depends
upon the nature of the electrolyte. In 0.1M HCIO,4, Ag/AgCl is reliable whereas Hg/HgO
is preferred in 1M KOH. Results are usually reported against the Reversible Hydrogen

Electrode (RHE) which requires conversion according to the equation %’
ERHE = ERE + 0-059 * pH Eqn. 4.1

The actual redox behavior of different reference electrodes of the same type can vary
depending upon construction, age, etc., and must be periodically tested for reliability.

For the reference electrodes used in this work, AEagagci = 0.22V and AEngHgo = 0.924V.
To test a powder for EOR performance, all three electrodes are submersed into the
electrolyte and the cell is purged of oxygen by bubbling of N, or Ar through the gas inlet.
All three electrodes are monitored by a potentiostat which applies controlled potentials to

the WE depending upon the experiment at hand.
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Figure 4.9: Three-electrode electrochemical test cell setup °8.

4.5.2 Cyclic Voltammetry

Cyclic Voltammetry (CV) is the primary means of using a three-electrode test cell to
determine the presence and thermodynamic and kinetic behavior of redox processes
occurring on the electro-catalyst surface. The potentiostat applies a changing potential to
the WE within a set potential range, following the triangular waveform of Fig.4.9(a). The
exact shape of this waveform depends upon the potential range as well as the polarization
rate applied. The potentiostat simultaneously measures the current exchange between the
WE and CE. The initial surface of the WE must reach an equilibrium state within the
electrolyte, which is why multiple cycles are typically used to obtain an accurate

representation of the electro-catalyst surface.
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Figure 4.10: Cyclic voltammetry behavior, a) triangular potential waveform produced by
the potentiostat and b) resulting current behavior of a redox process at the WE °°.

Traversing a single leg of the waveform is known as a sweep, while the entire waveform
represents a cycle. The first leg which scans to higher potentials is an anodic sweep,
while the reverse is a cathodic sweep. For systems in aqueous electrolyte, the catalyst
surface is oxidized accompanying the release of electrons during the anodic sweep, and
reduced with the cathodic sweep. The current qualitatively indicates the presence of an
active surface reaction, where intensity is proportional to reaction rate. The potential at
which current is measured relates to the thermodynamic behavior of the reaction. More
quantitative measurements are also possible but require additional parameters and

multiple data sets .

4.5.3 CO Stripping

CO stripping is performed in 0.1M HCIO,4 only since CO adsorption and carbonate
formation are less reliable factors in basic electrolyte. N is bubbled into the electrolyte
solution for 30min to purge all oxygen. 15%CO/N, gas is then bubbled for 30 min while

the electrode was held at a constant potential of 0.32V (vs RHE) to facilitate CO/Pt
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surface adsorption. The potential is held while N gas is bubbled for another 30 minutes
to remove dissolved CO. A cathodic sweep at 100mV/s from 0.32V to -0.02V is taken,
followed by an anodic sweep to 1.2V, and a final, complete cycle across the entire range.
The two anodic sweeps contrast from one another by the presence of CO oxidation
current at higher potentials. The hydrogen region also exhibits adsorption/desorption
behavior. The total charge of each region, Qco des, QH_des 3Nd Qn_ads Can be calculated by
integrating the area between the first and second cycles across potential ranges pertinent
to each region. A polycrystalline Pt surface with an assumed value of 1.3e15 atoms/cm?
is typically used, along with standard Pt charge densities of 210 uC/cm? and 420 uC/cm?
for single (H-region) and double (CO-region) electron exchange processes, respectively.
The electrochemically active surface area (ESA) for each region is then calculated by
dividing the total charge by the appropriate Pt charge density. In this way, the Pt surface

area available for adsorption of each species can be revealed.

4.5.4 In situ Infrared Reflection Absorption Spectroscopy (IRRAS)

In situ monitoring of chemical species forming on the active catalyst is possible if the
WE can be positioned in close proximity to a window which is transparent to a probing
source of EMF. Fourier Transform Infrared Spectroscopy (FTIR) is an excellent
technique for the detection of bonds with strong dipole moments that absorb infrared
radiation of different wavelengths. Figure 4.10 shows a Nicolet 6300 FTIR which has
been modified to divert the IR beam outside of the chassis and into a second chamber
containing an electrochemical test cell. Here, the cell consists of a bottomless Teflon
chamber which sits atop a ZnSe hemispherical crystal. The WE is a polished, gold disk
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onto which a very thin layer of catalyst is applied. The IR beam is directed into the
spherical side of the hemisphere at an incident angle which is ~45° from the crystal’s
planar surface. The WE is lightly pressed against the crystal which serves to reflect the
beam while also ensuring that it comes into minimal contact with electrolyte. This is
important because H,O exhibits a strong absorption peak which can convolute other
interesting peaks attributed to ethanol subspecies and reaction products. Upon exiting the
crystal, the beam travels to an MCT detector where the absorption spectrum is processed

by the FTIR.
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Figure 4.11: In situ IRRAS apparatus at Brookhaven National Laboratory Dept. of
Chemistry. The IR beam reflects off of the surface of the WE while probing bond
vibrations of species adsorbed onto the catalyst surface.
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Aside from the mentioned modifications, the potentiostat and electrochemical test cell
remain identical to the configuration used for standard cyclic voltammetry. In situ
IRRAS is not useful for obtaining stand-alone CV data because too little material is
deposited onto the WE in order to minimize the gap between the electrode and crystal
surfaces. A gap greater than 1pum will result in an unacceptable loss of beam intensity
reaching the detector. However, resulting CV’s are useful for qualitative analysis in

which current behavior can be correlated to the appearance of IR absorption peaks.

In this work we are interested in monitoring the appearance of CH3CHO (or similar), CO,
and CO, and determining how the potentials at which these peaks appear vary among
samples. Catalysts which evolve CO, at lower potentials might provide an environment

in which the complete oxidation of ethanol is more thermodynamically favorable.

4.5.5 Rapid Electrode Aging

Aging refers to a process in which the corrosion conditions of a catalyst are enhanced to
approximate its long-term performance behavior as part of a fuel cell electrode. Platinum
nanoparticles supported on graphitic carbon are well studied. In some cases, separate
tests are used to study Pt sintering and carbon corrosion independently. But unlike Pt/C,
the behavior of Pt/NbRuyO, involves strong metal support interactions and less known

corrosion behavior.
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Figure 4.12: The process of preparing a catalyst onto an Au TEM grid for rapid aging
studies. The grid serves as a WE and can be examined before and after electrochemical
testing.

A simple rapid aging technique was used to examine the catalyst before and after activity
inside an electrochemical test cell. Pt/NbRu,O, powder was suspended in a
water/acetone solution and added dropwise onto a gold TEM grid. The grid was allowed
to dry, depositing catalyst particles onto the surface. A separate grid was prepared with
Pt/C in the same manner. Attached to each grid was a 4mm tab that was used for
handling of each sample without disturbing the deposited material. The grids were
initially examined with a TEM, and several areas with deposited catalyst particles were
noted and images captured. The grids were then attached to the working electrode inside
an electrochemical cell, in parallel with a standard glassy carbon electrode with a more
substantial amount of catalyst for the purpose of obtaining cyclic voltammogram data. A
potentiostat was set to complete 3600 cycles from -0.3V to 0.9V (vs. Ag/AgCl) in 0.1M

HCIQy, or from -1.0V to 0.3V (vs Hg/HgO) in 1M KOH, both at a scan rate of 1V/s.

66



This subjected the catalyst and support to rapid alternation between reducing and
oxidizing potentials. Once complete, each grid was again examined inside the TEM and

the same areas were observed for any signs of visual degradation of the catalyst/support.
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CHAPTER 5 - Synthesis of Mixed Metal Oxides

5.1 Multiphysics Simulations of Reactor Conditions

The COMSOL Multi-physics software package was used to simulate SP reactor
conditions at a low temperature setting of 220°C with a flowing gas of N at 1.5"/min. The
furnace is designed as three sequential heating zones each 1ft in length. The effect of
reactor diameter is compared between tubes of 17 and 3 ID. The models are based upon
laminar, weakly compressible Navier-Stokes flow with conductive and convective heat

transfer. The average pressure of each system remains near 1 atm.

Interior Diameter: 1 inch
Inlet Gas: Nz, 20C, 0.2m/s (1.5L/min) 180

Interior Diameter: 3 inch
Inlet Gas: Nz, 20C, 0.2m/s (1.5L/min)

— _a = = = B0

.",’

0 0,1 02 03 04 0,5 06 07 (V1] o]

Tube Length (m) " wnsam
Figure 5.1: Simulated temperature and flow profiles in heated reactor tubes, 1” and 3” in
diameter. Temperature is reported in °C.

Reactant behavior of multi-component precursors can be sensitive to the uniformity of
the temperature and flow profile encountered by the aerosol, as previously shown in
Fig.4.2. Profiles for temperature, velocity, and heat flux across the tube length for both

diameters are shown below for comparison.
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Figure 5.2: Profiles for temperature, velocity and heat flux at each point in the reactor
furnace calculated from the COMSOL multi-physics models in Fig.5.1. The bold line in
each plot represents the average value at each position in the tube furnace taken from nine
evenly spaced trajectories.
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The rate of temperature increase appears more gradual in the 3” tube, though there is
more variation depending upon radial position. From the velocity profiles, points with
the greatest variation between maximum and minimum values indicate where the stream
is most likely to experience mixed or transitional flow. A small fraction of particles will
become caught in these areas and experience significantly more time in the reactor. Heat
flux is a better indicator for comparison of the energy transferred to particles, though the

total residence time of the aerosol must also be taken into account.

Total Imparted Energy from Furnace
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Figure 5.3: Total energy imparted from the furnace to the gas/aerosol by convection and
conduction heat transfer.

The larger furnace will theoretically have greater variability in the energy imparted to
particles, though smaller particles are usually assumed to be in thermal equilibrium with
the transport gas. When the gas inlet is of the same diameter for both tubes with equal
mass flux, the larger tube has greater potential for regions of mixed flow. There is also

greater interior surface area for increased conductive heat transfer near stagnant flow.
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Table 5.1: Total Imparted Energy as Related to Aerosol Residence Time

Total Heat Flux (W) Residence Time (s) Total Energy (k)

1" 841.2 Ave: 0.01 Ave: 8
Min: 5.94 Min: 5
Max: 17.85 Max: 15

3" 807.35 Ave: 285 Ave: 23
Min: 15.28 Min: 12
Max: 104 Max: 84

Table 5.1 shows that the variability in energy between tube diameters is largely related to
their respective residence times. This variability has much greater implications for
precursor salts whose thermal decomposition behavior is weakly or completely
independent of solvent evaporation rate, while the solvent/surfactant behavior is less
affected. As discussed in Ch.4, this is because the majority of the solvent will evaporate

shortly before or after the furnace entrance of either reactor configuration in Fig.5.1.

Castillo et al.*%°

used COMSOL to model the evaporation and thermal decomposition of
stationary, 30um droplets of Ce(NOs); dissolved in H,O. Models showed that the crust
formation illustrated in Fig.1.8 is common across a wide range of temperatures and initial
concentrations. This is due to salt concentrations reaching their supersaturation point at
the droplet surface where solvent evaporation is rapid. Crust formation is inversely

proportional to the droplet size and the volatility of the metal-salt. Its formation is also

favored by higher temperatures, lower pressure, and greater atmospheric oxygen content.

The very same factors highlighted by Castillo et al. also represent important differences
between SP and traditional batch sol-gel synthesis techniques. Though many of the same

chemical systems are used in each process, mixed compounds of volatile precursors are
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more easily achieved with sol-gel because drying and decomposition occur over several
days to weeks at temperatures around 100°C or less. Additionally, the carrier gas
increases the rate of solvent evaporation compared to still or convective atmospheric
conditions of a batch sample. Crust formation is detrimental to achieving particles of
homogeneous composition and structure. Therefore, to avoid the former process, the SP
reactor system would ideally be run in a higher pressure, reducing atmosphere at the

lowest temperature necessary to thermally decompose the reactants.

The flow of particles through the reactor can be modeled according to the Khan-

Richardson Force equation for a body suspended in a moving fluid:
Fy fruia = mr2p(0f — 0p)% * (1.84Re, %31 4+ 0.293Re)%%)34>  Eqn.5.1

212
Re, = :;p |0f - 0p| Eqn.5.2

Where rp2 is the droplet/particle radius, p is the density of the carrier fluid, n is the fluid
viscosity, Re, is the Reynold’s number of the particle, and v and vy, are the vector

velocities of the fluid and the particle, respectively.

Eqgn.5.1 is a single-dimension form describing the total force the carrier fluid exerts on a
spherical particle. It is expanded into cylindrical coordinates within the COMSOL
software package as appropriate. Particle mass is not taken into account in Eqn.5.1-5.2,
although COMSOL can adapt the term using equations for the conservation of mass and
momentum. However, the average mass of the droplets generated in this study is
sufficiently small that the linear form of Eqn.5.1 is appropriate '°. These equations hold

across a large range of Reynolds numbers, from creeping to turbulent flow regimes %%, If
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a model were fitted to the temperature and velocity profiles of Fig.5.2, then Eqn.5.1 could

be used with Eqns.1.8-1.12 to calculate the properties of a droplet/particle during spray

pyrolysis.
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5.2 Synthesis of Niobium Intermetallic Compounds at Low

Temperature

5.2.1 Titanium

10.0kV x18.0k SE

LU I T A A

10.0kV x3.00k SE 10.0um

Figure 5.4: SEM images of NbsgTi;4O039 (from TiCl,), (Top Left) from the filter paper,
(Top Right) after calcination at 400°C, and (Bottom Left) wash in 0.3M H,SO, followed
by calcination at 400°C. (Bottom Right) TEM image of the same sample taken from the
filter paper, possibly showing the vaporization and nucleation of TiO, nano-particles.

A precursor solution containing NbCls (1.78g), TiCl, (0.90g), and P123 (1.10g) in
ethanol solution (10.14g) was processed by SP at 200°C in a 1” quartz tube. Calcination
in air was performed at 400°C for 4hrs. An optional washing step involved mixing the

powder in 0.3M H,SO, for several minutes before filter-washing in DI H,O. A spherical
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particle morphology was maintained after calcination. The densification viewed after the
addition of a washing step to the post-treatment is likely caused by partial dissolution of
TiOy or chlorides, since the same effect is not observed for single metal niobia particles.
Closer examination in TEM (see Fig.5.4 bottom right) reveals partial segregation of Ti
nanoparticles during SP, possibly through vaporization during heating followed by
nucleation into nanoparticles during cooling on the filter. Despite this, the sample has a

surface area of 196m?/g. and appears electrically resistive.

Figure 5.5: TEM image of Nb55Ti16029 (from Ti(OEt),) directly from the filter paper
shows signs of tubular porosity near the thinner particle edges.

For the sample in Fig.5.5, titanium(IV) ethoxide was used in place of TiCl,. The particle
morphology is mostly lost, suggesting that the precursors are not entirely decomposed.
The sample is equally electrically resistive. Porosity is difficult to ascertain visually, but
a BET surface area of 186m?%g was measured before thermal post treatment. Near the

edges a 1D tubular or lamellar porosity is visible. Unfortunately, the rapidly increasing
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thickness of the sample prevents verification that this is the dominate structure. In Ti/Nb
intermetallic compounds in the literature, niobia accounts for only a small weight percent
to avoid the high electrical resistivity of Nb(V). In these systems, the same block co-
polymer surfactant imparts a 3D, cubic, mesoporous structure from 0 to 75wt% Nb %

Increased niobia content serves to stabilize the support at increasingly high temperatures.

5.2.2 Nickel, Iron, and Tin

NbOy and TiOy species exhibit a degree of solubility not as easily maintained with other
elements during rapid synthesis processes such as SP. This issue can sometimes be
resolved by altering the class of metal precursor used. Or, as in the case of nickel, issues
of solubility can relate to the way the metal/metal salt behaves with surfactant or the
solution. For many transition elements, surfactant can be purposely used to isolate a
metal within a composite system to facilitate a desired morphology while a chemical
transformation of the metal occurs. An example is the use of cationic CTAB & TC1,AB
surfactants to produce nickel nano-particles c.a. 10nm from halide precursor *%. The

presence of 1M or less hydrazine reduces nickel:

ield
2Ni?* + N,H, + 40H- 2253 2Ni + N, + 4H,0 Eqn.5.3

The size of nanoparticles depends upon the formation of nucleating atoms early in the
reduction process. In a Ni/Nb halide system, nickel may begin to nucleate before
niobium, which is a more stable chloride under reducing conditions. Alternatively,
mixed Ni/Nb compounds may be achieved if both precursors instead form an oxide,

easily achieved in aqueous solutions with nickel nitrate:
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yields 1

Obviously, the single-step thermal decomposition in Eqn.5.4 will be affected differently
by the presence of solution compared to the hydrazine-facilitated reduction in Eqn.5.3. It
has been reported that spray pyrolysis of aqueous nickel nitrate at 450°C (rapid
dehydration) results in multiple speciation of NiO crystallites, hydrated nitrate, and other
mixed, amorphous materials ®®. This reaction proceeds with high yield via Eqn.5.4
which has an activation energy of 88 ki/mol ®. Alternatively, the heat of fusion of
nickel is about 17 kJ/mol. Only a portion of the precursor will decompose and then
immediately volatilize, resulting in multiple, partially reacted nickel species. This
illustrates how precursors which are solution sensitive can manifest into multiple
products at high reactor temperatures. To achieve a homogeneous material, the thermal
decomposition could occur at much lower temperatures for slower solvent evaporation, or
at much higher temperatures (480°C and higher) to force the thermodynamics of

oxidation.
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Figure 5.6: NiCl, and P123 surfactant (1:1) processed by SP at 260°C in N, (Left) off the
filter paper and (Right) after reduction at 400°C for 4hr.
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In this study, niobia is the primary material of interest. P123 surfactant exhibits
especially predictable templating behavior with NbCls. A lower reactor temperature of
260°C was used to test the impact of P123 on the morphology of NiO formation.
Immediately after SP, nanoparticles of mixed morphologies are obtained wherein much
of the nickel is surfactant-stabilized while some independent nucleation to form larger
particles also occurred. Upon removal of surfactant the nickel undergoes a 1D crystal

growth mechanism.

Niobium and nickel are known to exhibit a powerful strong metal support interaction
effect 19"1%° Depending upon synthesis conditions, it can be so strong so as to deactivate
the nickel surface for gas phase H, adsorption. Though it is a slightly noble metal, the
surface acidity of nickel in the presence of niobia can increase substantially with

increasing levels of hydration **°

. It has also been reported that the behavior of the nickel
surface varies significantly between 0-15wt% loadings supported on niobia. Despite
large diameters of 300-500nm, the surface of nickel nanoparticles (6wt%) is saturated

with hydrogen via a spillover effect from acidic niobia within a humid vapor atmosphere

111

The electro-catalytic behavior of nickel supported on niobia described above is likely to
have implications for that of platinum (both Group VIII elements). Nickel is usually
discussed as a promising catalyst for oxygen reduction in alkaline fuel cells. But it has
also been shown as an effective material for borohydride oxidation %, and can decrease
the onset potential of EOR by 300mV as Pt-NiO/C compared to Pt/C in alkaline

electrolyte *.
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Iron is less noble than nickel and has been shown to be a useful catalyst for the gas phase

113

oxidation of small hydrocarbons “*°. Its catalytic behavior has indirectly been considered

for a large number of reactions because it is a by-product leftover from the catalytic

Y47 its trivalent nature has made it a

formation of carbon nano-tubes using ferrocene
useful catalyst with Ti** in zeolite structures **®, and can be an active catalyst for
oxidation and acid-catalyzed reactions *°. The niobia surface is acidic by formation of

Nb,Os*nH,0 and also exhibits unique activity and selectivity for various acid-catalyzed

reactions %,
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Figure 5.7: SEM images of niobia composite materials synthesized by SP at 250°C in N,.
(Top Left) Nb-Fe (5:2). Nb-Mo (3:1) (Top Right) off the filter paper, (Bottom Left)
reduced at 400°C for 4hrs, and (Bottom Right) washed in 0.3M H,SO, and thermally
reduced.
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Molybdenum and niobium are both interesting materials for increasing the CO tolerance
of Pt catalyst in PEMFC anodes. Studies have shown that only small amounts of Mo
(25% or less) are useful towards this end. Otherwise, Mo begins to block too many Pt
surface sites. However, Mo does not significantly lower the potential at which CO is
oxidized on Pt !, And while metallic Mo is highly conductive, like niobia oxidized
forms are most stable. This is why Mo would appear to be of limited use towards
enhancing EOR on Pt. Alternatively, it could be used as a mixed component with niobia
to dilute the significant SMSI effect seen between niobia and nickel (or other noble

metal) while maintaining potential advantages.

Figure 5.7 shows that Nb-Fe and Nb-Mo maintain a homogeneous composition using the
aqueous P123 surfactant system at low SP processing temperatures, even after chemical

and thermal post-processing. However, resistance remains high between 7-8MQ.

5.2.3 Platinum, Ruthenium and Carbon

The thermal decomposition of sucrose within intermetallic compounds can be used to
chemically reduce metal precursors and possibly form metal-carbides. This method
requires that carbon be a tolerable component in the composite. In larger quantities
which vary depending upon the metal used, the carbon can also increase the overall

electrical conductivity.
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Figure 5.8: Nb-Pt-C (1:1:0.5) processed by SP with metal-chloride and sucrose precursors
at 250°C in N,. (Left) wide view SEM and (Right) TEM of a granular edge).

When niobium, platinum and carbon are synthesized by low temperature SP in the
absence of any surfactant, a homogeneous material is achieved (Fig.5.8-Left). This
material seems to mimic the granular morphology of Nb,Os, with only minor formation
of some independent Pt nanoparticles. The grains appear to be 0.5-1um in thickness,
which complicates TEM analysis. However, there appears to be some indication of
hexagonal crystallites, possibly Pt, within the bulk. This could suggest a locked structure
of Pt(111) that would be more stable than Pt nanoparticles under corrosive
electrochemical conditions. Unfortunately, the use of P123 surfactant results in

separation of Nb and Pt metals, discussed later.
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Figure 5.9: TEM images of Nb-Ru-C (2:1:1) processed by SP with metal-chloride and
sucrose precursors at 250°C in N,. (Left) Droplet morphology is maintained while (Right)
incoherent lattice fringes indicate a mixed, crystalline structure throughout the sample.

A similar system using Ru in place of Pt shows that the droplet morphology appears to be
maintained. Though no surfactant was used, the particles appear porous from the void
left from thermal decomposition of sucrose. Loose carbon appears on the surface of

particles.
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Figure 5.10: 60wt% Pt on Niobia processed by SP with metal-chloride precursors and
P123 surfactant at 240°C in N,.

Niobia generally forms a predictable oxide matrix. When P123 surfactant is used, Pt
nano-particles form as a highly dispersed catalyst within the Nb,Os matrix. Even at this
high Pt loading, the powder exhibits a resistance of 400 Q. A third elemental component
that does not destabilize the material as sucrose does is required to further lower the

material’s resistance.
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5.2.4 Tin and Ruthenium
Like niobia, tin is a 4d element that forms an oxide as well as multiple alloys with Pt **
122,123 pt_Sn has been shown to enhance the kinetics of EOR, though oxidation activity

varies significantly with the ratio of Pt:Sn

. Itis not clear that even optimized alloys
facilitate the total oxidation pathway of ethanol. In fact, the oxidation of CO in the gas
phase (CO/H, mix) on Pt/Nb,Os has been shown to be hindered by the addition of Sn .

Regardless, tin remains of interest in this study as a mixed metal or oxide.
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Figure 5.11: Nb-Sn and Nb-Sn-Ru species processed by SP with metal-chloride
precursors and P123 surfactant at 200°C in N,. (Top-Left) Nb-Sn (1:1) reduced at 400°C
for 4hrs in 10%H,/N,, (Top Right) and the same sample washed in 0.3M H,SO, and
thermally reduced. (Bottom) Nb-Ru-Sn (2:1:1) after the same wash and thermal post-
treatments.
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The heat of vaporization of Sn is over 2x lower than that of niobium, which increases the
importance of its chemical sensitivity to the solution and surfactant. This is reflected by
the unique segregation of 1D SnO, crystallites in the Nb-Sn systems shown in Fig.5.11.
The addition of an acid-washing step causes an increase in the pore size of the final
material. This possibly indicates that the niobia was in a fluid or transitional state during
the vaporization of tin and surfactant. The addition of Ru does not appear to dampen this

segregation.

Figure 5.12: Nb-Sn (1:1) processed by SP with metal-chloride precursors and P123 and
Brij-35 (1:1) surfactants at 200°C in N.

When a mixed surfactant system is comprised of P123 and Brij-35, the niobium-tin

precursors yield a substantially more homogeneous product. Brij-35 is a shorter nonionic
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polyoxyethylene surfactant with the formula C12H,sEO»3. Pores c.a. 4nm are visible in
TEM. Yuan et al.” reported that this surfactant combination used with a niobia sol
resulted in ordered, hexagonal mesopores c.a. 4.5nm in diameter after calcination at
400°C. While an unordered, mesoporous structure can be obtained with this multi-

surfactant approach, the material exhibits near complete electrical resistance, >10MQ.

Figure 5.13: NbSnC (1:1:0.5) processed by SP with metal-chloride precursors, sucrose
and P123 surfactant at 260°C in N, before post-treatments. (Top) Mixed component
particles which appear amorphous by the absence of any electron diffraction pattern.
(Bottom) The same particles after intense stimulation by the electron beam. The niobia
matrix and P123 remain intact while tin precursor separates into a semi-crystalline phase.

Sucrose was added to the Nb-Sn system in an attempt to increase the conductance of the
final powder. Before any post-processing steps, the powder appears to be an amorphous,

mixed material in TEM (Fig.5.13). However, upon intense exposure to the electron beam
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of the microscope, a secondary species appeared to separate out of the niobia matrix.
Selected area diffraction of the same particles before and after intense beam exposure
shows that the secondary structure is at least semi-crystalline. The morphology is
spherical, and possibly indicates a fluid-like expansion into the vacuum of the chamber.
It is conceivable that tin behaved similar to ruthenium by forming hydrous surface
species (see Fig.6.6, App.A) that were stabilized within each particle before agitation by
the beam, or that the beam energy exceeded the volatilization energy of Sn species. EDS
results measured before and after the component segregation indicate mass losses of O,

C, and Cl.

i

Figure 5.14: NbSnC (1:1:0.5): Continued evolution/transformation of tin-based particles
with constant exposure to the electron beam of the TEM.

These newly formed droplets continue to transform with exposure to the TEM electron

beam. Fig.5.14 shows a particle in which the simultaneous formation of two crystalline
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structures appears to form, though only one shows visible lattice fringes. It is possible

that one of these components is a carbide or Nb-Sn composite.
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CHAPTER 6 - Mesoporous Niobia Supports

NbCls powder was acquired from Sigma-Aldrich, RuCls from Fischer Scientific, and
Pluronic-123 (nonionic triblock copolymer) from BASF. All materials were used as
received. In the synthesis of mesoporous NbOy, 1 g of P123 was dissolved in 10 g of
ethanol. Added to this was 2.6 g of NbCls, after which the entire mixture was stirred for
10 min until all NbCls was dissolved, yielding a transparent solution. A similar niobium
material doped with 12% Ru by weight of metals, hereafter referred to as NobRuyO,, was
prepared by including 1 g of H,O and 0.385 g RuCl; after 22 g ethanol, 2 g P123, and
3.70 g NbCls. The small amount of additional water was necessary to thoroughly

dissolve the RuCls; into solution.

Three separate sections comprise the spray pyrolysis apparatus. A TSI Inc. aerosol
generator (Model 3076) utilizes a single inert gas inlet to atomize the precursor solution,
producing aerosolized liquid precursor droplets. A three-zone horizontal furnace spanned
by a 3 in. outer diameter mullite tube from Coorstek, into which the aerosol stream feeds,
is responsible for drying and thermal decomposition of the droplet material. The three-
zone horizontal furnace with an effective heated length of 3 ft was set to provide a 200°C
temperature profile, determined by thermocouple measurement at sequential points inside
the tube. Precursor solutions were fed into the aerosol generator from an Erlenmeyer
flask and carried through the tube as an aerosol using N, carrier gas at 1.5 SLM (standard
liters per minute). Collection was achieved with a porous membrane filter (HT-Tuffryn
450 Disk Filter, 0.20 um pore size) to separate the dried material from the gas stream.
The filter temperature was maintained at approximately 100°C to prevent water

condensation.
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Once cooled to room temperature, powders were immediately collected off the filter
paper. The bulk sample was divided into several smaller groups. Post-treatment given to
samples containing only niobia is similar to what has previously been reported in

64,79,80, 126128 " This involved an acid

literature for templated Nb,Os via sol-gel synthesis
wash in excess 0.3M H,SO, solution followed by a water rinse, and then drying in
ambient air and calcination in air (ramp at 10°C/min to 400°C, then held for 4 hr).
Separate cases in the literature show acid washing and calcination to each be effective in
the removal of amphiphilic surfactants, including P123 82, In our case, both were
necessary to fully expose the interior mesoporosity of the material. Post-treatment steps
of samples containing ruthenium were somewhat altered compared to pure niobium
oxide. The acid washing step was carried out in various degrees, including omission, to
determine its true benefit. Samples are named first according to the parent sample from
the filter paper, the degree of washing received, and finally the heating process. For
example, NbO,-Dry-Air, contained no Ru, received no acid wash and was calcined in air.
NbRu,O,-Wet-N,/H,, initially contained 1:8 Ru to Nb (or 12 wt %), received only
enough acid wash solution as to be wetted, and was reduced under N,/H; atmosphere.
For materials with ruthenium, a distilled water rinse was necessarily withheld until after
heat treatment to ensure the stability of the mesopores and particle morphology. For all
samples mentioned in this paper, calcination was done in an environment of air or in a
reducing environment of N, with 10% H, both ramped at 10°C/min to 400°C, then held
for 4 hr, then allowed to cool at the natural cooling rate of the furnace under the same

calcination atmosphere. Hereafter, the weight percent of ruthenium is reported relative to
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Ru+Nb metal content, irrespective of oxygen content. Sample names and associated

treatments are summarized in Table 6.1.

Table 6.1: Summary of Post-Treatments and Resulting Material Properties of All

Samples
elemental
sample D content wash step heating step BET (m?/g) resistance (62} color

Vulcan XC-72 C.O 200250 <0.01 black
Ru; (|&] Mirls.) Ru, O 122 0.4 black
Nb2Os5 (HY340) Nb, O 183 8.30 x 10° white
NbO,-Dry-Air Nb, O omitted air 10 °C/min 400 °C 4 h 2 660 x 10° white
NbO,-Wash-Air Nb, O excess soln air 10 °C/min 400 °C 4 h 183 840 x 10" white
NbBO,-Dry-N2/H- Nb, O omitted N=/10%H> 10 °Cimin 400 °C 4 h 2 §.10 x 10° black
NbO,-Wash-N./H, Nb, O excess soln No/1O%H, 10 °C/min 400 °C 4 h 131 7.90 x 10° gray
NbRu,O,-Dry-Air Nb, Ru, O omitted air 10 °C/min 400 °C 4 h 2 8.20 x 10" light green
NbRu,O,-Wash-Air Nb, Ru, O excess soln air 10 °C/min 400 °C 4 h 164 8.20 x 10° green
NbRu,O,-Ory- Ny /H, Nb, Ru, O omitted No/10%H, 10 °C/min 400 °C 4 h 1o <0.01 black
NbRu,O-Wash-N./H; Nb, Ru, O excess soln N/ 1O%H, 10 °C/min 400 °C 4 h 30 950 black
NbRu,O-Wet-N,/H. Nb, Ru, O wetled N/ 10%H, 10 2C/min 400 °C 4 h 167 2.3 black

6.1 Changing Properties with Variations in Synthesis

As-produced powders of niobium oxide and Ru-modified niobium oxide appeared

visually indistinguishable in SEM as collected directly from the filter paper after spray

pyrolysis at 200°C. Collected particles were polydisperse, ranging from roughly 50 nm to

4 um. SEM-EDS indicated Ru content in NbRu,O, particles was in the range of 6-13%,

with an average just slightly below the nominal level of 12 wt% that was in the precursor

mixture. Because spray pyrolysis involves very small particles at elevated temperatures,

components with significant vapor pressures at the processing conditions can undergo

evaporative loss, which can result in composition changes in multi-component particles if

one component is more volatile than another (20, 21). All samples mentioned hereafter

originated from one of two parent samples as collected directly from the SP system, one a

niobium oxide sample (NbOy) and the other a Ru-modified niobium oxide (NbRuyO;).

Sample names reflect the metal oxide(s) of the parent sample and the specific post-

treatment received, as described further below.
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6.1.1 Single-Metal Niobium Oxide

NbOy-Dry-Air was calcined in air at 10°C/min to 400°C for 4 h, without any acid
washing step. A similar sample, NbO-Dry-N,/H,, received the same treatment with
heating in an N2/10% H2 atmosphere instead of air. BET measurements in both cases
show a surface area of ~2 m?/g, with resistance readings equivalent to uncalcined Nb,Os.
NbOy-Dry-N,/H, becomes a black powder, whereas its equivalent calcined in air remains
white following heat treatment. In neither of these powders was the interior mesoporosity
well-exposed (as indicated by the low surface areas), though interior mesochannels of
size 5-6 nm in diameter were apparent by TEM (Figure 6.1A). The change of color to
black when using the reducing calcination atmosphere in the NbO-Dry-N,/H, treatment,
perhaps combined with trapped organic material, appears to have at least partially
reduced niobia during the treatment, and led to surface crystallization that is apparent
from lattice fringes in TEM shown in Figure 6.1B. Analysis of these fringes (inset of

Figure 6.1B) reveals reflections from (100) & (131)/(180) orthorhombic Nb,Os.
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250 nm

Figure 6.1: TEM showing (A) the 5-6 nm diameter mesopores of NbO,-Dry-Air, and (B)
lattice fringes of crystalline niobia formed in NbO,-Dry-N,/H,. SEM of (C) NbRu,O,
calcined in air without a washing step (NbRu,O,-Dry-Air), and (D) with a washing step
(NbRuy,O,-Wash-Air). (C) and (D) show nucleation of RuO, as surface crystallites and

dendrites, respectively.

XPS results (not included here) of NbOy-Dry-N,/H, indicated the presence of Nb(IV) on
the surface of the material, which is consistent with the color change to black, but it is
likely the bulk remains as Nb(V) based on the high electrical resistance (~1x 107 Q),

which is consistent with reported values for Nb,Os °% %,
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6.1.2 Ru-Modified Niobium Oxide

The Ru-modified niobium oxide (NbRu,O,) was also synthesized without an acid
washing step and with calcination in air at 400°C for 4 h (NbRuyO,-Dry-Air). Close
examination of the powders by SEM and EDS revealed that particles with diameters in
the range of 800 nm to 1.5 pum were covered with what were apparently ruthenium oxide
crystalline growths (Figure 6.1C). EDS of multiple such particles indicated an average
ruthenium content of ~31 wt% with a range of 18-80%, much more than the expected
amount, assuming RuCl; was homogeneously mixed in the precursor solution. NbRuyO,
particles produced with a calcination in N2/10%H; (NbRuyO,-Dry-N,/H,) did not display
the surface crystallization features by TEM that were seen with non-ruthenium containing
particles under the same atmosphere. While all previous samples were electrically
resistive, this material displayed no measurable resistance reading (<0.01 ), and had a
BET surface area of 9.3 m?/g. The relatively low surface area implies that much of the
internal surface is still occluded; however enough of the material is apparently partially
reduced to give the low resistance measurement and black color. Nevertheless, increased

internal surface area is needed for a desirable support for an electrocatalyst such as Pt.

Despite the lack of an acid washing step to remove surfactant, the presence of ruthenium
oxide surface crystals on the NbRuyO,-Dry-Air samples clearly indicates that Ru species
are able to permeate from the particle interiors during thermal post-processing. The
ruthenium oxide surface deposition is apparently particle size dependent. In none of the
Ru-modified samples produced do particles smaller than 260 nm have crystalline deposits
on their surface, and EDS measurements on these particles indicates no significant Ru

content. In contrast, particles that are roughly 800 nm in diameter and larger consistently
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exhibit these crystals forming on their surface. It is consistent with diffusion principles
that volatile Ru species would able to diffuse to and escape from smaller particles more
quickly than from larger particles during calcination. Apparently, when the system
begins to cool at the end of the calcination step, the environment around the smaller
particles is too depleted in Ru species to be conducive to ruthenium oxide nucleation and
growth. However, the larger particles do apparently have a sufficiently high
concentration of Ru vapor species near the surface to lead to nucleation and growth

during cooling.

Nucleation of RuOy on the larger particles surfaces could also be favored because of
differences in surface composition. In addition, conditions are not homogeneous for
particles at different locations inside the crucible during calcination/cooling, which could

also contribute to our observations.

6.1.3 Effect of Acid-Wash Post-Treatment

With the introduction of an acid washing step before calcination in air at 400°C for 4 h,

NbRu,O,-Wash- Air showed very dramatic localized Ru oxide crystalline growths. We

believe that etching of the particle surfaces by the acid wash opens up internal porosity,

reduces transport resistance for volatile species, and promotes the rapid evaporative loss
of Ru from particle interiors during calcination. During cooling vapor Ru species

apparently nucleate and grow in favored locations.

When the NbRuyO, is acid washed before calcination in a reducing atmosphere
(NbRuyO,-Wash-N,/H,), the material was less, but still reasonably, conductive compared

to NbRuyO,-Dry-N,/H,, with a resistance of 950 Ohm, and had a much improved BET
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surface area of 80 m%g. EDS showed a reduced ruthenium content of ~6% (average over
multiple particles), indicating some Ru loss relative to the solution composition, but
much less loss than the NbRu,O,-Wash-Air material. Compared with the BET of
mesoporous NbO,-Wash-Air, there is a reduction of ~100m?/g in surface area, the reason
for which is not completely clear, but it apparently related to interaction of the acid wash

with the NbRu,O, material.

6.1.4 Optimized NbRuyO; Support

The initial intent of the acid wash step was to etch oxide and surfactant in the outermost,
lamellar surface layers, opening up internal surface area and allowing better penetration
of the reducing N»/H, atmosphere into the particle interior without extensive degradation
of the interior structure. On the basis of this objective, and the observation of significant
surface area loss using the acid wash procedure, we tested a new etching procedure that
utilized much less acid. With this treatment, NbRu,O, was wet by dropwise addition of
0.3M H,SOq, acid solution onto the powder inside a ceramic boat until all areas were
wetted while maintaining the powder’s original green color. The excessive acid addition
associated with the “wash” step in the NbRu,O,-Wash-N,/H, material led to a change in
color from green to black before calcination, which is indicative of a change in oxidation
state of the powder surface. The remaining inhibition to diffusion after the wetting
procedure was apparently enough to limit significant Ru volatilization and surface area
loss. After the reductive calcination, the resistance of NbRuyO,-Wet-N»/H, was 2.3 Ohm,
with a BET of 167 m%/g and ~12wt % Ru content as detected with EDS (average of
multiple particles). This represented the most optimal combination of properties among

powders synthesis and processing that were assessed in this work.
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6.1.5 Porous Structure of Supports

Selected full N, adsorption-desorption isotherms were conducted to better characterize
the differences in pore structure between NbO, and NbRuyO, powders. The pure niobia
(NbOx-Wash-Air) sample had a pore size distribution centered around 3.9 nm while the
niobia/ruthenia sample (NbRu,O,-Wet-N,/Hy) was at 3.6 nm (Figure 6.2). Both values
are similar to that of commercially available HY-340 (Nb,Os, CBMM) with a mesopore

diameter of 3.8 nm.
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Figure 6.2: Adsorption-desorption isotherms in N, (solid, top and right axes) and
corresponding pore size distributions calculated by the BJH method (dotted, bottom and
left axes) for NbO,-Wash-Air (dark) and NbRu,O,-Wet-N,/H, (light).
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Calcination has typically been shown in the literature to cause pores to grow in size *%,
which could uniquely alter the pore size distribution of different materials depending
upon how they respond to thermal treatment. Despite the difference in pore size
distributions, surface areas were very comparable at 183 and 167 m%/g for niobia and
niobia/ruthenia samples, respectively. Both samples exhibited significant hysteresis of
type H1/H2 according to the IUPAC model, common for mesoporous oxides '® 8 127128,
Such hysteresis behavior is often indicative of pores that are necked or have restricted
access. These results show that both samples are very similar structure. The observed
hysteretic pore volumes were 13 and 11% for the niobia and ruthenium-modified niobia,
respectively. Interestingly, the adsorption and desorption curves of NbRuyO,-Wet-Ny/H;
do not merge at low pressures. This repeatable result is not fully understood, but could be
due to swelling of the mesostructure during adsorption, which further exposes interior

porosity that was previously inaccessible. Hysteresis then results during desorption when

some N is trapped within these pores.

6.1.6 Crystalline Structure of Supports

XRD was performed to determine crystallite development in selected powders. Patterns
A and B in Figure 6.3 show XRD patterns for NbRuyO,-Wet-N,/H, and NbO,-Wash-Air.
Both powders displayed poorly developed crystallinity, with no distinct crystalline
component evident after calcination. However, the niobia powder had two clear broad
peaks, indicating the onset of order, whereas the NbRuyO, sample appeared essentially
completely amorphous. Both spectra are comparable to that attained by others % for
material containing only Nb(V), though these data are insufficient to conclude on the

degree of crystallinity or oxidation state. The incorporation of ruthenium in our materials
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appears to delay the onset of niobia crystallization, an effect that is common for
substituted or doped oxides. It can be concluded that the superior electrical conductivity
of NbRuyO,-Wet-N»/H; is not due to substantial crystallization of any component

because the bulk of both samples was mostly amorphous.
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Figure 6.3: X-ray diffraction patterns from 10 to 90° 26 for (A) NbRu,0O,-Wet-N,/H, and
(B) NbO4-Wash-Air, as well as (C, D) both samples after additional heating at 900°C for 5
h in N,, respectively.

Additional heating of these samples at 900°C for 5 h in N (Figure 6.3C and 6.3D) did
lead to the development of well defined crystalline patterns. This is not surprising since
crystallization of Nb,Os into an orthorhombic structure is known to begin around 500°C
82,131,132 This is eventually followed by an irreversible transition to a monoclinic crystal
state at ~900-1000°C 31, The peaks for both powders were identically located with
similar peak widths; however, the peaks for NbRu,O, were significantly lower in

intensity. This indicates that, after heating to 900°C, the crystalline nature of NbRuyO; is
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apparently the same as in pure NbOy; however, the relative amount of crystalline material
is less. We were not able to index the peaks in C and D to known spectra of Nb(V),
Nb(IV), or Nb(Il) from the JCPDS database. However, a variety of sub-stoichimetric
oxides exist for niobia-based materials that are highly dependent upon the method and
conditions of preparation 3133 In fact, the peaks observed in (C)/(D) are very similar
to diffraction patterns published recently for single-crystal *** > and powder *** Nb3,059

and Nb22054.

6.1.7 Surface Analysis

XPS high-resolution Ru 3d, Nb 3d, and O 1s spectra were also acquired from the NbOx-
Wash-Air and NbRuyO,-Wet-N,/H, powders to provide oxidation state information. The
Nb 3d spectrum acquired from both materials corresponded well to Nb,Os (Figure 6.4B).
The shape and position of Nb 3d spectra acquired from the NbRuy,O, material (Figure
6.4A) is very similar to that of NbOy, indicating that the oxidation states of surface
niobium in each are similar. O 1s spectra and their curve-fits are shown in panels C and D
in Figure 6.4. In the O 1s spectrum of the NbOy material, the main peak is positioned at
530.6 eV and can be assigned to oxygen-bound to niobium in Nb,Os. The peak at 531.6
eV can be attributed to surface OH- species. The last two components, at 532.8 and 534
eV can be assigned to adsorbed H,O and/or CO and CO, species. The O 1s spectrum of
the NbRuyO, material contains the same 4 peaks as that of the NbOy material. The main
difference between the two materials is the amount of oxygen associated with OH-,
adsorbed H,0O and/or CO and CO,. The post reductive treatment of the material at
elevated temperature in a No/H, atmosphere appears to result in a decrease in these

species as compared to the post-treatment in air.
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Figure 6.4: High-resolution XPS spectra: (A) Nb 3d spectrum of NbRu,O,-Wet-N,/H,,
(B) Nb 3d spectrum of NbO,-Wash-Air, (C) O 1s spectrum of NbRu,O,-Wet-N,/H,, and
(D) O 1s spectrum of NbO,-Wash-Air.

Interestingly, the peak indicative of ruthenium oxide at lower binding energies is not
present. Another source of information regarding the oxidation state of ruthenium can be
obtained from the Ru 3d spectrum. However, this is not straightforward because the
binding energies (BE) of ruthenium and carbon species are in the same window. A high-
resolution Ru 3d XPS spectrum acquired from these materials is shown in Figure 6.5. Ru
3d spectra have 2 spin-orbit components corresponding to the Ru 3d5/2 (lower BE side of
Ru 3d) and Ru 3d3/2 (higher BE side). The separation between these components is 4.2
eV. Three doublet peaks in the Ru 3d spectrum correspond to ruthenium components and

5 peaks correspond to carbon components. The carbon components present in the
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NbRuyO, material spectrum strongly coincide with carbon components present in the C
1s spectrum of the NbOx material (Figure 6.5B), which does not have contributions from
ruthenium. Typically, the BE of 5/2 component of metallic ruthenium lies in the 279.8-
280.2 eV range and that of ruthenium in RuO; is in the range 280.5-281.0 eV. The first
ruthenium component in the Ru 3d spectrum of the NbRu,O, material is at 281.3 eV,
which is significantly higher than expected for metallic ruthenium and slightly higher
than expected for RuO,. This peak also cannot be assigned to a higher oxidation state.
The second ruthenium peak in Ru 3d spectrum is around 282.3 eV, and can be assigned
to hydrous ruthenium(IV) oxide. The third peak is around 284 eV and is attributed to

RuO,.
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Figure 6.5: High-resolution Ru 3d and C 1s XPS spectra of (A) NbRu,O,-Wet-N,/H, and
(B) NbOy-Wash-Air.

103



The absence of the RuO, peak in the O 1s spectrum, as well as the slightly higher than
expected BE of the first ruthenium peak for RuO,, can be explained by the formation of a
mixed Nb-Ru oxide. It is possible that incorporation of Ru(1V) into the Nb,Os results in a
shift of ruthenium BE to higher values, while the BE of oxygen bonded to ruthenium
becomes indistinguishable from that of oxygen bound to niobium. Another observation
that supports incorporation of ruthenium oxide into the niobium oxide matrix is the ratio
of oxygen bound to niobium (from O1s spectrum) to niobium. In the NbOy material O/Nb
is around 2.7, which is very close to the stoichiometry of Nb,Os. In comparison, the same
ratio in the NbRuyO, material is around 1.9, and would be even lower were ruthenium
content also considered. This means that the average number of oxygen atoms per metal

atom in the NbRuyO, material is close to the stoichiometry of IV valency metal oxides.

6.1.8 Thermal Behavior of Support Materials

Thermogravimetric analysis was performed to mimic the entire post-treatment process of
NbO-Wash-Air and NbRuyOz-Wet-N,/H; to better understand the extent to which
incompletely reacted precursors or impurities exist that may influence the powder
properties, as well as to observe oxidation-reduction behaviors of the materials. After
heating of the as-produced SP powders at 400°C for 4 h in their respective atmospheres
in the TGA, both samples were then ramped at 10°C/min to 1500°C in a N, atmosphere
(Figures 6.6A and 6.6B). Weight decrease from 20-400°C can be attributed to loss of
residual water and alcohol within the mesopores of the material, as well as much of the
original surfactant. The rate of loss in NbRuyO,-Wet-N2/H; is equivalent to that of NbOy-

Wash-Air, though delayed by roughly 60°C until ~245°C when the rate of loss from
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NbOy-Wash-Air decreases. This is possible because much of the ruthenium content is in

the form of hydrous RuO,, wherein water remains stable slightly longer ** %,
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Figure 6.6: Thermogravimetric analysis of NbO,-Wash and NbRu,O,-Wet under the same

conditions experienced during post-treatment.

Samples were ramped at 10°C/min to

400°C in their respective atmospheres, where they were held for 4 h. All samples were
then exposed to a N, atmosphere during heating from 400 to 1500°C at the same ramp rate.
At temperatures of 400°C and below, (A) NbOx-Wash was in air, (B) NbRuyOz was in
N,/10%H,, (C) previously post-treated NbO,-Wash-Air was in air and (D) N,/10%H,, and
(E) previously post-treated NbRu,O,-Wash-N,/H, and (F) NbRu,O,-Wet-N,/H, were both

in Nj.

The difference in weight loss profiles A and B in Figure 6.6 seen from 0 to 50 min could

be attributed to differences in the mobility of volatile species within each material, in

combination with different rates of loss associated with particles of various sizes within

the poly dispersed bulk. Complete dehydration may continue to 400°C and perhaps
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beyond, and loss of P123 surfactant is expected to begin around 200°C and finish within
the 4 h period held at 400°C. Throughout this holding period, both samples decrease
equally in weight (47.9% loss for A and 47.3% loss for B), indicating that the different
calcination atmospheres do not substantially affect the degree to which volatile species

are removed from the materials.

Previously calcined samples of NbO-Wash-Air underwent the same temperature
program in air (Figure 6.6C) and N, (Figure 6.6D). Both samples initially lost 14% of
their weight, accounting for adsorbed water during their exposure to the atmosphere as
collected powders. Furthermore, both samples had nearly identical weight loss profiles at
all temperatures, indicating little difference between these two atmospheres for volatiles

removal or oxidation state changes.

Similarly, NbRuyO,-Wash-N»/H, (Figure 6.6E) and NbRuy,O,-Wet-N,/H, (Figure 6.6F)
were heated under the same conditions as the samples in plots C and D in Figure 6.6. The
NbRu,O, samples displayed less weight loss below 400°C than the NbO, samples,
indicating less residual water and alcohol. However, much more notable is the distinctly
different behavior of the NbRu,O, and NbO, samples above 400°C. All NbO, samples in
Figure 6.6 show an abrupt weight loss of roughly 17 wt% beginning at approximately
450°C, whereas all NbRuyOz samples show only a small weight decrease or a weight
increase above 400°C. The NbOy behavior is not yet fully understood; however, it seems
likely that it may be related to the onset of crystallization since a series of crystalline
structure transitions for niobia are reported to initiate at ~500°C (27). The behavior of the
NbRuyO, samples above 400°C is likely related to slight changes in oxidation state
related to the change in gas atmosphere at and above 400°C, possibly coupled with the

106



effect of temperature on residual volatiles or oxidation state. The sizable weight increase
of NbRuyO,-Wet-N,/H; (Figure 6.6F) is noteworthy, and supports the notion that this
sample is more reduced than the other samples, which is consistent with the low

resistance of that powder.

6.1.9 Electrochemical Characterization
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Figure 6.7: Cyclic voltammagrams of 128 pg/cm? NbRu,O,-Wet-N,/H; initially in 1 M
KOH solution, and then with 1 M methanol added. Scan rate of 10 mV/s vs Hg/HgO
reference electrode.

1
=9
1
=

Based on superior surface area and low electrical resistance, the NbRu,O,-Wet-N,/H;
material was judged to have the best potential as a viable electrocatalyst support. That
material was therefore selected for electrochemical characterization. Cyclic voltammetry

in Ar-saturated 1 M KOH was used to address the feasibility of using NbRuyO, produced
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by spray pyrolysis as a support for anode catalysts in fuel cells. Within the given range of
potential of the cyclic voltammogram shown in Figure 6.7, there are no pronounced
features until H, evolution at about -0.9 V. This indicates an absence of anion or cation
adsorption on the electrode. Upon addition of methanol, the oxidative process indicates
oxidation of the alcohol on the NbRuyO, material. This shows that, unlike carbon, this
NbRuy,O, support material does have some activity for the process of fuel oxidation. The
onset of the oxidation process is expected to improve once platinum catalyst is

incorporated on the support material.

6.2 Discussion
The changes experienced by a particle during the pyrolysis and post-treatment of metal-
oxides are depicted in the illustration of Figure 6.8. Part of the significance of this study

is derived from the control that is possible with this process.

Figure 6.8: Schematic depiction of transformations that occur during spray pyrolysis of
Nb/Ru precursor solution containing a surfactant template, followed by post-treatment. (A)
Evaporation begins as a vapor layer forms around the droplet. (B) Precipitation of the
outer surface. (C) Outer layers begins to dry faster than interior moisture diffuses to the
surface, resulting in formation of vesicles from surfactant. (D) Entire droplet eventually
dries. (E) Thermolysis of chloride precursors into porous metal oxides. (F) Proper post-
treatment exposes the intact mesoporous structure.

Aerosolization produces homogeneous liquid droplets of the same composition as the
precursor solution. Evaporation of solvents from the droplets then proceeds (A), leading
to solute precipitation. Because solvent evaporation occurs from the droplet surface,

solute concentration gradients develop inside droplets that typically results in precipitate
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or solid formation first at the droplet surface (B). For the same reason, during EISA in
evaporating droplets, concentration gradients of the surfactant (P123) will develop that
trigger the surfactant liquid crystalline (LC) phase transformations, usually first at the
surface of the droplet. Continued solvent evaporation leads to the propagation of
surfactant LC transitions into the interior of the droplet. Because of the very short
evaporation times of submicrometer droplets, much of this may happen even before
droplets enter the furnace zone. The higher temperatures of the heated zone complete
solvent evaporation, and drive decomposition of the precursor compounds, effectively
locking in any surfactant-related mesostructure that has developed. The LC
mesostructural phases that form depend on the particular phase behavior of the surfactant,
and the concentrations that develop during solvent evaporation. For the case of P123
under the conditions employed here, electron microscopy indicates that a lamellar phase
often forms at the surface first (C), followed by a wormlike or hexagonal mesophase in
the interior of particles (C and D in Figure 6.9). As this work shows, if the collected
powder receives the proper post-treatment, the process yields particles with fully

exposed, mesoporous interiors (F).
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90 nm

Figure 6.9: TEM of (A) NbRu,O,-Dry-Air (calcined without a washing step), and (B)
STEM of NbRu,O,-Wet-N,/H, (calcined with a preceding acid washing step). (C)
NbRuyOz particles of various sizes before any post-treatment, showing a 3D wormhole
porous structure in the particle interior and 2-3 exterior lamellar layers. (D) Higher-
magnification clarifies the separate structures.

TEM micrographs C and D in Figure 6.9 are representative of the structure depicted in
illustration (E) of Figure 6.8: NbRuyO, particles collected directly from the filter paper
show a visible mesoporous interior isolated by 2-3 lamellar layers at the surface. Those

layers apparently collapse upon removal of their surfactant scaffolding and partially
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sinter when this material is calcined in air, as do the structural walls of the interior,
resulting in larger, more visually distinct pores (Figure 6.9A). Interior surface area may
not be fully accessible and residual organic material from any remaining surfactant may
be kinetically trapped within particles under these conditions. Larger particles sometimes
rupture, apparently due to interior pressure buildup associated with restrictions on the
escape of volatiles (Figure 6.10). After acid etching, the lamellar surface layer appears to
be gone (Figure 6.9B), and calcination effectively removes organics and opens up
internal surface area, as supported by the TGA results and surface area measurements

reported.

Figure 6.10: SEM image of a particle fragment of NbRu,O,-Dry-Air. During spray
pyrolysis or thermal processing, particle surfaces may become nearly impermeable before
volatile species can escape to the atmosphere. The pressure developed by these trapped
volatiles is sometimes sufficient to fracture some particles.

Because of the submicrometer droplet and particle sizes in aerosol pyrolysis, and the
nanoscopic dimensions of the pore structures, multicomponent aerosol-derived materials
such as these can be very sensitive to evaporative loss of species that have a significant

vapor pressure at the processing conditions. Preferential evaporative loss of one element
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can lead to compositional deviations within the parent particles, and the volatilized
material may migrate and end up elsewhere as a coating or distinct phase. Relevant to this
work, it has been reported that ruthenium species possess a significantly lower energy of
vaporization compared to niobium **®*¥’_ This is consistent with the observations in this
work of Ru depletion in powders calcined at 400°C, though as-produced powders made

at 200°C did not have substantial Ru depletion.
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CHAPTER 7 - Platinum Catalyst on NbRuyO.

7.1 Synthesis of Electrocatalysts

H,PtCls*6H,0 and NbCls powder were acquired from Sigma-Aldrich, RuCl; from
Fischer Scientific, and Pluronic-123 (nonionic triblock copolymer) from BASF. Ludox
TM50 colloidal silica solution (aqueous, 20nm silica particles) was also obtained from
Sigma-Aldrich.

Pt-SP: 2.0g of P123 block co-polymer surfactant (BASF) were dissolved in 22.0g of
ethanol (200 proof) by mixing for 30 min. 1.1g of NbCls was added to the solution and
mixed until the solution changed from yellow to clear (5 min). To completely dissolve
the ruthenium precursor, it was necessary to first mix 1.0g of H,O into the solution. This
was then followed by 0.12g of RuCls and 1.2g of H,PtClg*6H,0. After stirring for 30
min, a black solution was obtained indicating that ruthenium was well mixed into

solution.

Pt-DI: A similar process was followed, instead using 3.7g of NbCls, 0.385g of RuCls,
and Og of Pt precursor. All other steps remained unchanged.

Pt-TM: All conditions were identical to that of Pt-SP, except that carbonaceous
surfactant was not used. Instead, the material was templated with TM-50 silica spheres to
achieve a higher surface area support.

Pt-300 & Pt-650: The same conditions for Pt-SP were used to achieve a sample with
6Pt:1Nb:1Ru:20 wt%. This sample was then divided into halves. The two halves were

separately heated to 300°C and 650°C for 3hrs in 10%Hy/N,.
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Pt-C: 30% platinum supported on XC-72 was obtained from E-Tek and used as

received.

All electrocatalyst powders were synthesized using the spray pyrolysis apparatus
described elsewhere **®. The precursor solutions were forced through an atomizer by an
N carrier gas at 30psi at a rate of 1.5 SLM (standard liters per minute). This creates a
stream of liquid droplets suspended in the inert gas as an aerosol. The stream was fed
through a tube furnace at 220°C, wherein droplet dehydration yielded particles. The
particles underwent partial decomposition of precursor metal chlorides into metal oxides,

and were collected as a bulk powder on a porous membrane filter.

Powders were collected from the filter and transferred to a crucible where they received
varying post-treatments. Pt-DI received dropwise addition of 0.3M H,SO, until the
entirety of the powder was visually damp. Addition of excess acid solution before post-
synthesis thermal treatment was detrimental to the formation of a homogeneous, mixed-
metal phase. Once completely dry, the powder was placed inside a tube furnace with a
flowing atmosphere of 10%H,/N, and heated at a rate of 10°C/min until reaching 400°C
where it was held for 4hrs. During this treatment, most of the P123 surfactant is
thermally removed and the NbRuyO, particles reduced to a lower oxidation state. This
also served to activate the surface of Pt nanoparticles in samples initially containing all
three metals. Afterward, the mesoporous NbRu,O, powder (Pt-DI) was placed inside a
clear vial. A water/acetone solution of H,PtClg*6H,0 was added dropwise. The powder
was allowed to dry completely between drops to facilitate penetration into the mesopores.

Once a loading of 30wt% Pt was achieved, the powder was filter washed in H,O, and
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again placed in the furnace and heated to 250°C at a rate of 5°C/min in 10%H,/N, and
held for 2 hrs to activate the Pt catalyst.

Pt-SP and Pt-TM did not receive any dilute acid solution before receiving the same
heating treatment described for Pt-DI. After heating, Pt-TM was agitated in 5M KOH
solution for 4 days to etch away the Si spheres. The sample was then filter-washed in

H,0 before drying in an oven at 70°C over night.

Additional platinum was deposited onto Pt-DI on a glassy carbon electrode in the absence
of atmospheric oxygen using the cation-adsorption-reduction-galvanic-displacement
method *** inside a chamber purged with argon, described elsewhere °. The electrode
was immersed in a solution containing Pb?* stabilized at pH~11. In this environment
Pb?* cations only adsorb onto metallic or slightly oxidized surfaces, limited to existing Pt
or Ru/RuOy sites, while deposition onto niobia does not occur. The electrode was then
immersed in a fresh, lead-free solution where previously adsorbed Pb?* atoms were
potentiostatically reduced to Pb®. The electrode was immersed in a third solution
containing Pt**, wherein Pb° atoms were displaced by Pt atoms. The process is relatively
fast and is self-terminating at approximately one monolayer of coverage. The overall
effect is the restoration of the original Pt surface area free of any surface deactivating
species related to the presence of oxygen. This sample, after a monolayer equivalent

amount of Pt has been deposited, is referred to as Pt-ML.
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7.2  Verification of Pt with Electron Microscopy

7.2.1 30%Pt/NbRuyO; (Pt-DI)

SEM imaging was used to visually identify the successful deposition of Pt nanoparticles
on the NbRuyO, support (Fig.7.1). The collection of secondary electrons (SE) shows a
topographical image of the spherical support morphology and verifies the polydisperse
nature of the powder, with particle diameters ranging from 50nm to 4pm. A
backscattered electron (BSE) detector is used to distinguish metals of different atomic
number. The brighter areas in Fig.7.1B&D represent the heavier element, Pt. A range of
Pt particle sizes are visible, from 5nm nanoparticles (lower resolution limits of the

microscope) to 200nm nanoparticle clusters.

Pt nanoparticles 5-15nm are visible on NbRuyO, particles of size ~500nm or less in
diameter using TEM (Fig.7.1E). Larger niobia particles may also have these smaller Pt
particles on their surfaces and inside of their pores, but particle depth and weaker contrast
between Nb/Ru and Pt (all large in mass) obscure their visibility. Overall penetration of
Pt into the mesopores is difficult to assess. However, EDS measurements confirm a Pt
loading of 30%, as well as the expected stoichiometry of the NbRuyO, support
(8Nb:1Ru), and the removal of chlorine. The surface area decreases from 167m?/g to

70m?/g after the addition of Pt.
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Figure 7.1: SEM images showing large platinum nanoparticles in Pt-DI utilizing
Secondary Electron (A,C) and Backscattered Electron (B,D) detectors. (E) TEM image of
a particle showing some visible catalyst penetration into the mesoporous support interior.
Overall, a range of Pt particle sizes are visible, from 5nm nanoparticles to 200nm
nanoparticles/clusters.
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7.2.2 60%Pt/NbRuyO; (Pt-SP)
TEM images verify the formation of Pt nanoparticles from the NbRu,O, support
(Fig.7.2). Immediately after spray pyrolysis, Pt nanoparticles of ~2nm decorate the

support particles, while much of the Pt remains within the particle bulk.

N

2 0KV %3800k SE " Yoonm
Figure 7.2: (Top) TEM image of 60%Pt/NbRu,O, immediately after spray pyrolysis. The
inset shows the presence of Pt nanoparticles 2nm in diameter. (Bottom) SEM image of the
same material after post-treatment, showing come catalyst clustering on the porous support
surface.

118



The bottom SEM image in Fig.7.2 shows an instance of a much larger support particle
(~1 micron or greater) with Pt nanoparticles decorating the surface. Unlike the
impregnated sample, there are no visible Pt nanoparticles greater than ~20nm (confirmed
in TEM). The rough, visually distinct surface in this micrograph is suggestive of the
support’s mesoporous structure similar to that observed for other high surface area
samples. However, the BET surface area is reduced to 6m?/g. This could indicate that

the mesopores of the support are largely obstructed by Pt nanoparticles.

Overall, the formation of Pt nano-particles using an in situ SP approach appears to yield
much better Pt dispersion on NbRu,O,. The impregnated sample has much larger
nanoparticles, which implies a greater ratio of bulk to surface Pt atoms and fewer in

direct contact or within immediate proximity of the NbRuyO, support.
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7.3 X-ray Studies

7.3.1 X-ray Diffraction of the Pt Structure
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Figure 7.3: (A) The NbRuyOz support of Pt-DI is mostly amorphous after spray
pyrolysis. (B) There is some increase in ordered structure after post-treatment, possibly
due to uptake of moisture/carbon species in the form of RuO, (triangle), RuO, (square),
and RuCO, (star). These features mostly disappear after wet impregnation of Pt. (C) Pt
peaks (circle) are distinct due to larger nanoparticles visible in SEM, shown on the next
slide.
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The range of temperatures to which Pt-SP and Pt-DI were exposed during synthesis was
25-400°C. This is 100°C or more below the crystallization temperature of niobia,
whereas platinum and any unabsorbed ruthenium exhibit crystalline structures due to
higher volatilities ’. Therefore, x-ray diffraction can reliably monitor the formation of
crystalline catalyst structures within this temperature range without interference from the
support. XRD measurements were made after each step in the synthesis process.
Fig.7.3A shows that the NbRu,O, support is mostly amorphous immediately after spray
pyrolysis. After acid-wet and thermal post-treatments some residual features are present,
possibly resulting from the formation of hydrous and carbonaceous species from solution
and the decomposition of surfactant, respectively (B). We previously showed that
hydrous ruthenium phases can form quite easily *2. These features disappear after Pt
impregnation, shown for Pt-DI (C). This is likely because of the thorough filter-washing
process. Sharp platinum peaks are evident due to the larger nanoparticles observed in
SEM. In each step, there is also evidence of an incoherent range of peaks possibly
attributable to RuO;, RuO,4, and RuCQ,. This could suggest that any RuOy or PtRu
compositions formed are small enough in size to be below the limits of the detector,

while most of the ruthenium remains within the niobia matrix as a mixed metal oxide.
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Figure 7.4: Pt-SP: (A) Broad Pt peaks are visible and indicative of nanoparticles in the
amorphous niobia matrix after spray pyrolysis. (B) After calcination at 400°C for 4hrs in
10%H,/N,. Both (A) & (B) show a range of low intensity peaks from 20-35(26) associated
with RuO, at various oxidations states, and possibly also PtO, species.

Two spectra are shown for the Pt-SP sample in Fig.7.4, taken after spray pyrolysis (A)
and again after thermal reduction (B). Though this sample contains twice the amount of
platinum deposited on Pt-DlI, the peaks are broader. This is consistent with the smaller
diameters of Pt nanoparticles observed in TEM and SEM. After thermal treatment, the
peaks increase in sharpness only slightly, while the residual peaks from 20°-35° become

less coherent. The powder remains highly amorphous.
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7.3.2 X-ray Photoelectron Spectroscopy

XPS provides elemental and chemical information from the sample’s surface to
approximately 10nm depth. Taking into account the small size of Pt nanoparticles on our
samples, XPS is likely yielding information about the surface as well as the bulk
composition. Table 7.1 shows the elemental compositions of Pt-DI and Pt-SP.
Approximately 15% of C is present in both samples as adventitious contamination as well
as from use of ethanol as solvent during synthesis. Pt-SP has almost twice as much Pt as

Pt-DI sample. 30-35 % niobium is detected in both samples.
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Figure 7.5: XPS Spectra of (A) Ru 3d/C 1s and (B) Pt 4f for Pt-DI, and (C) Ru 3d/C 1s
and (D) Pt 4f for Pt-PS.
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The ability to discriminate between different chemical environments, in addition to
obtaining elemental compositions, is one of the primary advantages of XPS in the
characterization of heterogeneous catalysts. Fig.7.5 shows Ru 3d/C 1s and Pt 4f high
resolution spectra from two samples and Table 7.2 shows corresponding spectral curve fit
results. The Nb 3d spectrum (not shown) showed one symmetrical peak for both samples

at binding energy specific to Nb,Os.

Table 7.1: XPS Elemental Composition (wt%)

Sample C1s% Nb3d% Ru3d% Pit4f% Ol1ls%
Pt-DI 13.0 36.3 5.8 18.6 26.2
Pt-PS 16.8 31.5 2.0 20.5 20.2

Table 7.2: Relative Elemental Moieties (at%)

Sample Carbide C€-C C-0 (=0 COOH  Ru02  Ru-OM Pr PO PyOH), Nb.O,
BE, eV 3844 2851 2862 2873 288.9 280.5 2815 282.5 71.2 720 731 2074
Pt-DI 06 334 160 31 5.9 688 194 117 386 303 112 100.0
P1-PS 278 412 196 65 48 582 262 156 S84 282 133 100.0

The Ru spectrum is overlapped with that of C 1s. A curve fit of the Ru spectrum is
discussed in details in Experimental part of the article. Three peaks detected in Ru are
due to RuO; and organometallic Ru in Ru-(CxHy), type of environment. Slightly more
RuO; is present in the 30%Pt sample. Five peaks are used to curve fit the rest of the
spectrum due to various carbon species, such as carbide, aliphatic carbon and different
types of C-O moieties. There is slightly less carbide and more aliphatic carbon for Pt-SP.
Pt 4f spectra of both samples are very similar. Virtually identical speciation is detected.
Approximately 60% of total Pt is metallic, 30% as PtO and 10% as hydroxide. This
distribution of Pt types is very similar to that of Pt on XC72R **°. Guerrero et al. (2009)

showed that ~40% of the platinum (nanoparticles) on niobia is maintained as Pt* in a

124



reducing atmosphere at high temperatures normally sufficient for Pt reduction to a
metallic state. Interestingly, Ru, Pt and Nb are very similar for both samples,

independent from carbon, which varies greatly between the two samples.

7.3.3 X-ray Absorption Spectroscopy

Fig.7.6 shows XANES spectra of the Pt L3 edge from nanoparticles prepared by dry
impregnation and spray pyrolysis methods, together with that from a Pt reference foil. It
IS interesting to note that the spray pyrolysis method produces a smaller white line than
that of the Pt foil. The intensity of the white line is inversely proportional to the d-band
occupancy. This result indicates that the electron population in platinum of Pt-SP is
higher than that of Pt bulk. One plausible explanation is that this may be due to defects
in NbRuyO; surface resulting in oxygen vacancies. It is known that in some oxides
electrons are trapped inside the oxygen vacancies on the surface. Thus, they can donate
electrons to Pt if it is deposited on top of the oxygen vacancy.

The lower white line observed for the spray pyrolysis method suggests a decrease in Pt d-
band vacancies, thereby leading to the higher d-band center ***. As a consequence,
molecule adsorption on the Pt surface can be strengthened. One may consider that the
suppressed ethanol oxidation activity at potentials above 0.7V observed for Pt on
NbRu,O, substrates synthesized by spray pyrolysis is caused by poisoning due to the

strong adsorption of intermediates on the Pt surfaces.
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Figure 7.6: XANES spectra of Pt L3 edge from PtNbRuO, nanoparticles prepared by the
wet impregnation (blue) and spray pyrolysis (green) methods, together with that from a Pt
reference foil (red).

Fig.7.7 depicts Fourier transformed EXAFS spectra of the Pt L3 edge from Pt
nanoparticles prepared by dry impregnation (Fig.7.7a), and spray pyrolysis (Fig.7.7b)
methods. The shoulder around 2 A comes from oxygen contribution, so that the fitting
was performed based on Pt-Pt and Pt-O paths. The presence of Pt-O bonds can be
explained by formation due to the surface oxidation of Pt deposits in air and/or oxygen
from NbRuyO; in which the Pt deposits are embedded. The coordination numbers
obtained from the fittings are 7.4+1.2 for the spray pyrolysis method and 10.2+1.2 for the
dry impregnation method; based on these coordination numbers we estimate that the
average diameter of the Pt deposits by the spray pyrolysis method is smaller (ca. 2 nm)

than that of the dry impregnation method (ca. 4.5 nm).
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Fig.7.8 shows XANES spectra of the Nb K edge (Fig.7.8a) and Ru K edge (Fig.7.8b)
from the nanoparticles prepared by dry impregnation and spray pyrolysis methods,
together with those from respective reference foils. The XANES spectra of Nb K edge
(Fig.7.8a) are independent of the preparation methods as both catalysts show almost
identical spectra indicating that Nb state remains Nb,Os. On the other hand, the XANES
spectra of the Ru K edge (Fig.7.8b) show an increase in E, after Pt deposition, suggesting
that Pt deposits or the condition of Pt-deposition and activation may alter the oxidation
state in Ru. This is consistent with XRD results which indicated the presence of RuOy
and RuCOy species before Pt deposition, as well as those from XPS which indicated

organometallic ruthenium after Pt was deposited.
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Figure 7.8a: XANES spectra of Nb K edge from PtNbRuOXx nanoparticles prepared by the
wet impregnation (blue) and spray pyrolysis (green) methods, together with that from a Nb
reference foil (red).
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Figure 7.8b: XANES spectra of Ru K edge from PtNbRuO, nanoparticles prepared by the
wet impregnation (blue) and spray pyrolysis (red) methods, together with that from a Ru
reference foil (green).

7.4 Electrochemical Surface Studies

7.4.1 IRRAS

In order to identify ethanol oxidation reaction (EOR) intermediates and products on
niobia-supported platinum electrocatalysts, in situ IRRAS studies were conducted on Pt-
DI and Pt-SP. The recorded spectra on both catalysts are shown in Fig.7.9 and the
frequencies and band assignments are listed in Table 7.3. The IR spectra from these two
catalysts suggest ethanol undergoes both total oxidation and partial oxidation pathways.
Carbon dioxide (CO,), acetic acid (CH3;COOH) and acetaldehyde (CH3CHO) are the

main EOR products. The positive-going peak near 2343cm™ is attributed to the
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asymmetric stretch vibration of CO,. This is the product of the ethanol total oxidation
pathway, and appears above 0.4V on both catalysts. The band located around 1705cm™
can be assigned to the stretch vibration of the C=0 bond, found in both acetaldehyde and
acetic acid. Both spectra show the C-O stretching vibration of acetic acid at 1280cm™,
indicating the formation of CHsCOOH. The bands at 1350cm™ and around 1396-
1410cm™ are assigned to CHs in-plane bending mode and OCO stretching of adsorbed
acetate, respectively. The signals of these two bands are relatively weak, which is
probably due to a low product concentration. The band observed at 933cm™ is assigned
to C-C-O asymmetric stretching of acetaldehyde. The strong band at 1598cm™ is the H-
O-H deformation of adsorbed water molecules. The C=0 stretching mode of adsorbed
acetaldehyde and acetyl around 1620-1635cm™ cannot be resolved because of the
presence of the strong water band. The C-H wagging vibration in CH;CHO at 1108cm™
overlaps with the strong band at 1110cm™ from CIO,". The strong band for ClOy4” ions is
the consequence of its accumulation in the thin layer cell to compensate for the
increasingly positive electrode potential. One major difference between these two spectra
is the positive-going band in 2030cm™ which is present in the spectra from Pt-DI, but
absent from that of Pt-SP. The band is assigned to IR absorption by linearly adsorbed

CO, produced by dissociative adsorption of ethanol on the catalyst surface.
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Figure 7.9: In situ IRRAS spectra recorded during ethanol oxidation on:

30%Pt/NbRu

,0; ; (Pt-SP) 60%Pt/NbRu,0,.

Table 7.3: In situ IRRAS Spectra Band Assignments

E/V vs RHE

1.14v
1.02v
0.90v
0.79v
0.67V
0.55v
0.43Vv
0.32v
0.20Vv

(Pt-DI)

Wavenumber/cm™  Assignment

2343

2030

1705
~1598
1396-1410
~1350
1280
1368, 1108
1110

933

CO, asymmetric stretching [***]

CO linear adsorption 42

C=0 stretching of CH;CHO and CH3COOH in solution 14444

H-O-H deformation of adsorbed water **!

O-C-O stretching of adsorbed acetate 142 146 147]
CHs in plane bending of adsorbed acetate %!

C-O stretching of CH;COOH in solution 1142 1421301

CH; symmetric deformation and C-H wagging in CHzCHO 113!

ClO4

C-C-O asymmetric stretching !*>*!

Fig.7.10 shows the variation of band intensities of CO, (2343cm™), C=0 (1705cm™) and

CO (2030cm™) against the applied potentials for both Pt-DI and Pt-SP samples. On both

catalysts, the amount of total oxidation product, indicated by 1CO,, and the amount of

partial oxidation products, represented by 1C=0, kept increasing with applied potential.

From Fig.7.10(a) we can see CO, (linearly adsorbed CO) intensity is increasing
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simultaneously with CO; band intensity, indicating that the CO, formation rate is slower

than its removal rate. On Pt-SP, CO, formation was not obvious, which may suggest a

higher capability for CO removal. The oxide support could supply oxygen containing

species to oxidize blocking intermediate CO and promote EOR based on the bi-functional

effect. The interaction between Pt nanoparticles and niobia support could alter the

electronic structure of platinum and affect the reaction pathway according to the

electronic effect. Therefore, the difference might be the consequence of a larger quantity

of Pt-NbO, interfaces and a stronger synergistic effect between Pt and NbRuyO, support

in Pt-SP.
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Figure 7.10: IR band intensities of CO,, C=0 and CO, during ethanol oxidation at

different electrode potentials (data from Fig.7.9): a) Pt-DI, b) Pt-SP. ¢) The ratio of CO,
band intensity to C=0 band intensity versus applied potentials.
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One major challenge in ethanol electrocatalysis is the breaking of the C-C bond to
oxidize ethanol to CO,. In order to better compare the selectivity of these two catalysts,
we plotted the ratio between band intensity of CO, (ICO,) and band intensity of C=0
(1C=0) versus applied potential, and the results are shown in Fig.7.10. In the entire
potential region, Pt-SP showed a higher (1ICO,/1C=0) value than Pt-Dl, indicating a
stronger capability to split C-C bond in ethanol molecules and promote the total oxidation
pathway.

The IR results suggest that there are parallel pathways of EOR on both catalysts, while
Pt-SP showed higher selectivity towards ethanol total oxidation compared with Pt-DI.

This could be explained by a stronger synergy between Pt and NbRu,O, support in Pt-SP.

7.4.2 Reaction Kinetics

Mesoporous NbRuyO, as a support is intended to provide oxygen promotion, and
possibly a favorable form of SMSI with Pt. To test the viability of these criteria, cyclic
voltammetry was performed in 0.1M HCIO4 comparing conventional 30%Pt/XC-72
(commercial) against several Pt/NbRuyO, samples for ethanol oxidation. These included
Pt-SP and Pt-DlI, as well as a third sample, Pt-TM, which was templated by silica spheres

instead of P123 surfactant.
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Figure 7.11: (Left) Cyclic voltammograms for Pt-C (commercial), Pt-DI, Pt-SP, and Pt-
TM. Scans performed at 10mV/s in 0.1M HCIO,. (Right) Ethanol oxidation performance
of the same samples at 50mV/s in 05M EtOH and 0.1M HCIO,.

The results shown in Fig.7.11 indicate that Pt supported on niobia exhibits a
comparatively limited exchange current density. We would normally anticipate
observing in all samples the similar oxidative and reductive Pt features seen for Pt/C. Yet
despite having as much as twice the amount of catalyst loading, such features are absent.
Unlike Pt-SP and Pt-TM, Pt-DI does exhibit subtle Pt features and less capacitance in the
double layer region. If we assume that the support is interfering with catalyst activity,
then this could be because the sample has larger Pt nanoparticles, and therefore, more Pt

surface sites farther away from the niobia surface. However, the peak current measured
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in 0.5M EtOH is still about 60x less than that of Pt/C with the same catalyst loading.
There appears to be no significant improvement in current from 30% to 60%Pt/NbRuyO,.
Nor is it clear that omitting carbon based surfactant in favor of silica improves
performance. P123 surfactant, normally about 50wt% in the precursor solution, could
potentially breakdown during thermal treatment into smaller carbonaceous species that
poison the platinum, as mentioned earlier in the discussion of XAS. All Pt/NbRuyO,
samples were heated to 400°C in alternating atmospheres of air and 10%H,/N; for five
20min cycles, followed by 2 hrs in the latter atmosphere to account for this possibility.
But no change in performance was observed. Rapid scanning in the electrochemical cell

at 500mV/s and holding at lower potentials also failed to change oxidation performance.

These results suggest that lower EOR kinetics on Pt/NbRu,O, catalysts are not due to the
poisoning by carbonaceous byproducts that is normally encountered. The only remaining
carbon source in the system is the ethanol used in the initial precursor solution.

However, organic solvents are very common in the synthesis of a variety of platinum
catalysts. It is also notable that mixing Pt-SP with XC-72 to attain 50wt%C did nothing
to improve performance, suggesting that the electric conductivity of the sample is not
inhibiting reaction kinetics. Numerous groups in the literature have observed similar
deactivation behavior of Pt supported on niobia, including catalysts designed for gas
phase reactions in which the electric conductivity of the material is inconsequential %
155181 Unfortunately, the exact mechanism of this fairly instantaneous deactivation has
not been fully revealed, though theories have been put forth. The deactivation is most

likely related to the native oxide layer niobium forms regardless of the oxidation state of
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the bulk. The thickness of this layer is usually reported to be on the order of <1 to 6nm
162-164 : FPY - s i H H P 158 H

, though this can vary significantly for niobium in various liquid electrolyte =", It is
not immediately clear how an oxide layer of this type would fully deactivate Pt
nanoparticles 2-20nm or more in diameter, especially after the reducing treatments

employed above.

7.4.3 Pt-Monolayer Deposition

Electrochemical experiments were performed in 0.1M HCIO, as well as 1M KOH, a
fresh electrode prepared for each. Before ethanol was added, some Pt features were
visible in both aqueous media. Distinct oxidation regions generally appear to be more
apparent in alkaline media. Changes are noticeable in the cyclic voltammograms after
cationic deposition of Pt on Pt-DI (Fig.7.12A&C and Table 7.4). In acid, the total charge
density of the CV decreases by 33%. Surface features of Pt hydride formation and
oxidation (0-0.25mV) as well as Pt-O reduction (1-0.5V) remain characteristically broad
even after deposition of additional Pt. This observation remains true at scan rates of
50mV/s. In base, these features are immediately more distinct. Here, the overall
decrease in total charge density is only 7%, with most of the loss from the double layer

region.
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Figure 7.12: Cyclic voltammograms of Pt-DI before and after secondary Pt-monolayer

deposition. (A) 50mV/s in 1M KOH.

(B) 10mV/s in 1M KOH and 0.5M EtOH. (C)

10mV/s in 0.1M HCIO,. (D) 10mV/s in 0.1M HCIO,4 and 0.5M EtOH.

Table 7.4: Total Charge Density and 0.5M Ethanol Oxidation Peak Dimensions (CV)
Before and After Secondary Pt Deposition on Pt-DI

Forward Sweep Reverse Sweep
Sweep Peak Max Sweep Peak Max
Nrea Center Current Area Centar Current

{pCfem?) v (mA/em?)  (pC/am’) vl (mA/cm?)

& 30%PL 0163 0.744 0.378 0.173 0.603 0.417

o 32%Pt G374 0.728 1.077 0.350 0.625 1.020
i A 121.9% -0.016 171.4% 10Z2% 0.@22 147.32%

30%Pt oavo 0.638 0.538 0.097 0.587 0.316

g 32%Pt 214 0.615 0.661 0.108 0.386 0.324
T A 26.5% -0.023 229% 11.5% -0.002 245
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Ethanol oxidation (0.5M) studies reveal further differences in the improvement of
collected current. In particular, it is useful to examine the changes in EOR performance
before and after ionic Pt deposition of forward (oxidizing) and reverse (reducing) sweeps
independently of one another. Normally, it is preferable to compare the current of
different catalysts at the same potential. In this study, attention is also given to shifts in
the potential at which maximum EOR current is observed. Positive shifts are indicative

of the reaction thermodynamics more similar to that of a clean Pt surface.

Characteristics of the data in Fig.7.12 are presented in Table 7.4. There is a significant
increase of 171% and 147% in the total charge for EOR in acid of forward and reverse
sweeps, respectively. In base, the total charge of the forward sweep improves by a more
modest 23%, while the change of the reverse sweep is nearly negligible at 2.4%. In fact,
the reverse peak distinguishes itself by changing remarkably little. While the position of
peak centers of the forward sweeps in both media decreased by about 20mV, and the
peak center of the reverse sweep increased by about the same amount, the behavior of the
reverse sweep in base remains unaltered. This could indicate that the oxidizing sweep to
higher potentials creates conditions that limit the Pt surface, possibly related to minor
destabilization of the niobia support. This would be consistent with the observation that
overall improvement is significantly better in the less oxidizing environment of 0.1M
HCIO,. It also appears that Pt which is both deposited and electrochemically tested in an
environment purged of oxygen can continuously recover Pt surface sites at the lowest

potentials of the cycle. Ultimately, these results also suggest that the presence of oxygen
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has a negative impact on the electrocatalytic activity of Pt/niobia. Although, because the
electrode is still exposed to aqueous solution, these results are still subject to passivation

reactions involving the decomposition of H3O/H,0 to form Nb-Oy or free oxygen.

7.4.4 Support Crystallization

In order to test the hypothesis of Pt surface inhibition from instability of niobia in highly
oxidizing environments, a fresh sample was prepared consisting of Pt nanoparticles
(60%) in an amorphous matrix of 10%Nb, 10%Ru and 20%0. A lower weight percent of
niobium was used for several reasons. The suppression of H, and OH activity of
platinum supported on niobia has been shown to be quite dramatic, even for gas phase
reactions, necessitating the use of higher ratios of catalyst to support in order to affect
observable differences in catalytic behavior. In addition, most studies in the literature
involving niobia as part of an electrocatalyst have employed the metal oxide as a minor
component 11 1% This s largely because of its relatively poor electric conductivity as
Nb(V) and the difficulty in maintaining the surface in a more greatly reduced oxidation

state in the presence of oxygen 38162,
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Figure 7.13: Cyclic voltammograms of Pt/NbRu,O, (wt% - 60:10:10:20) after different
heat treatments including immediately after spray pyrolysis heating to 300°C and 650°C in
10%H,/N, for 4hrs. (A) 50mV/s in 1M KOH. (B) 50mV/s in 1M KOH and 0.5M EtOH.
(C) 10mV/s in 0.1M HCIO,. (D) 50mV/s in 0.1M HCIO, and 0.5M EtOH.

Table 7.5: Total Charge Density and 0.5M Ethanol Oxidation Peak Dimensions (CV) for
Pt/NbRu,O, (wt% - 60:10:10:20) Before and After Heat Treatments

Forwand Sweep Reverse Sweep
Sweep Peak Max Sweep Peak Max
Area Center Current Area Center Curent
(uC/pg) (v} (uAfpg)  (uC/pg) v (uA/pg)
5P aIB7 OETD 0388 0163 o7z otz
=T Tii ] 15324 B85350 32315 13.100 0782 Z2.B74
I|:"i:' 650C 16345 0.543 41735 16.563 G.840 41.030
i 0:2% -0.0G7 28 .2% 264% 0.678 79.4%
sp 1621 0667 i1=1: o\l 0520 om0
= 300C 25.716 L5653 21314 5.135 L5359 4721
E B50C II.SES o7 57206 3.890 0558 12709
A -13.0% 0.029 1445% -2432% 0.019 169.2%

140




Each plot in Fig.7.13 shows three sets of cyclic voltammograms. These include
performance of the powder immediately after spray pyrolysis and after thermal reduction
at temperatures of 300°C (Pt-300) and 650°C (Pt-650) in 10%H,/N,. The first reduction
at 300°C is hot enough to thermally decompose any remaining precursor complexes and
activate the platinum. The second reduction occurs roughly 100°C higher than the
crystallization temperature of niobia. While some limited sintering of Pt nanoparticles
likely occurs, the primary difference between these samples is the presence of crystalline

niobia. The results are summarized in Table 7.5.

After support crystallization, there is a substantial decrease of 74% in the total charge
density of the voltammogram in acid media, nearly twice that of the same decrease in
base. In acid, the total area of the forward sweep as well as the EOR peak center do not
change even though the maximum current increases by 29%. This correlates with a
proportional decrease in the hydrogen region. The maximum current of the reverse
sweep increases by 79% and is roughly equal to the intensity of the forward sweep. Prior
to support crystallization, this was not the case. Again, this could indicate that the
support and related passivation reactions are more greatly stabilized as a crystalline
structure and interfere less with the Pt surface at or near potentials within the oxygen

region.

We see further suggestion of this behavior in base electrolyte, in which there was a
comparatively dramatic increase in total charge of forward and reverse sweeps of 145%
and 169%, respectively. The peak centers of both sweeps shift 20-30mV towards more
positive potentials. The dramatic improvement of measured current in base compared to

acid enforces the idea of inhibited surface sites of Pt supported by niobia in the presence
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of oxygen. Crystallization of the niobia support appears to greatly enhance the

availability of active Pt sites.

This analysis assumes that Pt nanoparticles remain relatively stable during the
crystallization of niobia at 650°C for 3 hours. The sintering behavior of Pt depends upon

195188 "1t has also been shown that heating in an oxidizing

the nature of the support
atmosphere more greatly facilitates sintering on both carbon and metal oxide supports &
88, 167-169 : H : e H H

. We assume that changes in Pt particle size are minimal in the reducing

atmosphere employed.

Orilall et al. observed relatively high mass activity for Pt and Pt-Pb supported on
crystalline mesoporous niobia-carbon composites (samples contained roughly twice as
much carbon within the support as those of this study) for the electro-oxidation of formic
acid in 0.1M H,SO4. Though no amorphous support was presented, it was shown that
Pt/NbO,-C showed improved current compared to Pt/Nb,Os-C. In the absence of formic
acid, cyclic voltammograms for both Nb(1V) and Nb(V) yielded a highly charged double
layer absent of Pt redox features *°. Niobia is a complex oxide with many forms, as
demonstrated by the multiple polymorphs of Nb(IV) which the authors obtain by
oxidizing and re-reducing the same sample. The state of the bulk does not necessarily
represent the state of the surface. It is unclear how the native oxide layer varies between
the two, particularly in alkaline electrolyte under various applied potentials. But the final
stability of the niobia surface is likely highly variable, depending upon factors including
support crystallinity, as well as pH of the electrolyte **®. And though samples discussed
here were heat treated in a reducing atmosphere of 10%H2/N, at 400°C, we previously
138

showed that these conditions are not sufficient to reduce bulk Nb,Os to NbO,
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In situ IRRAS results have shown that evolution of CO, from ethanol in 0.1M HCIO,4
begins at lower potentials on Pt/NbRuyO, than on Pt/XC72. But it is not clear how much
of the current of each sample measured in the voltammograms of Fig.7.13 is the result of
complete oxidation. Yang et al. asserted that there are two competing factors for overall
catalytic activity of Pt. Any increase in the average size of Pt nanoparticles during
heating would adversely affect the EOR performance of the material due to lower catalyst
surface area. But it has also been shown for a similar system that the oxidation of CO on

Pt/Al,Os is structure sensitive, improving with increasing Pt nanoparticle size .

Our studies here have shown that smaller Pt nanoparticles supported on amorphous
niobia such as those in Pt-SP appear to be more effective at splitting the C—C bond in
acid electrolyte. This is probably due to a larger Pt-NbOy interfacial surface area. And
unlike the larger Pt nanoparticles of Pt-DI, IRRAS spectra for Pt-SP indicate an absence
of CO, suggesting that oxidation to CO, occurs very rapidly. This Pt nanoparticle size-
dependent behavior found by comparing Pt-SP and Pt-DI can also be extended to the
comparison of Pt-300 and Pt-650. If there was substantially greater sintering of Pt on
NbRu,O, at 650°C compared to 300°C, then the larger nanoparticles which would result
on Pt-650 should be more susceptible to CO poisoning than those of Pt-300.
Alternatively, the niobia support may stabilize Pt nanoparticles to some degree against
sintering at these temperatures. Unlike Pt/Al,O3 gas phase catalysis, C—C scission and
CO oxidation appear to be less sensitive to the extrinsic properties of Pt nanoparticles.
Instead, intermediate species of EOR may bond more strongly to Pt-NbOj interfacial sites

until scission and complete oxidation are achieved.
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But the total current per mass measured from EOR is extremely low. Hdébel et al.
observed an irreversible 50% decrease in CO gas adsorption capacity for
Pd/Nb,Os/CusAu(100) under UHV and ambient pressure after annealing above 27°C.
This was due to changes in the electronic structure as opposed to catalyst sintering, which
led the authors to conclude that the migration of Nb,Os particles over Pd catalyst could
not be responsible for the suppressed activity °’. For 1%Pt/Nb,Os gas phase catalysis,
Guerrero et al. also observed a decrease in CO adsorption capacity, but noted that it
remains high in the absence of H,. They surmised that O, and H, dissociative adsorption

remained unhindered in the presence of CO, hindering CO adsorption and oxidation **°.

All of these observations have significant implications for Pt/NbRu,O, in aqueous
electrolyte where the local concentrations of hydrogen and oxygen are much greater.
Such selective adsorption behavior could inhibit the initial adsorption of ethanol or its
partially oxidized subspecies. An additional factor unique to the electrocatalyst is the
necessity for steady ion transport through the electrolyte. Under the active and selective
surface conditions discussed, there is a greater potential for ions to become adsorbed or

neutralized before diffusing far from the polarized double layer region.

These studies appear to confirm the prevalence of Pt-NbOy surface sites, in which ethanol
and its subspecies are more strongly bound than on Pt(111). This improves instances of
C—C scission before partially oxidized species desorb from the surface. The niobia also
appears to act as an oxygen promoter, facilitating CO oxidation to CO,. But the
adsorption kinetics of H, and O, species from electrolyte and atmosphere appear to
dominate available catalyst surface sites, blocking adsorption of double and single carbon

species and hindering the overall EOR performance. Polarization of the electrode may
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induce the exchange of hydrogen and oxygen to Pt from niobia directly. In this case, the
adsorption on Pt may partially proceed without the dissociation step. Such a process

could explain limited kinetics of EOR.
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CHAPTER 8 - Electrochemical Studies and DFT Analysis of

Suppressed Exchange Current Density of Pt Supported on NbRu,0,

8.1 Pt/NbRuyO; Electrocatalyst

The electrocatalyst is primarily comprised of porous, NbRuyO, particles 50nm-4pm in
diameter. These particles are decorated throughout the bulk and surface with platinum
nanoparticles with an average diameter of 2nm. Alone, the NbRuyO, support particles
have an average oxidation state between Nb(4-5) and a BET surface area of 167m?/g due
to a mesoporous structure, with pore diameters of about 5nm. A loading of 60wt% Pt
decreases the surface area to ~6m?/g. Some of the decrease results from the addition of
heavier platinum, while the remainder could be the result of pores plugged by those same
Pt nanoparticles. There is evidence that the strong metal support interaction between
niobia and platinum in close proximity within the pores could result in the particle acting
as an oxygen sponge which lowers the density of niobia near the Pt surface and

eventually blocks other gasses.

8.2 Electrochemical Aging Studies

Cyclic voltammograms for Pt/XC72 (Fig.8.1A) before and after electrochemical aging
show a significant decrease in early hydrogen desorption after -25mV. A second feature
immediately before the double layer (presumably H-desorption from Pt(100) and Pt(111))
appears more stable. This is mirrored in the stability of the first Pt-O feature following
the double layer, while oxidation at higher potentials decreases after aging. The same

Pt/XC72 particles were identified on the TEM grid before and after electrochemical
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aging, shown in Fig.8.2. Pt nanoparticles do not remain static on the support surface.

Larger carbon particles have also shifted, though specific surface changes are unclear.
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Figure 8.1: Cyclic voltammograms of (A) 30% Pt/XC-72 and (B) 60% Pt/NbRu,O, in

0.1M HCIO, at a scan rate of 10mV/s (Ag/AgCl). Each plot shows the 10th cycle
measured before and after the electrode was exposed to 3600 cycles at 1V/s.
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Figure 8.2: TEM images of particles of 30% Pt/XC-72 (A) before and (B) after 3600
cycles at 1V/s in 0.1M HCIO,4. Migration of Pt nanoparticles after aging is apparent.
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The results for Pt/NbRu,O, exhibit a different type of degradation. The expected features
reflecting changes in Pt surface oxidation in Fig.8.1B are very subtle, but remain
consistent before and after aging. Instead, there is no distinct double layer and the CV is
dominated by charging. The interface of niobia with atmospheric oxygen and aqueous
electrolyte is highly active. Niobium and niobia generally have a thin, native oxide layer
that is subject to fluctuations in oxidation state *°2. The layer is usually extremely thin
and permeable to common ions, resulting in observed effects such as oxygen absorption
and hydrogen intercalation. Here, a second, similar form of surface activity appears to
dominate the electron exchange activity occurring on the electrode, masking or
preventing features associated with platinum. The final sweep after aging is identical to

the initial sweep, except for an increase in overall charging.
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Figure 8.3: TEM images of particles of 60% Pt/NbRu,O, (A) before and (B) after 3600
cycles at 1V/s in 0.1M HCIO,4. The aging treatment evolves a thin oxide film around the
particles.
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This observation is consistent with the film growth which covers the Pt/NbRuyO,
particles after aging in Fig.8.3. The film represents a barrier to ion transfer and Pt surface
sites which results in the increased capacitance shown in the corresponding CV. It is
possibly an augmentation of the native oxide layer which is less dense and is sensitive to

the vacuum and electron beam of the TEM.

8.3 Electron Energy Loss Spectroscopy

The catalyst underwent the same aging process as was used before in acid electrolyte, this
time in 1M KOH to compare the formation of film. The film showed the same
sensitivities to conditions inside the TEM as previous samples aged in acid electrolyte,
preventing a quantified comparison of layer dimensions between the two from this

technique.
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Figure 8.4: TEM image of 60%Pt/NbRu,O, after 3600 cycles at 1V/s in 1M KOH. The
oxide film appears to form as a disordered lamellar layer growing in a traverse manner at
layer edges. Inset shows the FFT pattern of darker lattice fringes, verifying the atomic
spacing (2.235-2.405A) of Pt(111).

The TEM was equipped with an Electron Energy Loss Spectrometer which was used to
create a two dimensional oxygen map of the particle shown in Fig.8.4. This process
stores information in each pixel describing the O-Ka2 electron count, reflecting the

relative concentration of oxygen at any point in the image. This information could then
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be extracted to create a linear concentration profile following a radial path from the
particle’s center to its surface. Multiple paths starting at the center were extracted to
account for the entire circumference of the particle. These were then averaged to form
the oxygen concentration profile shown in Fig.8.5. The profile indicates that the area
which constitutes the film, ~35nm from the particle center, has a relatively high
concentration of oxygen. This result suggests that the film is a highly oxidized form of

niobia, Nb(5<).
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Figure 8.5: Radial oxygen concentration profile from the center (Onm) to the surface
(~40nm) of the particle in Fig.8.4, measured using EELS O-Ka2.

8.4 Sequential Oxidation Cyclic Voltammetry

The oxygen-rich nature of the thin film indicated by EELS would suggest that the
NbRuyO, support is sensitive to the presence of oxygen-containing species. Cyclic
voltammetry which sequentially scans to higher potentials can reveal the relative stability
of various redox features as the electrode surface spends increasing amounts of time

under oxidizing conditions. The evolution of oxygen from H,O above 1.2V represents a
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threshold which, once passed, subjects the electrode to especially corrosive conditions.
The graphitic surface of carbon XC72 breaks down, simultaneously destabilizing
supported Pt nanoparticles. Similar treatment can also reveal oxygen sensitivity of the
NbRu,O, support. Therefore, any differences in the redox features between increasingly
anodic, stepped scans and that of increasingly cathodic, stepped scans after peaking at a
maximum potential of 1.6V would indicate destabilization of the catalyst and/or support.
This process was performed for 30%Pt/XC72 and 60%Pt/NbRu,O,, and the results are

shown in Figures 8.6-9.
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Figure 8.6: Cyclic voltammograms of 30%Pt/XC72 in 0.1M HCIO, at a scan rate of

20mV/s with step-increases of 0.1V/cycle from 0.3V to 1.6V (solid), then back to 0.3V
(dashed).
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Figure 8.7: Cyclic voltammograms of 30%Pt/XC72 in 1M KOH at a scan rate of 20mV/s
with step-increases of 0.1V/cycle from 0.3V to 1.6V (solid), then back to 0.3V (dashed).
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Cyclic voltammograms of 60%Pt/NbRu,O, in 0.1M HCIO, at a scan rate of
20mV/s with step-increases of 0.1V/cycle from 0.3V to 1.6V (solid), then back to 0.3V
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Figure 8.9: Cyclic voltammograms of 60%Pt/NbRu,O, in 1M KOH at a scan rate of
20mV/s with step-increases of 0.1V/cycle from 0.3V to 1.6V (solid), then back to 0.3V
(dashed). Inset shows growth of the Hyes peak.

Fig.8.6 shows that Pt/XC72 in acid remains very stable with predictable surface coverage
behavior despite exposure to higher potentials. The oxygen desorption peak becomes
distinguishable after 0.8V and exhibits a consistent shift to lower potentials after cycling
to 1.2V<. This is due to the proportional growth of multilayer platinum oxide by place

71173 "and represents the greater energy necessary to fully reduce the Pt-O

exchange
surface. Despite this and any other effects, anodic and cathodic scans show excellent
overlap indicating the stability of the catalyst. The same is true to a lesser extent for
Pt/XC72 in 1M KOH. There is a very sharp peak associated with the formation of Pt-OH

around 0.8V which precedes an overall shift in the double layer region to lower current

densities. This shift is maintained for all progressively cathodic, stepped scans. In this
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case, differences between progressively anodic and cathodic, stepped scans may be

attributable to a steady state alteration in the double layer at the surface.

Fig.8.6-7 may be taken as the expected behavior of Pt without significant support
contributions, and compared with the behavior of Pt/NbRu,O, on this basis. The Pt-O
reduction peak should occur between 0.6-0.8V. Above 1.2V, the NbRuyO, support
adsorbs a significant amount of oxygen, leading to the dramatic oxygen desorption
behavior below 0.6V after scanning towards 1.6V in Fig.8.8. This behavior is likely an
enhanced example of the mechanism behind the formation of the thin films observed in
Fig.8.3-4. Niobia which is partially reduced, such as that at an interface with Pt or Ru,
can become dissolved in electrolyte at anodic potentials, proceeding as Nb(1V) -
Nb(V)sor + €- + V*\b, Where VVyp, is a cation vacancy remaining at the interface 1*. These
vacancies could then instead be filled by more mobile H* during cathodic shifts,
facilitating the outward, 3D growth of the niobia film. During H* adsorption,

simultaneous e” adsorption can reduce Nb(V) to Nb(1V) *"

which suggests that a great
deal of Nb(1V) could be present at Pt/Nb interfaces at low potentials. It is also possible
that non-Faradaic processes are occurring farther from the electrode. Nb(1V) and Nb(V)

can absorb oxygen directly, or from water according to the reaction, 2Nb(V)s, + 5H,0 -

Nb,Os + 5H".

In 1M KOH (Fig.8.9), the current density drop of the double layer at ~0.8V observed for
Pt/XC72 also occurs, indicating that the phenomena is not unique to either catalyst. The
Pt-O reduction peak is shifted to higher potentials during progressively cathodic sweeps
which may be the result of better ion transport through a less dense surface, i.e. the

niobium oxide thin film. This would also be true of the catalyst in acid. As the oxide
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layer forms, Pt nanoparticles deeper in the NbRuyO, support particle may become
increasingly exposed. The growth of the oxide layer and the resulting evolution of more
Pt surface sites may be responsible for the improvement in H* adsorption capacity after
sweeps to higher potentials. But because these processes do not necessarily involve
measureable electron exchange, it is difficult to draw conclusions from this experiment,
alone. They are also inapplicable towards explaining the Pt surface deactivation
observed for gas phase catalysts supported on niobia. Instead, these more likely involve
reduced forms of niobia initially at Pt/Nb interfacial sites which experience a 2D growth

process across the Pt surface.

8.5 Chrono-potentiostatic Analysis

Both catalysts were held for 20 min each at 0.0V, 1.2V, 0.0V in 0.1M HCIO,4 and 1M
KOH to monitor the cumulative surface activity during H, and O, evolution potentials.
Taken from Pourbaix diagrams for each element in the system, species of certain types

are more probable to be present at each potential.

At 0.0V: H,/H,0,/H,0, Pt, Nb205/NbO3-, and Ru.

At 1.2V: 0,/H,0, Pt(OH),/PtO,-H,0/PtO5", Nb,0s/Nb,0s-nH,0/HNbO,/NbO,*, and RuO,-
nH,O/HRuUO,/H,RuO:s.

These are not conclusive, and various other subspecies of niobia probably exist.
Fig.8.10A shows the charging of Pt/XC72 at 0.0V before (Al) and after (A3) holding at
1.2V (A2) for 20 min. The latter shows less surface activity, as well as a stable, less
negative slope. This indicates that A2 resulted in some sintering of the Pt catalyst leading

to lower surface activity. On Pt/NbRuyO,, the slopes of Al and A3 are nearly identical.
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The larger magnitude of A3 is likely from the rapid reduction of the thin, oxidized niobia

layer built up during A2, occurring within the first few seconds. This film, formed from

niobia which originated from the more dense support particle bulk, might also expose

previously isolated Pt nanoparticles and form open ion pathways from the surface to the

interior during the dissolution process *"®. This would be especially conducive for greater

hydrogen adsorption. If the behavior of the charge curve is defined by Pt at longer times,

then the slopes of Al and A3 for Pt/XC72 and Pt/NbRuyO, would seem to suggest that Pt

nanoparticles are less subject to sintering on NbRuyO,.
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Figure 8.10: Chrono-potentiostatic coulometry measurements of (A) 30%Pt/XC72 and (B)

60%Pt/NbRu,O,.

0.1M HCIO, (A1-A3) and 1M KOH (B1-B3).
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The better stability of carbon in acid is shown by the smooth progression of A2 compared
to B2 in Fig.10A. But both catalysts show roughly the same oxidation behavior in acid
and base. Though, reductive charging in base is significantly less than in acid. This is
consistent for a double layer with a higher concentration of anions in basic media and
indicates a shift in the exchange current density at the electrode surface relative to the
H,0 redox couple. It is apparent that for Pt/XC72, the relative behavior of B1 and B3 is

about the same as that of Al and A3. But this is less clear for Pt/NbRu,O,.

Because H" is the smallest ion in the system, the hydrogen desorption peaks of each
catalyst taken from cyclic voltammetry performed before and after each constant-
potential holding period can reveal the availability of Pt surface sites in 1M KOH.
Fig.8.11 shows these peaks taken before any holding periods, as well as after B1, B2 and
B3. Pt/XC72 (Fig.8.11A) behaves as expected, with greatly elevated H* desorption after
holding at 0.0V (B1) compared to the electrode initially. After holding at 1.2V (B2), the
hydrogen adsorption potential of B1 is not recovered in B3. This is due to the sintering

of Pt nanoparticles observed in Fig.8.10A.
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Figure 8.11: Hydrogen desorption peaks from cyclic voltammograms taken in 1M KOH at
50mV/s for (A) 30%Pt/XC72 and (B) 60%Pt/NbRu,O, before and after each potential
holding period in Fig.8.10.
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The surface of Pt/NbRuyO, appears to preferentially adsorb oxygen over hydrogen at
open circuit potential, as shown in the near uniformity of the Initial Hges peak and B2 of
Fig.8.11B. B3 shows increased H* desorption over B1, suggesting that the adsorption
potential of Pt/NbRu,O, in 1M KOH follows the same trend as in 0.1M HCIQO4, albeit at
much lower currents. As the film of oxidized niobia becomes increasingly thick, it is less
clear whether formation mechanisms (especially relative to the Pt surface) are Faradaic,
the result of charging, or charge separation process (especially possible from Nb(V)so at

anodic potentials).

8.6 CO Stripping

CO stripping studies can help elucidate the adsorption potential of Pt surface sites from
that of the absorption potential of the NbRuyO, support. CO is a larger molecule than
H*/H,, making it subject to greater diffusion resistance through the oxidized niobia film.
It should also have a lesser impact on the redox behavior of niobia, instead preferentially

adsorbing onto the Pt surface.

Table 8.1: Calculation of Electrochemical Surface Area on Pt for CO and H (soln)
species from Fig.8.12.

Qco Qii-ads Qi.des  ESAco.des ESAnads ESAp.ges % STDev

(uC/ugp) (uC/ugp) (uC/uge) (m*/ge)  (m’/ge)  (m’/gm)
30%Pt/XC72 356.00 153.00 157.40 84.76 72.86 74.95 8.20%
60%Pt/NbRu,O, 11.30 24.50 -3.28 2.69 11.67 -1.56 158.34%
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Figure 8.12: CO stripping cyclic voltammetry in 0.1M HCIO, at 100mV/s on (A)
30%Pt/XC72 and (B) 60%Pt/NbRu,O,.

In Fig.8.12A, the CO desorption peak for Pt/XC72 beginning above 0.6V is characteristic
of platinum on carbon, as are the hydrogen adsorption/desorption peaks and the
distinguishable double layer current exchange density delineated by the first cathodic and
anodic sweeps at low potential. The CO peak on Pt/NbRuyO, is considerably broader
(Fig.8.12B). It is interesting to note that the peak begins at ~0.45V, the same potential at

which we previously showed the evolution of CO, from 1M ethanol to begin on the
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Pt/NbRuyO; surface using the in situ infrared reflection adsorption spectroscopy (IRRAS)

technique (Ch.7).

Scans at low potentials in which all Pt sites are occupied by CO should provide a baseline
against which to quantify the extent of hydrogen adsorption/desorption from subsequent
scans taken after CO removal. The area of the resulting peaks can be used to calculate
the electrochemically active surface area (ESA) of Pt, previously described in Ch.4.
Furthermore, the values of ESA calculated from COges, Hags, and Hges peaks should be
roughly the same for a clear Pt surface. These values are shown in Table 8.1 for both
catalysts. Indeed, all peaks indicate an approximate ESA of 73-84 m?/uge; with a small
error of 8%. Values reported in the literature range from 7.8m?/ge; to 85m?/ge 2" 7. 1t
is known that a variety of factors can significantly affect the measurement, including the
use or absence of Nafion on the catalyst, the purity of the sparging gas, and the

cleanliness of the electrochemical cell. But all three peaks are significantly different for

Pt/NbRuyO, and require further interpretation.

The first cathodic sweep from Pt/XC72 is relatively flat indicating a stable Pt-CO surface,
whereas that of Pt/NbRuyO, experiences increased reduction. This could indicate the
displacement of adsorbed CO with H approaching 0V, or hydrogen intercalation into the
niobia. CO poisoning is largely responsible for the failure of Pt catalysts in PEM fuel
cells and is usually remediated by scanning to potentials approaching or beyond 1V. This
is why CO displacement is unlikely even though the net effect would be the further
reduction of Pt because, unlike H, CO is known to cover multiple Pt sites **°. Regardless,
it is difficult to discern the Pt contribution from the hydrogen region, making ESAco the
most appropriate value.
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8.7 Open Circuit Potential Studies in Alkaline Electrolyte

OCP studies over longer periods can further reveal differences in the surface state of both
catalysts under different electrolyte conditions. It has been shown that potential shifts of
niobium and niobia in basic media vary greatly with small changes in pH. The native
oxide layer of niobia in open air may not be stable in electrolyte, and when it dissolves,
cathodic shifts occur. Alternately, anodic shifts represent a thickening of the native oxide

layer, or the formation and thickening of a new layer whose growth mechanism varies

with pH .
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Figure 8.13: Open-circuit potential measurements in the presence of 1M KOH electrolyte,
electrolyte and bubbled O, (sparging), and electrolyte and 1M ethanol.

The sporadic nature of Pt/NbRuyO, in 1M KOH is not immediately clear. It is possible

that niobia dissolves into solution at the surface, causing a steady rise towards oxidative
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potentials. This would occur until a local solubility limit was reached, at which point the
current would suddenly exhibit a cathodic shift as a monolayer or more of niobia
precipitated back onto the surface **'. Though a similar, smoother, passivation process
appears to occur on Pt/XC72 as well, the potential merely stabilizes around 83 min and
never actually shifts cathodically. This occurs regardless of glassy carbon electrode
surface area and whether a Pt wire or mesh is used as a counter electrode. Because the
system employs no mixing and purging gas flows just above the electrolyte liquid level,

this effect on Pt/XC72 might be attributed to buildup from electrolyte, alone.

These effects are not apparent for either catalyst during oxygen sparging. Instead, higher
potentials are quickly reached and remain steady, indicating that both surfaces are further
oxidized. The addition of 1M ethanol has the opposite effect, reducing both surfaces
initially. The long term behavior would suggest that the two catalysts have different
stabilities in this environment. The lower potentials caused by 1M ethanol compared to
1M KOH alone indicate a significant shift in the charge-transfer overpotential
corresponding to a change in the surface concentration of electrolyte species (due to the
competing presence of the alcohol). On Pt/NbRuyO,, the surface is initially reduced by
ethanol adsorption on Pt, as well as a change in the equilibrium potential of the niobium
oxide thin film seen within the first ten minutes. Reduction continues until ~0.46V, the
approximate potential at which CO; evolution was shown to begin on this catalyst. Ata
potential of 0.59V at 120 min, there is a distinct change in the slope of the data from
0.56mV/min to 0.31mV/min. This decrease in the rate of change towards oxidative
potentials roughly correlates with the potential at which Pt begins to adsorb H,O onto its

surface (0.5V<). Alternately, CO adsorption is favored at lower potentials (0.4V>). The
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latter potential regime is responsible for the opposite time-behavior of Pt/XC72. A small
quantity of ethanol is oxidized to acetaldehyde, acetic acid, CO or CO,. But eventually,

CO begins to accumulate as a fixed species on the surface, known as poisoning.

It is apparent that AEg.c is much larger than AEgr. AEpg for Pt/NbRuyO, with the
addition of oxygen is especially low and in agreement with the hydrogen desorption peak
behavior (Fig.8.11B) that the surface is nearly saturated with oxygen initially. These
results suggest that the anodic potential of Pt/NbRuyO; is limited by the intrinsic
instability and corrosion/dissolution behavior of niobia near the O,/H,O redox couple.
Alternately, the reduction potential is limited by the extrinsic decrease of free Pt
adsorption sites because of an increase in Pt/NbOy interfacial sites, possibly from a 2D
NbOy growth mechanism (see DFT). The same NbOy species intrinsically alter the d-
orbitals of Pt resulting in fewer electron vacancies. This allows ethanol subspecies to

bond more strongly at these interfacial sites (Ch.7).

Cyclic voltammetry of each sample was performed at 50mV/s for 50 cycles after the 160
min OCP period to determine how each surface may have been altered. Fig.8.14 shows
the results for all three stages of Pt/XC72, while those of Pt/NbRu,O, are shown in
Fig.8.15. Arrows in each figure indicate the trend of a particular redox feature with
subsequent cycles. All of the adsorption features of Pt/XC72 appear to decrease (positive
current shift), except for the Hags peak associated with Pt(100) at 0.22V. Desorption
features also appear to decrease (negative current shift), with the exception of the ethanol
oxidation peaks. All scans taken during O, sparging show a general decrease in current

at all points, including the double layer region.

167



Current Density (uA/ug,,)

T
0.4

T v T Y
0.6 0.8 1.0 1.2

Potential (V, RHE)

Figure 8.14: Post OCP cyclic voltammograms at 50mV/s in 1M KOH for 30%Pt/XC72.
Showing cycles 1, 10, 20, 30, 40 and 50. Labels correspond to those of Fig.8.13.

168



30

25

20

15

10

Current Density (uA/ug,,)

I ! 1

T T T T
04 0.6 0.8 1.0 1.2

Potential (V, RHE)

Figure 8.15: Post OCP cyclic voltammograms at 50mV/s in 1M KOH for 60%Pt/NbRu,O,.
Showing cycles 1, 10, 20, 30, 40 and 50. Labels correspond to those of Fig.8.13.

The redox features of Pt/NbRuyO, appear to show the opposite behavior in all cases. The
rapid decrease in the ethanol oxidation peaks indicates the deactivation of Pt adsorption
sites while hydrogen adsorption and desorption both increase. The relative positions of
the Hges peaks from electrolyte only and O2 sparging reflect those of B1/B3 and B2 (post
0.0V and 1.2V, respectively) from Fig.8.11B. The double layer region is obscured by
superimposed charging current of the niobia support/film. The two oxygen desorption
peaks of the O, sparging cathodic sweeps in Fig.8.14 at 0.9-0.7V are also present in
Fig.8.15 as a more contiguous region, possibly because of a more diffusion limited

desorption behavior.
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8.8 Density Functional Theory Studies Adsorbates on the Pt Surface

We used DFT type calculations to explore the energetics of surface diffusion of elemental
C, O, and Nb (Fig.8.16). Carbon is seen to have the highest activation barrier (0.96 eV),
followed by oxygen (0.68 eV) and niobium (0.33 eV). The transition state energies are
comparable to previous work (21). Differences in activation barriers are attributed to the
use of different exchange correlation functionals and different representations of nucleus
electron interactions. The attempt frequency for a diffusion jump is expected to be on the
same order as the vibrational frequencies, vo=10" Hz (21,22). Taken into account the
degeneracy of the diffusion path for a close packed (111) surface and a random walk

model for the diffusion process, we obtain for the rms distance traveled by a particle:

()= Zution] - 25 )

Evaluating this expression for a nanoparticle of radius 10 nm at T=300 K using

d=2.812 A, the jump distance on the clean surface, we obtain lifetime estimates of ~1200
days, 30 minutes, and 1.2 ms, for C, O, and Nb, respectively. Comparing these results to
the observed deactivation within weeks, we observe that oxygen is a likely candidate to
explain the rapid deactivation of the catalyst. This is further corroborated by the previous
observation that activation energies, for surface diffusion processes, obtained from DFT
tend to be underestimated by ~24% on average, with a range from ~23% overestimated to
48% underestimated (21). Thus, correcting our activation energy upward by 25%, we
obtain an estimated lifetime for a nano-particle of 10 nm radius of 18 days, very

comparable with the experimental observations. Thus, the DFT calculations support the
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deactivation mechanism that involves a transient reduced form of niobia (NbOy) that

provides the oxygen source needed for our proposed deactivation mechanism.

m C/PY(111) o
o O/PY(111) -
A Nb/PY(11l)
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Reaction coordinate (-)

Figure 8.16: (Left) Grey spheres represent Pt atoms. The arrow indicates the transition
path between the hollow fcc and hcp sites. (Right) Energetics along the transition path:
squares, circles, and triangles, for surface diffusion of elemental C, O, and Nb,
respectively.

8.9 60%Pt/NbRuyO; Treated at 300°C and 650°C

In order to determine how crystallization of the niobia support effects the results of the
tests used in this study, two samples previously explored in Ch.7 were revisited here.
These were based upon 6Pt:1Nb:1Ru:20 wt% and were thermally reduced at 300°C (Pt-
300) and 650°C (Pt-650), the latter being ~100°C or more above the crystallization
temperature of niobia. It was shown that despite the relatively low weight percent of
niobium, crystallization appears to significantly reduce the charging activity (and
possibly Faradaic activity associated with hydrogen intercalation) seen during standard
cyclic voltammetry studies. The objective of this section is then to determine whether

crystallization might shift the behavior of Pt/NbRu,O, towards that of Pt/C.
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Figure 8.17: Cyclic voltammograms of Pt-300 (A) and Pt-650 (B) in 0.1M HCIO, and 1M
KOH at a scan rate of 20mV/s with step-increases of 0.1V/cycle from 0.3V to 1.6V (solid),
then back to 0.3V (dashed).
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Sequential oxidation studies in which cyclic voltammetry is performed with a small step-
increase in the positive potential with each cycle, then followed by equal decreases to the
to the original starting potential. The purpose was to determine the stability and
reversibility of sweeps after passing the oxygen evolution potential in the aqueous
electrolyte. The results show that charging in the electrochemical double layer is indeed
significantly decreased after crystallization, though less-so in alkaline electrolyte. The
reactivity of the material also becomes more chemically specific depending upon the
media. Pt-300 appears to favor oxygen exchange, indicated by the broader adsorption
and desorption peaks during anodic and cathodic scans, respectively. The opposite is true
in 1M KOH, where the hydrogen adsorption/desorption activity is more greatly enhanced
after exposure to higher potentials. But in both cases, the capacity for oxygen exchange
is enhanced, indicating a thickening of the passive layer that can act as an oxygen sponge.
After niobia crystallization, Pt-650 exhibits a decrease in oxygen desorption current,
while adsorption is roughly the same in both media. Hydrogen desorption is significantly
more prevalent in 1M KOH. It appears that while the hydrogen and oxygen redox
features of Pt-650 are not indicative of a clean Pt surface, the material is more like Pt/C
insofar as that it is significantly more reversible, and therefore, stable under harsh,

oxidizing conditions at higher potentials.
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Figure 8.18: Chrono-potentiostatic coulometry measurements of Pt-300 (left) and
Electrodes were held at 0.0V, 1.2V, and 0.0V for 20 min periods in 0.1M HCIO,
(A1-A3) and 1M KOH (B1-B3).

Pt-300 is like that of 60%Pt/NbRu,O, reduced at 400°C shown in Figure 8.10. Not
surprisingly, there is significantly less reduction activity in basic media whereas the

oxidation activity is about the same in both within the time scale considered.

1200

Crystallization in a reducing atmosphere appears to succeed in locking the niobia into a

mA/cm®

Pt-650

Chrono-potentiostatic results for both samples are shown in Figure 8.18. The behavior of



more reduced state. This is evident by the magnitude of B2 with is three-fold that of A2.
The electrochemical surface behavior before and after crystallization also varies at 0.0V.
The magnitude of the charge density is significantly lower with respect to catalyst mass
and electrode surface area. For Pt-300 |A3|>]A1| indicating the rapid collapse of a
passive layer formed during oxidation (A2) at constant 1.2V. This trend is reversed for
Pt-650, which may indicate that the native oxide layer formed at open circuit potential
contained more oxygen species than the layer which was induced at 1.2V (A2) Overall,
these results would seem to indicate that Pt-650 is more stable in acid electrolyte and at
reducing potentials.

CO stripping is an especially useful method of analysis for this sample set because the
formation of CO, complexes with the niobia support or the passive oxide layer should be
minimal. This is due in part to the relatively large size of CO, species compared to Oy
and Hy. But also because the polarization-induced thermodynamic shifts in the valence
state of niobia should result in the formation of lower energy bonds with the latter two
species. For this reason, CO adsorption might provide a clearer picture of the availability
of Pt surface sites, as opposed to O, and H, which can be involved in reactions with the
support.

Seen in Figure 8.19, the CO desorption peak is quite broad on Pt-300. It becomes more
narrow and centered around a potential of 0.6V after crystallization. Despite more than a
two-fold decrease in double layer exchange current density due to charging, the relative
proportion of the COges peaks compared to the stripped CVs (taken as background) is
about the same. It may be the case that the broad character of these peaks compared to

that of Pt/C (Fig.8.12A) is because CO is bound more strongly on Pt/niobia. Or it may be
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that the COdes peak is overlaid with current from the formation of Pt-OH/-O or Nb,Os.
Based upon the electronic modification of platinum by niobia shown to occur in Ch.7, as
well as the decrease in charging after crystallization, both explanations are plausible.
However, the latter is more likely to manifest in this type of analysis, reflected by the

narrowing of the Oges peak in Fig.8.19B.

. Table 8.2: CO Stripping Results Calculated from Fig.8.19

QCO ESAZCO-des
(uC/ugp) (m*/get)
Pt-300 0.85 2.03

Pt-650 0.47 1.12
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Figure 8.19: CO stripping cyclic voltammetry in 0.1M HCIO, at 100mV/s on Pt-300 (A)
and (B) Pt-650. COgyes peak is shaded in blue.
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The calculated values of ESA from Figure 8.19 exhibit unexpected behavior and suggest
that quantification of CO stripping results of Pt/niobia is not as straightforward as for
Pt/C. Figure 7.13 showed that EOR is improved in acid and alkaline electrolyte after
crystallization. It is possible that some unintended CO desorption occurs at potentials
below 0.32V. Hydrogen intercalation activity into the niobia support may also alter the
Pt surface and adsorbates. The second complete cycle which is taken in the calculations
as a background after the CO stripping cycle might also behave unexpectedly. In any
case, this method becomes difficult to interpret when it cannot be assumed that the Pt

surface is clean, initially.
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CHAPTER 9 - Non-Aerosol Synthesis of Composite Crystalline

Oxides

9.1 Electro-catalytic Value of Tin

9.1.1 Batch Deposition of Catalyst onto Supports

Platinum and ruthenium were deposited using a batch deposition technigque onto several
different support materials. These include mesoporous NbRuyO, (8:Nb:1Ru) and
NbRuSNnOy (8Nb:1Ru:1Sn) which were previously synthesized using spray pyrolysis. In
addition, crystalline NbO, nanoparticles (20-50nm) were obtained from Sigma-Aldrich.
H,PtCls*6H,0 and RuCl; were stabilized in aqueous NaOH (pH=10) as two separate
solutions, one of Pt only and the other with Pt and Ru (1:1 mol). Two samples were
made with each of the three support types. In the first set, the support was mixed with Pt-
solution in a vial to achieve 30wt%Pt. The vial was sonicated for 30 minutes before the
addition of NaBH, as a reducing agent. This mixture was dried overnight at 100°C. It
was then mixed with DI H,O and centrifuged three times before drying for several hours
under the same conditions. The second set of supports were prepared in an identical
manner, except that the catalyst loading was instead 22wt%Pt and 11wt%Ru (in addition

to any Ru in the support bulk).

This process was meant to remove any differences in the amount and manner of catalyst
deposition across the three supports. Cyclic voltammetry was performed in 0.1M HCIO,
and the ethanol oxidation reaction with the addition of 0.5M EtOH. The results are

shown in Fig.9.1.
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There appears to be significantly different behavior across the three support types. But in
both cases, NbO, appears to offer the highest exchange current density. This support
benefits from the increased electrical conductivity of Nb(IV) over Nb(V), as well as
stabilization of the passive oxide layer. In order to form, this layer has an additional
energy barrier required to remove Nb atoms from a crystalline lattice before oxidizing at
the electrolyte interface. It may be that this layer is suppressed with the presence of tin,
which causes Pt/NbO; and Pt/NbRuSnOy to show clearer Pt-H and Pt-OH redox features
(Fig.9.1B). The EOR current activity of the former is far more comparable to
commercial Pt/C than the other two. These redox features are greatly broadened with the
inclusion of Ru catalyst (Fig.9.1C). Activity decreases significantly on the NoRuSnOy
support. Here, the peak current from EOR of the forward anodic sweep is nearly equal to
that of the cathodic sweep in the sample with Pt-only (Fig.9.1B). This may indicate an
overabundance of oxide in which the efficiency of the bi-functional effect decreases. But
the benefits of this effect are still apparent on all supports due to the broad oxidation
peaks, as well as the fact that the anodic sweep (compared to cathodic) of all peaks in (D)

shows improved current exchange from (B).

9.1.2 IRRAS Studies
Samples with 30%Pt were further explored using in situ IRRAS to obtain FTIR spectra

during EOR.

181



0.10 — T 71— T

|0.1%
0,
30%PtNbRU,O, S
2 005t ] 123V
5 111V
~
< 1.00V
E — 0.88v
= 000 1 .\_Ar/\,.___./\\ 0.76V
= _
8 - - | 4\_/\'—’\‘—-‘_/\\" ppord
5-5 / ,/ -—_/w\’_h—-/\'v 0.53V
S st [/ / ——0.1M HCIO, | N 0
|~ ——0.5M EtOH + 0.1M HCIO, P
4 Scan Rate: 10mVs il o Gty
L L s 1 i i i 1 i : R X o 0.06V
00 02 04 06 08 10 1.2 2400 2000 1600 1200
Potential (V, RHE) Wavenumber / cm™

Figure 9.2: in situ IRRAS of 30%Pt/NbRu,O,: (Left) CVs taken at a rate of 10mV/s in
0.1M HCIO,4. (Right) Corresponding FTIR time-resolved spectra (taken at 1mV/s). The
red spectra indicates the start of CO, evolution.

30%Pt/NbRuyO; is essentially the same as the sample referred to as Pt-DI discussed in
Ch.7. The FTIR spectra obtained is consistent between the two in that the evolution of
small amounts of CO; begins at potentials above 0.7V, as expected for EOR on a clean Pt
surface. Simultaneously, CO begins much earlier at ~0.3V. This suggests multiple

reaction pathways reflecting different catalyst surface sites.
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Figure 9.3: in situ IRRAS of 30%Pt/NbO,: (Left) CVs taken at a rate of 10mV/s in 0.1M
HCIO4. (Right) Corresponding FTIR time-resolved spectra (taken at 1mV/s). The red
spectrum indicates the start of CO, evolution.
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Though 30%Pt/NbO, (crystalline) was shown to offer the highest current density, the
catalytic oxidation of ethanol is largely similar to Pt/C. The batch method of deposition
of Pt is not optimal for this type of support. There are probably unsupported clusters of
Pt due to the small size of NbO, nanoparticles which will be less effective for catalyst
dispersion. The reduced form and crystalline stability of NbO; is also likely to result in
less of a passive surface oxide film that would otherwise contribute to the formation of

bi-functional Pt/NbO interfacial sites.
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Figure 9.4: in situ IRRAS of 30%Pt/NbO,: (Left) CVs taken at a rate of 10mV/s in 0.1M
HCIO,. (Right) Corresponding FTIR time-resolved spectra (taken at 1mV/s). The red
spectrum indicates the start of CO, evolution.

Despite the fact that batch deposition is clearly not the most effective means of forming

catalyst/support interfacial sites, the addition of tin appears to enhance the total oxidation
pathway of ethanol (Fig.9.4). The CO, asymmetric stretching peak ca. 2343cm™ appears
at a slightly lower potential, while the CO linear adsorption peak normally at 2030cm™ is

entirely absent. As before, this could indicate the rapid oxidation of CO to CO,, though
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in low overall yield. The presence of tin also lowers the potential at which the evolution
of acetic acid and/or acetaldehyde begins by about 200mV, indicated by the peak at
1705cm™ (C=0 bond stretching). This behavior is typical of Pt-Sn, which is known to
enhance the kinetics of EOR through a partial oxidation pathway that does not break the

C—C bond.

The use of tin in these systems clearly has merit for enhancing EOR activity via multiple
reaction pathways. Spray pyrolysis was used to reproduce 30%Pt/NbRuSnOx with better
Pt nanoparticles dispersion seen in Pt-SP of Ch.7. Carbon in the form of sucrose was
added to enhance the electric conductivity of the final powder. Surfactant was not used
in order to avoid the issues of component separation of tin seen in Ch.5 when sucrose was
included. Additionally, the corrosion behavior described in Ch.8 suggests that mesopores
are sufficiently small as to be blocked by the formation of a passive oxide layer from
niobia. Two subsets of 30%Pt/NbRuSnOy by spray pyrolysis were explored: one which
was thermally reduced in 10%H,/N, for three hours at 300°C and another at 650°C.
These two temperatures were chosen due to the improvement in catalytic activity
observed for 60%Pt/NbyRu,Oy (1:1:2) (referred to at Pt-300 and Pt-650 in Ch.7) after

crystallization of niobia.
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Figure 9.5: Cyclic voltammograms for 60%Pt/Nb,Ru,O, (1:1:2) after thermal reduction at
300°C and 650°C. (Left) 0.1M HCIO, and (right) 0.1M HCIO, + 0.5M EtOH.

The results are difficult to discern because of a dramatic increase in the charging current
and resistivity of the system after heating to higher temperatures. Pulse voltammetry
could normally be used to elucidate the faradaic current from the charging current.

However, it appears from TEM analysis that the cause is probably due to component

separation of Sn/SnOy from the bulk oxide material.
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Figure 9.6: TEM analysis of 60%Pt/Nb,Ru,O, (1:1:2) after thermal reduction at 300°C
(top) and 650°C (middle). Insets are selected area diffraction patterns which reveal the
crystalline nature of the latter. Comparative EDS analysis from both samples is also
shown (bottom).
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This behavior was also observed for Nb-Sn in Ch.5. Even from an initially mixed state,
the volatility of tin becomes too great as the metal oxide restructures from an amorphous
into a crystalline form. EDS of both samples during TEM analysis reveals similar
stoichiometry of all components, while the sample treated at 650°C has a dramatic
increase in the counts detected from tin. The ratio of Nb to Ru, the latter being quite
volatile, also appears to decrease at higher temperatures. This indicates that some Ru has
migrated to the particle surface. It is reasonable to conclude that the tin shells which are
shown to form at 650°C block a great deal of catalyst surface area, causing the sharp
increase in charging behavior seen in Fig.9.5. The use of this material set appears to
require a fixed template structure that is removed after thermal treatment in order to
maintain each element homogeneously in the material. Because few surfactants remain

stable above 500°C, other alternatives with preformed structures are considered.

9.2 Micro-Emulsion Silica Template

A porous silica template with desirable properties for the materials and design objectives
pursued in this study was previously developed at UNM by coworkers and detailed in the
literature ¥ An optimized synthesis process was developed using
cetyltrimethylammonium bromide (CTAB), a polyether-polysiloxane/dimethicone
copolyol surfactant known as ABIL EM 90 (from Degussa), tetraethylorthosilicate
(TEOS), hydrochloric acid, and hexadecane. Careful mixing of the precursors results in
emulsion droplets of aqueous silica precursor suspended in hexadecane. Within these
droplets are smaller micro-emulsion droplets as well as micelles, both formed by CTAB.
The system is essentially an oil within water within oil emulsion which, when
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decomposed, yields a silica structure with a bimodal porosity. Larger pores on the order
of 10-30nm are template by emulsions droplets, while smaller pores ~5nm are template
by CTAB micelles. This template can be impregnated with metal precursors in the

manner shown in the schematic below:

Dryimpregnation Dry impregnation
Carbon precursor Metal precursor
(sucrose) (H,PtClg RuCly, SnCl,)

Figure 9.7: Flowchart of the impregnation process of metal precrsors into the micro-
emulsion silica template.

The silica template is impregnated with a solution of sucrose and metal chloride salts.
The solution can be aqueous or alcoholic acetone mixture for enhanced wetability of the
silica surface leading to thorough penetration of precursors into the porous structure.
Once most of the volume of the template has been filled, the material is thermally
decomposed under reducing conditions to breakdown the precursors. This is when mixed

metal and metal-oxide materials form amidst carbonaceous scaffolding. The silica can
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then be chemically removed by etching in 4-6M KOH solution for several days. This
leaves a carbon metal-oxide composite with the reverse structure of the original silica
template. In this way, intermetallic compounds can be formed and maintained at

temperatures of 900°C or more without destruction of the pores.

9.3 Silica-Templated Pt/NbSnxRuyO,

The micro-emulsion silica template is especially well suited for porous niobia-based
materials. The larger pores ca. 20nm could better maintain an open porosity during the
formation of a passive oxide film. Additionally, the inclusion of tin may minimize this
effect so long as the tin can be stabilized with niobia and the ruthenium oxide as a mixed

metal oxide.

The steps described in the previous section were followed to synthesize

Pt;Nb;Ru;Sn; 30,Cy4 (54Wt% Pt, 20wt% C). The relative proportion of Sn to Nb was
increased in order to match the stoichiometry of Pt3Sn. This alloy was previously found
to be the most catalytically active for EOR *. The larger quantity of carbon was used to
ensure an electrically conductive structure as well as complete filling of the silica
template. A dry impregnation approach was used to add the precursors to the template.
Once complete, the material was heated to 900°C for 4hrs in an atmosphere of 10%H,/N,
to induce crystallization and reduction of oxides. The higher temperature was necessary

for the formation of Pt-Sn alloy. The resulting material is shown in the images of Fig.9.8.
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Figure 9.8: (Top) TEM bright-field (left) and dark-field (right) images of a
Pt4Nb;Ru;Sn; ;0,C,4 particle after thermal decomposition with the silica template still
present. (Bottom) SEM images of the same material after the silica template has been
etched away.

There appears to be excellent dispersion of metals before and after the removal of the
silica template. It can be assumed that the majority of the porous structure is carbon
based. There are a variety of particle sizes and the porosity is visible at the surface,
shown in Fig.9.8 (bottom-left). These qualities are apparent in the cyclic voltammogram

of ethanol oxidation.
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Figure 9.9: Cyclic voltammograms of Pt;Nb;Ru;Sn; 30,C,, taken in 0.1M HCIQOy,.

Of the total metal loading, platinum accounts for 70wt%, while niobium is only 8wt%.
This is relatively low compared to previous samples. However, because the metals in this
sample are entirely crystalline, the affect of this loading may not be directly correlated to
the electrochemical behavior of previous versions. We showed evidence that crystalline
niobia may be better suited towards higher kinetics of EOR in Fig.9.1. The presence of
tin has also been reported and shown here to affect EOR similarly. The discussion of
Ch.2 pointed out that different forms and compositions of niobia are likely to benefit
oxidation and oxygen reduction reactions to varying degrees. For example, the presence

of OH species at the niobia surface might have a repulsive effect for OH forming on Pt,
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which would instead allow O, dissociative adsorption onto platinum. Alternatively, the

crystalline form of Nb(IV) or Nb(V) may be better suited for facilitating oxidation.
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i o = Pt Sn peaks
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Counts

Figure 9.10: (Top) X-ray diffraction spectra of Pt;Nb;Ru;Sn; 0,C,, taken after dry
impregnation of sucrose and metal salts into the silica template, after heating to 900°C for
4hrs, and after chemical removal of the silica template.

As expected, XRD spectra indicate that the crystalline structure does not change after
removal of the silica template. Instead the signal from the remaining metals and metal-
oxides becomes more coherent. While the spectrum is complicated, Pt3Sn does not
appear to be present in significant quantity. The addition of Sn into the Pt lattice

increases the cubic unit cell from (3.93A)° to (4.02A)*. This causes small decreases of 1-
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2° 20 of the (111) and (100) faces, whereas the strong (110) and (311) peaks decrease by
3-4°. The latter two peaks are entirely absent from the sample spectra. There are
indications of other Pt,Sny stoichiometries including PtsSn,, and PtSn. Some relevant
compounds with matching peaks are identified below:
e Pt 40(111), 46(100), 68(110), 82(311), 86(222) [PDF#03-065-2868(RDB)]
o PtygesSNy o4 26(100), 31(101), 34(002), 43(102), 45(110), 52(200), 56(201), 57(112), 58(103),
64(202), 71(004), 74(211), 77(104), 82(212), 84(300), 88(114) [PDF#03-065-8077(RDB)]
e PtSn: 25(100), 31(101), 33(002), 43(102), 45(110), 53(200), 56(201), 58(112), 59(103), 64(202),
71(202), 74(211), 76(104), 82(212) [PDF#97-004-2593(RDB)]
e PtSn,: 24(111), 29(200), 40(110), 48(311), 59(400), 65(331), 72(422), 77(511) [PDF#97-
06409679]
e PteSn: 40(111), 47(100), 68(110), 82(311), 86(222) [PDF#03-065-9538(RDB)]
o NbsPt: 24(110), 35(100), 39(210), 43(211), 68(321) not all accounted for [PDF#97-064-
5227(RDB)]

o NbO,: 25(110), 34(101), 36(100), 53(211), 60(310) [PDF#97-007-5198(RDB)]
o NDbPty: 25(610), 40(12,0,0), 41(502), 45(721), 53(-11,2,1) [PDF#97-010-5201]

Chrono-potentiostatic measurements in Figure 9.11 reveal interesting deviations in
behavior compared to Pt/C and Pt/NbRuyOz seen in Figure 8.10. After holding for 20
minutes at 0.0V, the material exhibits a large charge density at 1.2V (Fig.9.11 A2). And
unlike the previous two samples, the relative behavior of each of the three holding
periods in acid mirrors those of base. Sequential oxidation cyclic voltammograms
(Figure 9.12) indicate that the material adsorbs more oxygen in acid media at 1.2V, and
that reduction of oxidized species (Pt-O or NbOy) occurs at lower potentials compared to
basic media. The catalyst also develops a sharp hydrogen desorption peak in base after
polarization to high potentials. The shape of the oxidation features in 1M KOH from 0 to

0.4V is more suggestive of the platinum surface. In addition, the current density during
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cathodic sweeps before and after exposure to 1.6V appear similar, suggesting greater
stability of surface reactions involving oxygen exchange. In acid media, there is a
significant drop in the oxygen adsorption at 1.2V after scanning to 1.6V. This may
suggest the stronger formation of a passivating niobium oxide layer in acid media which
is reduced during the second holding period (third overall) at 0.0V, accounting for the
difference in current density between Al and A3 of Fig.9.11. It should be mentioned that
the mass-normalized charge density at 1200s in acid is very close to that of 30%Pt/C in
Fig.8.10A. Therefore, considering the high activity for ethanol oxidation in Figure 9.9, it

seems reasonable to conclude that a great deal of the charge density is the result of active
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Figure 9.11: Chrono-potentiostatic coulometry measurements of Pt4Nb1Rul1Sn1.302C24.
Electrodes were held at 0.0V, 1.2V, and 0.0V for 20 min periods in 0.1M HCIO4 (Al1l-A3)
and 1M KOH (B1-B3).
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Figure 9.12: Cyclic voltammograms of Pt4Nb1Ru1Sn1.302C24 in 0.1M HCIO4 (top) and
1M KOH (bottom) at a scan rate of 20mV/s with step-increases of 0.1V/cycle from 0.3V to
1.6V (solid), then back to 0.3V (dashed).

CO stripping studies performed in 0.1M HCIO, reveal a fairly pronounced COges peak ca.
0.7V, while simultaneously there is a great deal of charging activity from the niobia, and
possibly other metals. The Oges peak during the cathodic scan is ca. 0.45V. The same
peak in Fig.9.12 (acid) is centered just above 0.6V. Polarization studies discussed in
Appendix C show that the position of the peak center is inversely proportional to the
polarization rate, and so each of the aforementioned features occurs at the expected
potential. The value of the current during CO adsorption at 0.32V in Fig.9.12 reveals the

approximate position of the lower boundary of the electrochemical double layer.
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Immediately upon commencement of cathodic scanning to lower potentials, there is a
significant amount of hydrogen under-potential deposition that occurs in the form of
hydrogen intercalation into the niobia. The catalyst’s excellent kinetics during EOR
indicate that the niobia appears to remain highly active without interfering with the

platinum surface to the same degree as Pt supported on amorphous NbRu,O,.
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Figure 9.13: CO stripping cyclic voltammetry in 0.1M HCIO4 at 100mV/s on Pt4Nb1RulSn1.302C24.
The CO desorption peak area is highlighted in blue.

Quantification of CO stripping results yield Qco = 3.46 uC/ugp; and ESAco = 8.3 mzlgpt.
As previously mentioned, the reliability of these numbers is difficult to ensure due to a
variety of possible activity at the Pt-NbOy interface. Despite the excellent EOR
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performance in Figure 9.9, ESA for this sample is ten-fold lower than that calculated for
30% Pt/C, three-fold lower than that for 60%Pt/NbRuyO, (amorphous) in Ch.8. Itis
fairly clear that these results do not easily correlate to the actual EOR activity of each
catalyst. This is probably because of a competition among Oy, Hyx and COy and other

ethanol subspecies for occupying Pt surface sites.
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9.4 Niobium-Ruthenium-Carbide as a Support

It is clear that niobium, ruthenium, and tin oxides all have unique electrocatalytic
contributions to the ethanol oxidation reaction that can be selective for partial or total
oxidation pathways. While tin-modified platinum offers enhanced EOR kinetics by
bringing Sn-OH species in proximity to adsorbed surface species on Pt, the resulting
byproduct still contains a C—C bond and does not remain bound to the Pt surface, i.e.
there is no favorable electronic modification of Pt by Sn. Alternatively, niobia has been
shown here to increase the bond strength between Pt and adsorbed carbon species while
simultaneously providing an oxygen source near Pt surface sites. The result is that bound
ethanol subspecies follow the total oxidation pathway to CO, beginning at low cell
potentials. However, the formation of Pt-NbOy interfacial sites in which reduced niobia
migrates on top of the Pt surface means that much of the catalyst surface area is not open
to adsorbates. The bi-functional effect of ruthenium towards platinum is weaker in both
functions. The deficiencies of these oxides may be minimized by creating a mixed-metal
in which the concentration of niobium is reduced and simultaneously locked into a
crystalline, metallic phase. This would minimize the oxide passivation layer that has
been shown to evolve on all forms of niobia. Ruthenium could also dampen the strong
SMSI effect between niobia and platinum. Ru also has proven solubility with Pt which
eases the formation of mixed metals. Therefore, if a reduced niobia-ruthenium substrate
could be produced, it might make the ideal catalyst/co-catalyst combination for the
oxidation of alcohols. Furthermore, the deposition of extremely small amounts of Pt on
the scale of several monolayers or less would be better achieved if the crystal structure of

this niobium-ruthenium support were similar to that of platinum. The nobility of
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platinum causes it to primarily form nanoparticles instead of wetting a substrate surface

as a thin layer. If this behavior could be avoided, then it would open the door towards

truly small amounts of supported platinum with extremely high dispersion.
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Figure 9.14: JCPDS Patterns Comparing the crystalline structure of NbRus;C to various

Pt.Sn, species.

Table 9.1: Comparative JCPDS Structure Data of Active EOR catalysts.

Density %A
FormulaPt:Sn© Mwt Vol  Structure Cell (A) (deg) Cell
NbRuzC--  11.425 408.13 59.32 Cubic 3.9x3.9x3.9 90x90x90 0.0%

Pt -- 22219 195.08 58.32 Cubic 3.878x3.878x3.87890x90x90 -0.6%
PtsSn 3.00 18.020 703.96 64.87 Cubic 4.018x4.018x4.01890x90x90 3.0%

PtSn 1.00 13.142
Pt,Snz 0.67 11.775
PtSn, 0.50 10.891
PtSn, 0.25 9.510

313.79 79.30 Hexagonal  4.104x4.104x5.436 90x90x12016.6%
746.29 210.80 Hexagonal  4.334x4.334x12.96 90x90x12084.9%
432.50 263.70 Cubic 6.413x6.413x6.41390x90x90 64.4%
669.92 467.80 Orthorhombic6.397x6.397x6.397 90x90x90 64.0%
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A promising material which may meet all of these criteria is NbRuzC. As shown in
Fig.9.14 and Table 9.1, XRD patterns reveal that the dominant crystal surfaces result in
lattice dimensions between those of metallic Pt and PtzSn. The consequence may be that
true monolayers of Pt could be deposited, and that such monolayers would experience a
favorable degree of strain from the support that could enhance their activity towards EOR
or another useful reaction process. It is perhaps fortuitous that NbRusC can adapt a cubic
structure when normally both niobia and ruthenium would be hexagonal, orthorhombic or

similarly different from the FCC structure of Pt.

Pt,Sn
RusNb

Ru;NbCy s

Ru;NbC

Figure 9.15: DFT calculations of relaxed structures of cubic Nb-Ru with increasing
fractions of C occupying the center of the unit cell.

This material has received little attention in the literature, briefly investigated by NASA

as a high-temperature tolerant metal-carbide for use as a heat shield material to protect
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vehicles re-entering the earth’s atmosphere. The presence of a single carbon atom per
unit cell probably serves to stabilize the cubic structure of the material. If the metal-
carbon compatibility is significant, it would also help anchor the material to the carbon
surface of a template structure. DFT calculations were used to compare the density of
electrons near the Fermi energy (Er=0) of NbRu3C to other catalytically active elements
(Fig.9.16). The presence of electrons at or above Ef allows for electrical conductivity as

well as the capacity to form bonds with adsorbed species.

xc=0 (IS-5)
xc=11.1 at% (IS-
xc=20 at% (IS-5
20 15 10 5 0 5

Density of States (states/eV/atom)

Energy (eV)

Figure 9.16: Electronic Density of States calculated for various catalyst structures using
DFT.
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Examining the spectra from top to bottom in Fig.9.16 reveals the nature of electronic
activity in each of these metals and metal-carbides. The DOS of Sn is relatively broad
above and below Er. Alternatively, a sharp number of electrons are centered around E¢
in Pt, which is expected from the noble nature of the metal. The addition of Sn into the
Pt lattice to form Pt3Sn increases the energy at which a very narrow range of valence
electrons reside. This could be why acetic acid and acetaldehyde desorb quickly after
formation. Niobium metal has a density of electrons around Eg similar to that of Pt, as
well as a more broad range at higher energies. Availability of these higher energy
electrons is responsible for the affinity of niobium to form oxygen bonds in open air or
aqueous electrolyte. Below that, ruthenium has broad electron occupancy across Er
followed by a broad density at higher energies. The latter feature appears to arise from
the orbital component which is dominant in subsequent NbRu3Cy species. The different
in DOS between Nb and Ru is probably the reason why metallic phases of the latter are
more stable in the presence of oxygen. As carbon is added to NbRu3Cy, the electronic
structure of ruthenium atoms appears to experience a shift in DOS towards E¢. This

probably results in a more stable unit cell.

Chloride precursors of niobium and ruthenium as well as sucrose were used to
impregnate the micro-emulsion silica template discussed earlier. Appropriate ratios of
each precursor were used to approximate the stoichiometry of the desired material,
NbRusC. After impregnation, the sample was slowly heated at 1°C/min to increasingly

high temperatures to monitor the progression of crystalline structure formation.
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10.0kV x25.0k SE

Figure 9.17: SEM and TEM of NbRus;C after heating in 10%H,/N, for 3 hrs at 600°C
(top) and 800°C (bottom).
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The sample appears to be stable after heating at high as 800°C despite the volatility of
ruthenium. There appears to be excellent impregnation into the silica template with no
significant evidence of agglomeration at the template particle surface. The films seen at
the surface of particles in Fig.9.17 are also apparent in images of the template before
impregnation, and so are believed to be inconsequential to the final product after all silica

is chemically removed.

XRD measurements were taken after each 100°C increment in the heating process in
order to determine the crystallization order of the precursor elements. While little
information is available on NbRusC, specifically, it was previously suggested by Holleck

et al. 18

that the mixed carbide does not form until temperatures between 1100-1700°C.
The range is somewhat ambiguous because of the nature of the formation, which is
believed to occur via a peritectic reaction ® as Liquidwixep + a-Solidmvixeo = B-
Soliduwixep. This requires that a melting threshold temperature be crossed, sustained for a
reasonable period of time, and eventually followed by a very gradual cooling rate. These
temperatures are more easily achieved through the use of various arc-melting techniques,
though they can result in large, heterogeneous grain structures. The small scale of the

materials in this study may allow the melting to be achieved at the lower end of the

mentioned range, 1100-1200°C.
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Figure 9.18: X-ray diffraction (XRD) studies of NbRusC crystallization after heating
from 200-800°C at ramp rates of 1°C/min in 10%H,/N..

XRD results show the gradual formation of hexagonal, metallic ruthenium as the

dominant crystalline component at temperatures up to 800°C. The absence of any peaks
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based upon niobium species is notable, but not surprising because we previously showed
in Ch.6 that niobia in well-mixed Nb-Ru is stable as an amorphous material to higher
temperatures than pure niobia. EDS taken from SEM analysis of NbRusC after 800°C

verifies retention of the original stoichiometry of the sample.

These results are consistent with those of Holleck et al. that higher temperatures are
needed to induce the peritectic phase transformation to the cubic metal-carbide. The
volatility and toxicity of ruthenium at high temperatures, even under a reducing
atmosphere, requires that a well sealed reactor system capable of ~1400°C or less be
setup before the study is continued. At such temperatures, the stability of the silica
template must be considered. But ideally, the cubic structure could form at temperatures
at or below 1200°C. Once attained and the template removed, a variety of techniques
could be pursued to deposit ultra-low amounts of Pt catalyst. A promising method for
this task would be galvanic ion deposition of Pb/Pt explored in Ch.7. Such a could fully
utilize Pt towards theoretical limits while taking advantage of a mixed-metal support
tailored for the ethanol oxidation reaction or other equally important half-reactions for

fuel cells.
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CHAPTER 10 - Conclusions

Synthesis of Mixed Metal Oxides

Computational multi-physics simulations of the conditions for an aerosol during thermal
decomposition inside a tube furnace revealed significant variation of velocity and heat
flux proportional to tube volume. A droplet with solvated precursors will lose most of its
liquid solution shortly before or after the furnace entrance regardless of tube dimensions.
But the stream velocity and heat flux are much more important for the thermal
decomposition process, especially when volatile precursors are used. Larger tubes offer a
more narrow velocity range and therefore a more uniform residence time, but with a
much more broad temperature range. Both systems would benefit from increased mixing

inside the tube.

Preliminary aerosol synthesis experiments show that mixed, multi-component materials
with niobia are difficult to achieve when more than one volatile component is present.
These include sucrose, P123 surfactant, and metals with significantly lower energies of
vaporization such as Ru, Ti, Ni, and Sn. For Sn, in particular, lower reactor temperatures
are not an effective means of avoiding component separation from niobia because the

energy of thermal decomposition (halide) appears close to the volatilization energy.

Mesoporous Niobia Supports

Thermal aerosol synthesis (spray pyrolysis) was used to synthesize mesoporous niobium
oxide, and ruthenium-modified niobium oxide. Evaporation-induced self-assembly of the
pluronic surfactant P123 led to poorly ordered mesoporous particles with BET surface

areas as high as ~180 m?/g, and pore diameters in the 3.5-4 nm range. An acid etching
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treatment was needed to open up internal surface area, and several variations of post-
processing involving acid washing and heating under different atmospheres have been

explored.

The final morphological, compositional, and electrical properties of the end product have
been reported relative to manipulation of these post-treatments. Most notably, acid
wetting of powders produced from a Nb/12 wt % Ru precursor mixture, followed by
reduction in N2/10% H, at 400°C, resulted in a promising material that possessed 167
m?/g surface area and had low electrical resistance (2.3 Q). This material, which
apparently consists of Ru integrated into the niobium oxide matrix, was also tested for
electrochemical behavior and found to have activity for the oxidation of methanol in the
absence of platinum catalyst. The intrinsic properties of this NbRuyO, material suggest

that it can be utilized in fuel cells as a reactive support for electrocatalyst.

Platinum Catalyst on NbRu,0,

NbRu,O, support synthesized by spray pyrolysis underwent different means of platinum
deposition. Pt-DI supported 30%Pt deposited by dry impregnation, while the other, Pt-
SP, supported 60%Pt by a complex nucleation-condensation process to form Pt
nanoparticles during pyrolysis. XAS results indicate that the d-band of Pt-SP contains

additional electrons, possibly strengthening its adsorption potential.

In situ IRRAS studies have shown that CO, evolution during EOR begins above an
applied potential of 0.4V (RHE) on Pt/NbRu,O,, about 0.37V lower that Pt(111) alone.
The smaller Pt nanoparticles of Pt-SP appear to make it a more effective electrocatalyst

for C—C scission as well as CO oxidation. These results indicate that niobia is a
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promising component of more efficient electrocatalysts for EOR. But even with twice
the loading of Pt, these catalysts yielded about 60x smaller current exchange density
during EOR than commercially available 30%Pt on carbon, indicating that the expected

surface area of Pt supported on niobia is somehow inhibited.

Deposition of monolayer amounts of fresh Pt onto existing Pt surfaces in Pt-DI and EOR-
CV studies showed that much of the original Pt can be recovered in the absence of
atmospheric oxygen. But peak currents equivalent to Pt/C are not achieved.
Crystallization of the niobia support appears to decrease the overall charge density and
improve the EOR performance significantly in both 0.1M HCIO, and 1M KOH,
suggesting that the niobia is somehow stabilized.

These studies appear to confirm the prevalence of Pt-NbOy surface sites, in which ethanol
and its subspecies are more strongly bound than on Pt(111). This improves instances of
C—C scission before partially oxidized species desorb from the surface. The niobia also
appears to act as an oxygen promoter, facilitating CO oxidation to CO,. But the
adsorption kinetics of H, and O, species from electrolyte and atmosphere appear to
dominate available catalyst surface sites, blocking adsorption of double and single carbon
species and hindering the overall EOR performance. Polarization of the electrode may
induce the exchange of hydrogen and oxygen to Pt from niobia directly. In this case, the
adsorption on Pt may partially proceed without the dissociation step. Such a process

could explain limited kinetics of EOR.
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Electrochemical Studies and DFT Analysis of Suppressed Exchange Current
Density of Pt Supported on NbRuyO,

The catalytic deactivation of platinum supported on niobia occurs progressively from the
moment of synthesis to complete suppression within several weeks time in the open
atmosphere. Aging studies in which Pt/NbRuyO, on a gold grid was rapidly cycled
between anodic and cathodic potentials has shown the 3D growth of a thin film of niobia
covering support and catalyst particles. It appears that this film may increasingly inhibit
ion transport from the catalyst surface in 0.1M HCIO,4 and 1M KOH with continued
growth. EELS analysis shows that the film is more oxygen-rich than the bulk support
particle. Density Functional Theory calculations for the surface diffusion of available
atomic species, C, O, and Nb across the Pt(111) surface corroborate the experimental
finding that the mechanism of deactivation is likely related to the local concentration of
oxygen which reacts with niobia. Sources of oxygen include the open atmosphere,
aqueous electrolyte, and possibly also the breakdown of Nb,Os into more reduced forms

of NbO,.

Chrono-potentiostatic measurements of amorphous and crystalline NbRu,O, of various
compositions reveal that thermal treatment can increase the stability of the support in acid
and alkaline media at potentials near the hydrogen and oxygen evolution boundaries of
water. More specifically, the stability is usually biased towards one potential range and
electrolyte pH over the other, giving credence to the idea that the final properties of
niobia based catalysts depend largely upon the methods of preparation. Niobia supports
may indeed be tailored during synthesis processing so as to be co-catalytically active for

the ethanol oxidation reaction or the oxygen reduction reaction.
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Non-Aerosol Synthesis of Composite Crystalline Materials

The best activity for ethanol oxidation was shown to be catalyzed by a silica-templated
sample that was thermally reduced at 900°C with the final atomic composition
Pt4NbiRu;Sn; 30,Co4. Though it was not clear that the most active intermetallic for EOR
(PtsSn) was formed, it was evident that the composition and structure yielded an effective
electrocatalyst with excellent exchange current density. Higher contents of ruthenium,
tin and carbon may suppress substantial 3D growth (thick films) of the passivating
niobium oxide layer while still allowing the formation of 2D Pt-NbOy interfacial sites

that facilitate the total oxidation pathway of ethanol at lower potentials.

It appears that tin with platinum co-catalyzes the partial oxidation pathway of ethanol at a
high kinetic rate. Therefore, an alternative to the use of Sn may be found in the
development of an alternative niobium-ruthenium-carbide, NbRu;C. The crystalline and
metallic nature of the support would limit the formation of a passivating niobium oxide
layer. This material also exhibits a cubic lattice structure with atomic spacing between
those of Pt and Pt3Sn. Such structural similarity could make this metal-carbide an
excellent substrate for the deposition of Pt catalyst on the order of several monolayers or
less due to minimal lattice strain at the catalyst-support interface. This process should be
pursued using a mesopore-templating material which is stable to temperatures ~1200°C
so that the peritectic formation of the cubic structure could form without loss of the pore
structure. Once achieved, the galvanic-ionic deposition method could be used to deposit
minelayers of Pt throughout the structure. In this way, a tailored electrocatalyst for the
total oxidation pathway of ethanol with well-dispersed, ultra-low loadings of Pt might be

achieved.
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Appendix A:

Paper Version Authors: Pylypenko, S., Blizanac, B.B., Olson, T.S., Konopka, D., Atanassov, P.

Corrosion Stability of Ruthenium Oxide Materials

The search for alternative energy is recognized as a very important part of the efforts
toward sustainability. Fuel cells are currently explored for automotive, stationary, and
portable applications. There has been a substantial acceleration of the research in fuel cell

power systems to meet the established targets toward these applications.

Improvement of electrocatalytic materials for fuel cells is envisioned mainly through the
improvement in their activity and durability and the reduction of catalyst costs. Carbon
blacks are used as supports for the catalytically active phase in state-of-the-art, low-
temperature polymer electrolyte membrane (PEM) and phosphoric acid fuel cell (PAFC)
electrocatalysts. As such, they are an important component of electrocatalytic layers.
Corrosion of the carbon support on the cathode side of a fuel cell has been identified as
one of the major detrimental factors in the durability of electrocatalysts and,
subsequently, entire fuel cell-based power devices. The carbon corrosion process is
facilitated by the highly corrosive environment of the fuel cells, and also by transient
conditions during start-up and shutdown cycles, resulting in cathode voltage excursions
to high anodic/oxidative overpotentials. Under such conditions, carbon corrosion is even
more pronounced in the presence of a platinum phase, known to catalyze carbon
oxidation 8. Earlier studies of carbon corrosion were centered around the PAFCs *> &
188 The stability of the carbon supports in PEM fuel cells is the focus of the latest work in

184, 189-191

this area . Increased stability and durability of platinum electrocatalysts
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supported on carbon is possible through enhancement of the platinum-carbon support
interaction by using more corrosion-resistant carbon supports and/or by using platinum
alloys . Another route to improving the durability of fuel cell systems is to use novel

corrosion-resistant noncarbonaceous supports, such as metal oxides.

There are a number of requirements that the new materials have to meet to be considered
as catalyst supports in proton-exchange fuel cells. They have to provide good electrical
and structural properties at low cost. There have been several reports on the
investigations of conductive metal oxides for application as supports '8 &% 63 192-194
Sasaki et al. have shown the utilization of metal oxide supports for low-content platinum
electrocatalysts *® . They have demonstrated an improved performance of these
materials toward oxygen reduction and methanol oxidation. Scheiba et al. have reported
the results of their study of hydrous ruthenium oxide as a support for electrocatalysts in
DMFCs that showed an increased proton conductivity and catalyst utilization in
monoethanolamine (MEA) testing along with limited promotion of carbon monoxide and
methanol oxidation '*. The previous investigations of the corrosion stability of hydrous
and anhydrous ruthenium oxides were done in the context of their application for the
electrolytic evolution of chlorine and oxygen from aqueous solutions ****. The anodic
corrosion of these materials was linked to the hydrous component, and it was reported
that mild heat treatment of the oxide improves the stability and electrocatalytic activity of
these materials ****”. The majority of the literature reporting the physical
characterization of ruthenium oxide materials was done in the context of their application

as capacitors % 1*°. The information about the effect of the structure and morphology on

the corrosion stability of ruthenium oxide materials as supports for fuel cell
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electrocatalysts is very limited. The cost of alternative fuel cell catalyst support materials,
such as ruthenium oxide, is a concern. Therefore, increasing the utilization of
noncarbonaceous fuel cell catalyst supports should be targeted as a main engineering
objective. In the current work, we aim to elucidate potential advantages in the

performance characteristics of metal oxide fuel cell catalyst supports.

In this study, we have investigated the corrosion stability of commercially available and
produced-in-house ruthenium oxide materials. We have developed a procedure for
making gas-diffusion electrodes (GDES) that contain ruthenium oxide material in the
active layer. The performance of ruthenium oxide-based GDEs toward oxygen reduction
and the impact of material corrosion on the oxygen reduction performance are evaluated.
Conclusions on the effect of the bulk and surface compositions, surface area, and surface

morphology on the corrosion stability of the ruthenium oxide materials are discussed.

Experimental Approach

Ruthenium oxide material was produced at Cabot by flame pyrolysis. Another two
ruthenium oxide powder materials were obtained from ESPI Metals and J&J Materials.
The materials were characterized as received and after postreduction in a hydrogen

environment at 250°C for 2 h. 10% Pt/Vulcan XC- 72 was purchased from ETEK.

Gas-diffusion electrodes (GDESs) were made in a two-step procedure. First, the gas-

diffusion layer (GDL) was made by pressing of the 35 wt% Teflon-modified Vulcan XC-
72 (XC-35) at 125°C and 16,000 Ib of pressure for 10 min. Next, the ink was prepared as
follows: 30 mg of RuO,, 250 mg of a 5% Nafion solution, and 650 mg of de-ionized (DI)

water were sonicated for 5 min; then 12 mg of XC-35 and isopropyl alcohol were added
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and sonicated for another 5 min. The ink was then applied to the GDL layer using a Los
Alamos painting technique at 75°C. Also, electrodes were made using the ink
formulation without the carbon, and in this case, the ink was made of RuO,, Nafion, and
DI water only. The GDEs were electrochemically evaluated using a EG&G Princeton
Applied Research potentiostat/galvanostat model 273A. Steady-state polarization curves
were obtained in galvanostatic mode at room temperature in a 2M H,SOq4 liquid
electrolyte. For anodic polarization tests, currents ranging from 10 to 30 mA were
applied. An acceptable steady-state transient was achieved in 10 min. O, was supplied to
the air-breathing side of the GDE at atmospheric pressure. For all GDEs, the loading of
Ru was 6.7 mg, assuming pure RuO,. The electrode area was 9.61 cm?, translating to a
RuO; loading of 2.1 mg/cm?. The electrochemically active surface area was calculated by
using the specific capacitance for RuO, of C) 85 pF/cm?. In inductively coupled plasma
atomic emission spectrometry (ICP-AES) measurements, the acceptable relative standard
deviation (RSD) is up to 5.00%. R? of calibration standards is 99.896%. The minimum

acceptable R? value is 99.5%.

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Kratos Axis Ultra
X-ray photoelectron spectrometer with a monochromatic Al KR source operated at 300
W. Data analysis quantification was performed using CasaXPS software. The Ru 3d
spectrum has two spin-orbit components corresponding to Ru 3d5/2 [lower binding
energy (BE) side of Ru 3d] and Ru 3d3/2 (higher BE side). The separation between these
components is 4.2 eV. The data were fitted with a series of mixed Gaussian-Lorentzian
functions. The full-width at half maximum of the 3/2 components is larger than that of

the 5/2 components. The ratio of the primary spin-orbit components and the satellite
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components was constrained to be 0.67. An asymmetric function was used to curve-fit
the RuO, component of the Ru 3d peak and the O,- component of the O 1s peak *®. The
asymmetric function was used to reflect the fact that the positive hole created by the
photoelectric effect interacts with the mobile conduction electrons. C 1s components then
were added to complete the curve-fit. X-ray diffraction (XRD) data of samples were
acquired with a Bruker D8 Advance powder diffractometer. The angular resolution in 20
scans was 0.02° for the wide-angle 26 scans from 20° to 90°. Thermogravimetric analysis
(TGA) was performed on a TA Instruments SDT Q600 TGA/DSC. High-resolution
transmission electron microscopy (HRTEM) micrographs were obtained on a JEOL 2010
200 kV transmission electron microscope. Scanning electron microscopy (SEM) images

were acquired using a Hitachi S-5200 scanning electron microscope.
Results and Discussion

Physical Characterization

XRD experiments on powdered RuO, materials were carried out to identify the phases
present in the materials. The XRD measurements on three different ruthenium oxide
parent metal oxides are shown in Figure A.1. When compared to the reference (library)
data, all three samples are shown to consist of a rutile RuO, phase. Significant differences
in the diffraction line broadening indicate materials with different crystallite size,
translating to differences in the Brunauer-Emmett-Teller (BET) surface area, also
indicated in Table A.2. The XRD pattern of the reduced Cabot ruthenium oxide material
has peaks due to two phases, metallic ruthenium and ruthenium oxide. Quantification of
ruthenium oxide versus metallic ruthenium phases, however, is difficult because of the

different scattering cross sections for these two phases. Also, it is important to note that
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XRD is a bulk technique while corrosion processes occur on the surface. A detailed

discussion of the surface species is further presented.
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Figure A.1: XRD patterns of ruthenium oxide materials from (a) Cabot, (b) Cabot,
reduced in a hydrogen environment at 250°C for 2 h, (c)ESPI Metals, and (d) J&J
Materials.
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Figure A.2 shows TGA data collected under a nitrogen atmosphere for the ruthenium
oxide materials. There are two distinctive regions of mass loss in the analyzed
temperature range, suggesting that there are two types of processes. The weight loss in
the temperature range above 1000°C corresponds to the decomposition of RuO, to Ru
metal. The weight percent loss measured for all materials in this temperature range is
close to the value calculated based on the loss of two oxygen atoms per ruthenium atom.
This indicates that ruthenium oxide materials predominantly consist of RuO, and do not
contain metallic ruthenium. The weight losses observed in the temperature range of 25-
500°C for Cabot and J&J Materials ruthenium oxide materials are most likely due to
desorption of bound H,O and OH groups. On the basis of the weight percent loss in this
temperature range, we can speculate that the hydrous content of ruthenium materials is
close to 0% for ESPI Metals material, about 7% for Cabot material, and about 11% for

J&J Materials ruthenium oxide.
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Figure A.3: High-resolution Ru 3d XPS spectra of ruthenium oxide materials from (a)
Cabot, (b) Cabot, reduced in a hydrogen environment at 250°C for 2 h, (c) ESPI Metals,
and (d) J&J Materials.

Table A.1: Curve Fit of High-Resolution Ru 3d XPS Spectra

Ruy. % Rus, %
Ru®; screened Ruy, % RuQ, unscreened
sample final stare RuO; - nH;O final state
RuO, (ESPI Merals) 6t 15 19
RUO; ([&] Marerialsy 54 27 19
RUO; (Cabet) + XC-35 24 47 28
reduced RuQ, (Cabot) + XC-35 B8 (6] 12

The conductivity of the ruthenium oxide powders was evaluated using a built-in-house
device that allowed measurement of the resistance, while controlling the mass and
thickness of the oxide layer. Considering that the bulk of the material consists of

ruthenium in the 4+ oxidation state, all three materials should display significant (metal-
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like) electronic conductivity. Ruthenium oxide materials (ESPI Metals and J&J
Materials) have electric resistivity below the detection limit of the multimeter used,
indicating sufficient conductivity of these materials. It may seem surprising that for the
Cabot ruthenium oxide the XRD measurements confirm the existence of an electronically
conductive phase, but electronic conductivity measurements indicate the significant
dielectric nature of the material. The reason lies in fact that the XRD measurements are
bulk property measurements and almost insensitive to the surface composition. TGA,
while providing information about the water content, does not allow one to differentiate
the surface content from the bulk. Therefore, a surface-sensitive tool, such as XPS, has
been employed to investigate the surface composition that may be different from the bulk

composition.

High-resolution Ru 3d XPS spectra acquired from ruthenium oxide materials shown in
Figure A.3 demonstrate that surface ruthenium in all materials is in the mixed state. Six
components in the Ru 3d spectrum correspond to ruthenium components. Components at
280.8 eV (5/2 component) and 285 eV (3/2 component) are due to RuO,. The second
doublet is around 282.5 eV (5/2 component) and 286.7 eV (3/2 component). A recently
published assignment of the peak at 282.5 eV to crystalline ruthenium was based on the
visual analysis of the shoulder of the spectrum rather than deconvolution of the spectrum
201 ' As demonstrated here, deconvolution of the spectrum reveals more than one doublet
on as-received ruthenium oxide materials. The changes in the amount of the peak at 282.5
eV are accompanied by the changes in the overall water content determined by TGA and
by XPS analysis of oxygen spectra, supporting its assignment to RuO, - nH,0. Thus,

after reviewing available literature regarding the nature of the species within the BE
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range of the second component in the ruthenium spectra, we assign this component to
hydrous ruthenium oxide (RuO4Hy or RuO, - nH,0). The third doublet is around 283.5
eV (5/2 component) and 287.7 eV (3/2 component). The nature of the peak at 283.5 eV
has been the subject of debate in the literature 2°°. Some believe that this component is
due to ruthenium oxide in higher oxidation states, while others attribute this peak to the
unscreened final state, shifted to higher BEs as compared to the screened final state at
around 281.3 eV. Table A.1 shows the relative amounts of species, corresponding to
combined 5/2 and 3/2 components of Ru 3d peaks. Among the three materials, ruthenium
oxide from ESPI Materials has the highest amount of ruthenium in the RuO; form and the
lowest amount (15%) in the form of RuO; - nH,O. Ruthenium oxide (J&J Materials) has
a somewhat higher content of RuO; - nH,0 (27%). The main form of ruthenium in Cabot
material is RuO, - nH,0O (47%). Five components were used to curve-fit O 1s spectra (not
shown). The component at 529.4 eV is due to O,- species (oxygen bound to ruthenium).
The component at 530.6 eV can be due to RuO3 and/or OH-. The peak at 531.6 eV is
attributed to OH- species. The last two components, at 532.8-534 eV, can be assigned to
adsorbed H,O and/or CO and CO; species (21). OH- and H,O are dominating the
structure of the untreated ruthenium oxide (Cabot) material. Generally, water can be
bound to the RuO, surface as a chemically bound layer and/or physically adsorbed within
the micropores 2. The physically adsorbed water is expected to evaporate under UHV

conditions and, therefore, is not detected in the O 1s XPS signal.

Post-reduction in a hydrogen atmosphere was used to convert ruthenium to valence V.
After reduction in a hydrogen atmosphere at 250°C, the amount of RuQO:significantly

increases (Figure A.3b). After reduction at 250°C, concentrations of peaks due to RuO:in
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screened and unscreened final states are 88% and 12%, respectively. RuO: - nH.O was
effectively converted to RuO.. Analysis of O 1s spectra has revealed a significant
increase in O species and a decrease in OH-and H:O. Therefore, the important
conclusion is that materials produced on the flame pyrolysis platform with aqueous
precursor solutions show bulk conversion to the conductive phase of RuO-, but the
surface composition corresponds to an insulating hydrated state, RuO: - nH-O. The
increased electronic conductivity of materials exposed to a reducing atmosphere is due to

bulk conversion to metallic ruthenium (XRD) and surface conversion to RuO, (XPS).

The BET surface area of the Cabot ruthenium oxide was measured to be 38 m?/g.
However, the BET surface area of the reduced material is 17m?/g, which is about 2 times
lower than the BET of the pristine ruthenium oxide (Cabot). One of the possible
explanations of the decrease in the BET surface area can be adherence of the particles to
each other. The BET surface area of the ruthenium oxide (ESPI Metals) is 7 m?/g, which
is about 5 times less than the BET surface area of Cabot ruthenium oxide. The ruthenium
oxide material obtained from J&J Materials has a much higher surface area than other

materials tested in this work. The measured BET surface area is 122 m?/g.
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Figure A.4: HRTEM images of ruthenium oxide materials from (a) Cabot, (b) Cabot,
reduced in a hydrogen environment at 250°C for 2 h, (¢c) ESPI Metals, and (d) J&J
Materials.

TEM micrographs of ruthenium oxide powders are presented in Figure A.4. TEM
micrographs demonstrate various morphologies and particle sizes of these materials.
Ruthenium oxide (Cabot) powder consists of particles of elongated shape with lengths in
the range of 20-120 nm. The elongated shape of the particles is also observed in a high

magnification SEM image (not shown). TEM micrographs of the ruthenium oxide from
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Cabot, reduced at 250°C in a hydrogen atmosphere, indicate that upon reduction the
asymmetric shape of the crystallites becomes less pronounced and the size of the particles
decreases significantly, although the particles fuse together to form more complex
aggregate structures. The morphology of the ruthenium oxide (ESP1 Metals) material is
drastically different from the morphology of the Cabot material. Contrary to the
elongated shape of the particles in the Cabot material (Figure A.4a), the ESP1 Metals
material is relatively monodispersed, hexagonally shaped particles with a diameter of
about 50 nm (Figure A.4c). The TEM micrograph (Figure A.4d) and high magnification
SEM image (not shown) of the ruthenium oxide (J&J Materials) demonstrate that the
surface roughness in this material is much higher than that for other RuO, materials,
leading to a significantly higher BET surface area. Figure A.5, representing low-
magnification SEM images of ruthenium oxide materials, shows that smaller ruthenium

oxide particles form large agglomerates.
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Figure A.5: SEM images of ruthenium oxide materials from (a) Cabot, (b) Cabot, reduced
in a hydrogen environment at 250°C for 2 h, (c) ESPI Metals, and (d) J&J Materials.

Electrochemical Characterization

Currently, there are no procedures developed for testing the corrosion stability of
noncarbon supports. Subsequently, there are no metrics that would indicate what the
corrosion stability requirement is, i.e., what is “good enough”. In this work, the
methodology borrowed from carbon corrosion testing was modified and applied to
noncarbon materials. The results of corrosion evaluation are shown in Figure A.6. Two
cathodic polarization curves for each tested material are shown. The first curve
demonstrates the initial performance. The second curve is obtained after the anodic
polarization of the GDE. This anodic polarization was performed to accelerate the

corrosion processes that occur during fuel cell operation. The losses in the oxygen
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reduction performance are result of corrosion of the electrode material. To be able to
quantify the material loss during corrosion measurements, after the full corrosion
protocol was applied, the liquid solution was filtered and submitted for ICP analysis.
Filtration was necessary to prevent inclusion of the material lost during the physical
deterioration of the electrode and to account for only the part resulting from RuO:
corrosion dissolution. The results of the corrosion measurements, along with the ICP

data, are shown in Table A.2.
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Figure A.6: Corrosion testing in a gas-diffusion cell in a liquid electrolyte, O,, 0 psi.
Cathodic polarization curves for (a) 10% Pt/Vulcan XC-72 (ETEK), (b) ruthenium oxide
materials from ESPI Metals and J&J Materials, (c) ruthenium oxide material from J&J
Materials, demonstrating the effect of Teflon-modified carbon, and (d) ruthenium oxide
from Cabot, demonstrating the effect of post-reduction in hydrogen.
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Table A.2: Results of the Corrosion Stability Measurements of Ruthenium Oxide
Materials: Values of Corrosion Current and ICP-AES Analysis

BET, Iar Hmass, IIBET, HESA, conen, RED of Ru loss,
sample ma/g 1.2 V RHE, mA mA/mg mA/Mm? mAm? mg/L three replicates, % %
RuO; (ESPI Merals) P 84 1262 156.5 30.5 0.179 1.74 0.5
RuO; (J&] Materials) 122 24 3605 30.3 11.9 0.184 1.72 0.6
RuQ; (Cabot) + XC-35 38 b4 811 25.4 38.1 2.69 0.8 8.1
Reduced RuQ; (Cabot) + XC-35 17 8 1202 72.1 100.0 1.089 0.47 33

The oxygen reduction performances before and after anodic polarization of 10%
Pt/Vulcan XC-72 (ETEK) and ruthenium oxide (J&J Materials and ESPI Metals)
materials are shown in Figure A.6a,b. 10% Pt/Vulcan XC-72 tested under the same
conditions has shown higher reduction currents compared to ruthenium oxide materials;
however, it exhibited lower reduction currents than RuO.samples after anodic
polarization. The higher overall cathodic (Figure A.6b) and anodic (Table A.2) currents
obtained on ruthenium oxide supplied by J&J Materials compared to the sample provided
by ESPI Metals are not due to the intrinsic corrosion stability but are due to the higher
BET surface area of the J&J Materials sample. When the anodic current, measured at
1.2V versus reversible hydrogen electrode scale (RHE), is normalized to the BET surface
area and electrochemically accessible surface area (ESA), currents due to corrosion of
these two materials are close. Moreover, both of these materials demonstrated no
decrease in the oxygen reduction performance associated with corrosion of RuQs..
Slightly higher currents observed after anodic polarization are probably associated with
changes in the ESA and/or more complete surface conversion of hydrated RuO: - nH:O to
RuO.. ICP-AES analysis confirmed that the loss of ruthenium due to corrosion is less
than 1%. Thus, the corrosion test has shown that ruthenium oxide materials exhibit high

corrosion stability. We expect a significant improvement in the oxygen reduction
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performance of ruthenium oxide upon platinum deposition as well as the preserved
corrosion stability of the ruthenium oxide support. Figure A.6¢ demonstrates the
differences in the performance of the electrodes made of ruthenium oxide (J&J Materials)
with and without the addition of a carbon component (XC-35, Teflon-modified XC-72) in
the ink. Significantly lower cathodic currents are observed for the electrode made of
ruthenium oxide mixed with Teflon-modified carbon. Reduction of the cathodic current
is, however, not due to the RuO:dissolution (corrosion) but the physical loss in the
ruthenium oxide powder as a result of corrosion of the teflonized carbon matrix within
the GDE. This became apparent after the visual inspection of the working solution, where
ruthenium oxide precipitate was observed. After the carbon materials were completely
excluded from the GDE preparation, the loss of RuO:due to the corrosion was much
smaller. Figure A.6d displays the cathodic polarization curves for Cabot ruthenium oxide.
These electrodes were made using a mixture of ruthenium oxide and Teflon-modified
carbon, resulting in lower oxygen reduction currents and deterioration of the electrode.
However, when the as-received ruthenium oxide (Cabot) and postreduced ruthenium
oxide (Cabot) are compared, several observations can be made. The sample made in-
house in which incomplete surface conversion to RuO., i.e., surface in the hydrated state,
was confirmed by XPS measurements showed initially a high corrosion loss, ca. 8%. A
postreduction step in hydrogen at 250°C after 2 h resulted in a significant improvement in
the corrosion stability, as evidenced by cathodic polarization curves and ICP-AES

analysis.
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Conclusion

Ruthenium oxide materials with a higher surface concentration of RuO.showed superior
corrosion stability. The loss of ruthenium during the corrosion tests was less than 1% for
these samples. We have found that conversion of hydroxo groups present at the surface of
ruthenium oxide materials to the RuO: phase by postreduction in a hydrogen atmosphere
leads to improved conductivity and corrosion stability. The tested ruthenium oxide
materials exhibited higher corrosion stability compared to carbon used to form GDE.
When carbon-containing GDEs were subjected to corrosion measurements, false
characterization originated from corrosion of the carbon powder in the electrode and a
loss in the interfacial contact between the teflonized carbon and metal oxide. At this
stage, it has been assumed that a loss of less than 5% ruthenium, after the full corrosion
stability protocol, is sufficient for DMFC cathode applications. This assumption, as well
as the performance of platinum supported on ruthenium oxide, will have to be verified in
MEA measurements, by evaluating the effect of corrosion on the MEA and membrane

performance.
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Appendix B:

Paper Version Authors: Blizanac, B.B., Pylypenko, S, Olson, T.S., Konopka, D., Atanassov, P.

Niobium Oxide as a Cathode Catalyst

The performance of the oxygen reduction reaction (ORR) at the cathode in Direct
Methanol Fuel Cells (DMFCs) is increasingly inhibited by the migration of un-oxidized
methanol from the anode crossing the ionomer membrane as the fuel cell is run over time.
Increasing the thickness of the membrane to increase resistance to methanol migration is
usually a very limited solution since ion transport also becomes limited. Because
platinum conventionally serves as the primary catalyst at the cathode and as bifunctional
PtRu at the anode, the relative affinity for methanol adsorption and oxidation, including
the adsorption of the partially reacted intermediates, is somewhat similar between the
two. Thus, in presence of methanol, as a result of cross-over and competing reactions of
oxygen reduction and methanol oxidation, a mixed potential is established at the cathode,
where methanol oxidation also causes a decrease in the circuit potential between the
electrodes. Oxygen reduction is further inhibited when Pt at the cathode becomes

poisoned with CO, an intermediate of electro-oxidation.

One route to increase methanol tolerance is through design of methanol tolerant

electrocatalyst at the cathode ®. Similar to anode side platinum-based alloys, such as PtRu
and PtSn, platinum alloys with Co and/or Cr were applied on the cathode side 2°22%, As
alternative to platinum-based materials, a number of materials, based on transition metal

macrocycles, sulfides and chalcogenides were explored as methanol tolerant cathode

electrocatalyst 2>, Similar to transition metal-based materials, Ru electrocatalysts
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supported on carbon provide methanol tolerance but at sacrificed activity towards ORR
219 I the practical design of robust DMFC’s, where small levels of methanol migration
are unavoidable, and where the most active catalysts for methanol oxidation and oxygen
reduction are based upon a similar set of noble metals, the catalytic support is the other
available component suitable for modification to differentiate and enhance the anode and
cathode towards their respective, desired catalysis. This is achieved by two means:
modification of the supported catalyst and of the catalyst’s environment. In the case of
the former, platinum catalyst experiences some level of electronic interaction with the
support, intrinsically altering the distribution of electron density of Pt available for
participation in adsorption & desorption of reactants and intermediates % %1 A
computational DFT study by Shao et al. demonstrated how the electronic structures of Pd
& Pt as alloys and as surface layers could be altered so as to slightly weaken the Pd-O
bond affinity and better desorb reaction intermediates while still achieving O-O bond

cleavage for oxygen reduction .

In the latter, the catalyst might remain unaltered, but
is surrounded by an environment whose surface chemistry or degree of oxidation is most
conducive to fuel oxidation or oxygen reduction. While platinum remains the most active

catalyst for both reactions, greater flexibility of the supports can allow for the anode and

cathode to become well distinguished.

The relative degree of dispersion of catalyst on the support surface is an important factor

in the overall performance of the cathode ®* #

. If the support is able to favorably
enhance platinum towards improved ORR kinetics and ensure suppression to MeOH/CO
adsorption, then a prevalence of Pt-support interfaces (or good dispersion of Pt

nanoparticles) must be formed and maintained throughout electrochemical performance.
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Without this, one might fail to observe any ORR enhancing effects which might
otherwise be present. Therefore, high dispersion of supported platinum nanoparticles is a

prerequisite to any ORR cathode system that may be considered.

The oxygen-promoting effect of metal-oxides (MO) as anodic, catalytic supports has
been well identified throughout the literature. Because of the oxygen-rich surface of an
MO support, oxidation of species adsorbed on platinum is further facilitated as compared
to conventional platinum on carbon. But the impact and degree of the effect varies with
different transition metals *, and the exact nature and its implications when applied
towards ORR are much less clear in the literature, with the exception of Pt-Ru based
catalysts in which ruthenium provides corrosion resistance and tolerance to CO due to the
formation of surface hydroxyl sites near the Pt-Ru interface > #'2. One of the most
highly oxidizing and corrosion resistive MO’s reported upon in the literature is
Nb,Os/NbO,. A study by Guerrero et al. found that platinum’s behavior in the presence
of CO could be varied greatly with adjustments made to a Nb,Os support. In particular, it
was shown that in an atmosphere of CO (0.8%), O, (0.8%), H, (51%) and He, oxidation
and adsorption of CO was greatly inhibited on 1%Pt on Nb,Os as compared to
unsupported Pt, while oxidation of H, remained very high. Alternatively, 1%Pt on
5%Nb/Al,Os showed greatly enhanced CO activity compared to unsupported Pt ®. This

suggests that niobia could be used to develop CO-tolerant Pt supports for ORR.

Another study by Sasaki et al. measured a three-fold increase in the oxygen reduction
activity of Pt on carbon supported NbO, nanoparticles over commercial Pt/C ®. This is
attributed to the greater reduction of Pt-OH to Pt, due to a lateral repulsion between Pt-

OH and oxide surface species. The study also revealed that the 4-electron reduction
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pathway of O, was dominant reaction mechanism for Pt/NbO,/C. But this was not the
case with Pt/Nb,Os/C, in which a greater electronic interaction between niobia and
platinum is suggested and greater formation of H,O is of concern. Similar observations
were made by Park et al., who attributed enhanced ORR activity of Pt/Nb-TiO, over
commercial Pt/C to better dispersion of Pt nanoparticles and beneficial catalyst-support

interactions 2.

These studies and others suggest the potential for a wide range of catalytic supports based
upon niobia in DMFCs 8 #1121 ' The effects of platinum-niobia interaction and platinum
dispersion, as well as performance relative to all manner of observed deviations among
niobia phases are of particular interest. These phases include crystalline and amorphous
forms of niobia, and Nb(IV) which tends to form varying degrees of Nb(V) surface

layers. Such deviations can impact the electrochemical performance profoundly.

We discuss the oxygen reduction performance of platinum deposited on Nb,Oy supported
on carbon black Vulcan XC-72R (Pt/Nb,O,/C) in the presence of methanol. These
results, along with thorough physical characterization of all materials employed, are
discussed with regard to the principles mentioned above. Further conclusions about the
relationship between platinum and niobia are elucidated from the data which should

provide valuable insight for future studies.

Experimental
Composite materials were prepared in two-steps. In the first step, niobium oxide was
supported by precipitation on Vulcan XC72R (from Cabot Corp.). NbCls (from Sigma-

Aldrich) was dissolved in absolute ethanol and added to carbon, suspended in absolute
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ethanol. Next, combined dispersion was sonicated for 5 minutes, and then stirred at room
temperature for 3 hours. After solvent evaporation, resulting powder was pyrolized in
nitrogen atmosphere at 500°C for 4 hours (temperature ramp, from room temperature,
was 3°C per minute). In the second step, composite Nb,O,/XC72R powder, obtained in
step one, was re-dispersed in DI water. Platinum precursor, H,PtClg (from Sigma-
Aldrich) was dissolved separately, in the equal amount of DI water, while stirred and
heated at 40°C. The pH was adjusted to 5 with the addition of KOH solution. Formic acid
was mixed with DI water, and this solution was titrated to the H,PtClg solution, drop by
drop. After the titration was completed, the final solution was stirred for 5 minutes and
then added to the Nb,O,/VXC72R dispersion. This final dispersion was stirred for 1.5
hours, until the solution turned from yellow to clear. Subsequently, the dispersion was
filtrated; the collected powder was washed four times with DI water and dried in oven at
70°C. Composite Pt/NbOx/VXC72R with two different Pt loadings, namely 10 and 50
wt.% were prepared using this procedure. The same protocol was used to make a

reference 50 wt.% Pt/VXC72R.

High-resolution transmission electron microscopy (HRTEM) micrographs were obtained
on a JEOL 2010 200 kV microscope. X-ray diffraction (XRD) patterns were acquired
with a Scintag Pad V diffractometer in the range from 10° to 90° 20 with 0.02° angular

resolution.

All electrochemical measurements are conducted in a thermostated three-compartment
electrochemical cell. The reference electrode is a saturated calomel electrode (SCE),
separated from the working electrode compartment by a closed electrolyte bridge in order

to avoid chloride contamination. All the potentials in this study, however, refer to that of
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the reversible hydrogen electrode (RHE) in the same electrolyte. Calibration of the
reference electrode, in the given electrolyte and the given temperature, on the reversible
hydrogen electrode scale is done by measuring the hydrogen oxidation/evolution
polarization curves in hydrogen saturated solution on a polycrystalline bulk Pt electrode.
All gases used in this study are Research Purity Grade, purchased from Matheson Tri-
Gas. The potentiostat is PAR BiStat and is computer controlled. The rotator unit is

manufactured by Pine Instruments, model MSR.

Results and Discussion

Materials Characterization

The TEM image of NbxQy supported onto Vulcan XC72R is shown in Figure 1. The
morphologies of the Nb,O,/Vulcan XC72R and Vulcan XC72R (not shown) are very
similar suggesting the amorphous nature of the niobium oxide. XRD analysis, however,
revealed small fraction of crystalline Nb,Os. TEM images of Pt/Nb,O,/Vulcan XC72R
composite materials are shown in Figure 1 (b-d). Based on the TEM micrographs, Pt is
uniformly distributed over the surface of support. The crystal size is on the larger side
(ca. 5-10 nm), but what is also observable is existence of asymmetric shapes. In this case,
elongated shapes of crystallites indicate formation of Pt crystal aggregates, composed of
two or more Pt crystals fused together. In order to prevent this aggregation, the BET

surface of the support and the metal loading have to be carefully balanced.
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Figure B.1: HRTEM images of a) Nb,O,/VXC72R, b) 10 wt.% Pt/Nb,O,/VXC72R, c) 50
wt.% Pt/Nb,O,/VXC72R, d) 50 wt.% Pt/Nb,O,/VXC72R under higher magnification.

The BET for this powder, 50 wt.% Pt/Nb,O,/VVXC72R, was determined to be 75 m?/g.
Figure B2 shows the XRD characterization data for the same sample. As expected, five
peaks, characteristic for the fcc phase of Pt are observed in the spectrum, with the
reflection from (111) crystallographic plane as the most intense. When this XRD pattern
is compared with the patter corresponding to 50 wt.% Pt supported on Vulcan XC72R in

the absence of Nb,Oy, extra features in the XRD spectrum of composite material in
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20°<20<30° range, are attributed to the reflection from Nb,Os. The position of the Pt

XRD peaks is almost the same, and there is no shift that would indicate (measurable)

Pt/Nb alloying.
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Figure B.2: XRD patterns of 50 wt.% Pt/VXC72R and 50 wt.% Pt/Nb,O,/VCXT72.

Electrochemical Characterization

For subsequent electrochemical characterization three powders were used, namely 10
wt.% Pt/Nb,O,/VXC72R, 50 wt.% Pt/Nb,O,/VXC72R, and as a baseline 50 wt.%
Pt/VXCT72R obtained under identical preparation conditions. The first electrochemical
measurements involved ex-situ characterization in thin-film-rotating-disk electrode
(TFRDE) configuration. Cyclic voltammograms (CV’s), indicative of the
catalyst/electrolyte (water) interface and interfacial adsorption phenomena is given in
Figure B.3a. All three cyclic CV’s have features characteristic for Pt on carbon supported

materials. Starting from negative potential limit, characteristic hydrogen (underpotential)
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adsorption/desorption phenomena, 0<E<0.3 V, is followed by capacitance dominantly
under influence of support materials, 0.6<E<1 V, further followed by water activation,
E<0.6 V, resulting in oxide formation/reduction region. As expected, the sample with
only 10 wt.% Pt and the highest support (carbon + niobium oxide) mass contribution

shows the most pronounced pseudo-capacitive features.

Hydrogen adsorption/desorption phenomena were further utilized to calculate the
electrochemically active surface area (ECSA). The ECSA was obtained by integrating the
hydrogen desorption region, after correction for pseudo-capacitive contribution, and by
assuming that every 210 UC of integrated charge corresponds to 1cm? of
electrochemically active surface area of platinum. The ECSA, alternatively, was also
calculated by using the oxidation of pre adsorbed CO,q4 layer on the electrode surface, the
so-called CO-stripping ECSA, now assuming that every 420 uC charge corresponds to 1
cm? of electrochemically active surface. The CO stripping curves, corrected for the
capacitive features obtained in the second consecutive (after CO stripping) polarization

sweep is shown in Figure B.1b.
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Figure B.3: a) Cyclic voltammograms in 0.1 M HCIO, at 293K, b) CO stripping curves
after subtraction of second consecutive positive sweep, ¢) The potential range of the cyclic
voltammograms indicating the negative shift in water activation and oxide formation on
composite 50 wt.% Pt/Nb,O,/VXC72R vs. 50 wt.% Pt/VXC72R. The current density was
normalized to emphasize these features.

Appearance of multiple peaks during the oxidation of pre-adsorbed CO4q layer, indicates
the highly heterogeneous surface in terms of adsorption/oxidation sites, and this might
originate from the multimodal crystal size distribution, or by existence of the grain
boundary between oxide and Pt particles. In the case of the latter, the reaction of CO
oxidation starts at the grain boundary and propagates to the remainder of the Pt crystallite
surface. Alternatively, multiple peaks in CO stripping experiments might originate from
complex- overlapping diffusion patterns as a result of high Pt-metal loading and low BET

of the support material, resulting in high lateral density of Pt crystallites. In addition to
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the calculation of ECSA based on oxidation of pre-adsorbed CO layer, CO stripping
experiments are also insightful in terms of potential of zero total charge (pztc), and
related to this parameter the ability of surface to dissociate water and form OH,q, the so-
called surface oxides. The reaction sequence of CO oxidation can be given by next

equation:

CO,,+ OHyy—> CO,+H*+e

f

H,O

Based on this equation, after the initial adsorption of CO on the surface, the oxidative
removal of CO occurs as a Langmuir-Hinshelwood type reaction, requiring that in
addition to CO,q there are adsorbed surface oxide species, in electrochemical jargon
called OHgq. These surface oxides are the result of water dissociation (in acid media).
Therefore, the onset potential for CO oxidation will depend on the ability of surface to
dissociate water at given potential. The more negative potential where water dissociation
occurs, the more negative onset potential for oxidative removal of pre-adsorbed CO.
Based on Figure B.3b, both composite electrodes consisting the Nb,Oy have the onset of
CO oxidation shifted toward more negative potentials compared to the sample where Pt is
supported only on carbon. This result is also well aligned with observed features in CV
(Figure B.3a). Considering the difference in Pt dispersion, in the Figure B.3c,
voltammetric features are normalized to show different potentials of water dissociation
and subsequent shift in oxide reduction peak. As can be seen from this figure, in the
presence of Nb,Oy, formation of surface oxides (and subsequent transformation to bulk

oxides) starts at potentials shifted 20-40 mV to more negative values. Obviously, the
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presence of Nb,Oy results in more hydrophilic nature of these powders. This effect is not
expected to promote the intrinsic oxygen reduction activity, quite the opposite, but it is
expected to facilitate the removal of CO,q intermediate in CH3OH oxidation as a result of

methanol crossover in DMFC.
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Figure B.4: Chart presenting electrochemically active surface area (ECSA) values
obtained from hydrogen desorption and CO stripping.

The ECSA determined by utilizing both the hydrogen desorption and CO stripping is
shown in Figure B.4. The major observation from Figure B.4 is much higher Pt
dispersion in the presence of Nb,O, for both low and high Pt loadings. For the same Pt
loading of 50 wt.%, ECSA in the presence of Nb,Oy is double of that where Pt is

supported only on Vulcan XC72R. Although the synthetic chemistry can be further

242



optimized, this is important result. This additional confirmation of improved Pt
dispersion in the presence of oxides should be investigated further as a method of
improved Pt dispersion, particularly for catalysts requiring high Pt loading as a way of
controlling the catalysts layer thickness in Hy/Air Fuel Cells. The selection of oxides as
dispersing agents for these applications should be also based on how easy is to remove

oxides after Pt dispersion is locked and desired dispersion is achieved.

After this initial electrochemical characterization, the intrinsic catalytic activity toward
the oxygen electroreduction, i.e. in the absence of methanol, was measured. There are
several ways to express the intrinsic catalytic activity. From the fundamental-catalytic
perspective, Kinetic current, corrected for the diffusion limitations, when expressed as
surface normalized activity enables comparison of different catalysts based on their
fundamental catalytic properties- the concentration of surface active sites and the
turnover frequency (TOF). Alternatively, catalytic activity can be expressed as a mass
normalized activity (normalized over the mass of Pt), and from the practical point this
normalization is more meaningful as it defines how much of the expensive Pt has to be
used to achieve desired absolute performance. However, these normalized activities are
interconnected, i.e. mass activity is the product of surface normalized activity and the Pt
dispersion (dispersion of the active phase), and therefore both should be used in catalysts
design and optimization. Kinetic currents, corrected for diffusion limitations, normalized
over ECSA obtained from electrochemical hydrogen desorption and CO stripping, are

shown in Figure B.5.
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Figure B.5: Diffusion corrected ORR currents a) normalized to ESCA obtained from
hydrogen desorption, b) normalized to ESCA obtained from CO stripping, ¢) normalized to
Pt mass.

Based on Figure B.5, although the presence of Nb,Oy acts as a promoter for Pt dispersion
it, somewhat, inhibits the intrinsic catalytic activity for oxygen reduction reaction. This is
expected based on previous discussion, and can be explained by facilitated water
dissociation on niobium oxide in the immediate vicinity of Pt crystallites, and diffusion of
these surface oxides to the surface of Pt phase. Presence of surface oxides on platinum
decreases the concentration of active sites available for molecular oxygen adsorption,
intermediate in oxygen electro-reduction reaction. In this case, Nb,Oy acts as an inhibitor
for the oxygen electroreduction. Mass activity, however, will depend on both the surface

normalized activity, where Nb,Oy acts as an inhibitor, and Pt dispersion, where Nb,Oy

245



acts as a promoter. Mass normalized kinetic current for these three samples are shown in
Figure B.5c. Now, the 50 wt.% Pt/Nb,O,/VXC72R is the most active catalysts, more
active than 50 wt.% Pt/VXC72R. From here it is clear that initially lower intrinsic
catalytic activity for ORR is compensated with much better Pt dispersion, so that the
overall Pt mass utilization, measured as mass normalized ORR activity surpasses the

mass activity without the Nb,O,.

Conventional way in comparing the intrinsic catalytic activity of different catalysts is at
fixed potential, the most frequently at 0.9 V, where diffusion restrictions are assumed to
be negligible. Intrinsic catalytic activities for these three materials: surface (ECSA), and

mass normalized are shown in next figure (Figure B.6).
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Figure B.6: ORR activity at 0.9 V; ECSA normalized values are shown on left y-axis and
mass normalized values are shown on right y-axis.
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The horizontal line at 0.12 A/mgp; in Figure B.6 represents the baseline- 50 wt.%
Pt/Ketjen Black catalysts. Although, measured catalytic activities for three samples in
this study are much lower than the baseline, it should be mentioned, however, that they
are close (within 20-30%) to catalysts consisting of 60-65 wt.% Pt on Ketjen Black.
Considering the difference in BET surface area between Vulcan XC72R and Ketjen
Black, higher weight loading on Ketjen Black is closer/better comparison. It also suggests
that the Pt metal loading has to be closely and carefully balanced for each BET of the

support.

Oxygen Reduction Reactivity in the Presence of Methanol

The last stage in ex-situ catalysts characterization consisted of ORR activity
measurement in the presence of methanol- the so-called “methanol tolerance”. For
comparison clarity, two samples with the same Pt loading without and in the presence of
Nb,Oy were used. The methanol concentration in these experiments might seem too low.
However, since all the polarization curves were obtained when electrodes were rotated at
1600 rotations per minute, the concentration gradients (the driving force for the diffusion)
correspond to concentration gradients in the presence of at least the order of magnitude
higher methanol concentrations on stationary electrodes (DMFC cathodes). In this case
the methanol concentration would correspond to quite realistic 10-20% methanol
crossover in DMFC. The general features of ORR on both electrodes are similar (Figure
B.7). Addition of methanol to the solution results in shift of oxygen reduction currents to
higher ORR overpotentials. However, there are significant differences. To explain the
differences we need to know the mechanism/pathway for CH3OH oxidation. This

pathway is given by next equation:
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CH3OHsolution CHgoHad —> Coad+ OHad_) COZ +Ht+e

f

H,O

The first step in methanol oxidation is the methanol adsorption on the surface. The
intermediate formed after partial methanol oxidation (dehydrogenation step) is COqyq
which, as we have seen previously, can only be removed at sufficiently high positive
potentials where water dissociation occurs and OH,y forms on the surface. These
potentials are significantly more positive for Pt/\VVXC72R sample, compared to the
Pt/NbO,/VXC72R. As a result, without the Nb,Oy to supply the OH,q at low potentials,
methanol oxidation intermediates have more irreversible poisoning effect. This can be
observed from Figure B.7. On 50 wt.% Pt/VXC72R, the diffusion limiting currents are
decreasing when methanol concentration is increasing. This is the result of irreversible
(within the experimental potential range and potential sweep rate) “contamination” of Pt
surface by intermediates of methanol oxidation (both CH3;0H, and CO,q). The same
effect can be observed, although smaller in magnitude, on composite Pt/Nb,O,/VXC72R
electrode only at high methanol concentrations. CH3OH concentration of 0.01 M, in the

diffusion-limiting region, has almost no effect on composite electrode.
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Figure B.7: ORR polarization curves at 1600 rpm, without and in the presence of
methanol on a) 50 wt.% Pt/VXC72R, b) 50 wt.% Pt/Nb,O,/VXCT72R.
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Comparison of kinetic currents, corrected for diffusion, mass normalized and as a
function of methanol concentration is given in Figure B.8. From here it can be seen that
the impact of methanol is more gradual on composite electrode, whereas on Pt/\VXC72R

even the small methanol concentration already results in steep deactivation in ORR

activity.
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Figure B.8: Diffusion corrected ORR currents, mass normalized, without and in the
presence of methanol, on a) 50 wt.% Pt/VXC72R, b) 50 wt.% Pt/Nb,O,/VXC72R.

This can be better observed in next figure (Figure B.9). Here the ORR mass activities at
0.9 V are normalized to the mass activity without the methanol in the solution. With the
addition of 0.01 M CH30OH, the composite Pt/NbyO,/VXC72R retains 60% of initial ORR
activity, compared to less than 50% of the initial activity in the absence of NbxOy on
Pt/VXCT72R electrode. With the addition of even more methanol, the difference in
deactivation between the composite and Pt/\VVXC72R is still favoring the composite
Pt/NbxO,/VXC-72R, although the benefit in relative terms is less pronounced. It seems
that this can be even further optimized by simultaneous optimization between the Pt

loading, Nb,Oy loading and the BET of the carbon support.
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Figure B.9: Effect of methanol concentration on ORR activity at 0.9 V, expressed as a per
cent of the initial activity without methanol in the solution on a) 50 wt.% Pt/VXC72R, b)
50 wt.% Pt/Nb,O,/VXCT72R, c¢) mass activity toward the oxygen electroreduction at 0.9 V
without and in the presence of methanol.

The absolute mass normalized ORR performance at 0.9 V for these two catalysts
compositions is shown in Figure B.9c. Here it is obvious that benefit of having the Nb,Oy
extends over all CH3OH concentration. Furthermore, the initial mass activity ratio
between these two catalysts of 1.3, jJumps to 1.6 in favor of composite catalysts in the
presence of 0.01 M CH3OH, and although it drops to 1.4 at 0.02 M CH3OH, it is still
higher than the initial activity ratio proving the enhanced methanol tolerance in the

presence of Nb,O,.
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Conclusions

Electrocatalysts consisting of Pt deposited on Nb,O,/Vulcan XC72R composite support
were synthesized and characterized. Electrochemical activity data for composite materials
suggests that advanced ORR catalysts development can proceed in two directions. First
direction is development of methanol tolerant ORR catalysts (bi-functional catalysts). In
this case, although the addition of metal-oxides is inhibiting for intrinsic catalytic activity
(H20 activation and surface oxide diffusion to the Pt phase occurs at more negative
potentials) the resulting activity in the presence of methanol is superior compared to Pt
supported only on carbon. This result suggests that it is not of paramount importance to
control Pt deposition to any particular phase, i.e. carbon or metal-oxide. The other
direction, to improve the intrinsic catalytic activity, imposes more stringent requirements
on selective Pt deposition. Here, it seems that to have controlled Pt deposition exclusively
on the metal-oxide phase is of paramount importance. This is dictated by two main
reasons. First one is related to modifications of electronic properties of Pt phase when
deposited on the oxide, as a result of different electron donor/acceptor properties of the
Pt-oxide interface and possibly of the strain effect. The other reason for necessary Pt
deposition on the oxide support is related to the oxide passivation when covered with Pt,
and therefore suppressed parasitic ORR activity. In both cases, Pt has to go on the surface
of the oxide, and the metal-oxide surface exposed to the electrochemical environment has
to be minimized. It seems worthwhile to explore oxides as dispersing agents, particularly
when high Pt loading catalysts compositions are considered. In the pursuit of state of the
art mass activity, the chemical nature and BET of support and the metal loadings should

be carefully balanced. After that, MEA optimization has to emphasize the operation
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under low relative humidity, where higher hydrophilicity of composite materials are

expected to be beneficial.
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Appendix C:

Cyclic Voltammetry: Charging Response to Increasing Polarization Rates
The shape of redox features is influenced by the polarization rate of the electrode (¢) in
cyclic voltammetry studies. Therefore, it is important to understand how catalyst
materials respond at different values of ¢ for the purpose of comparing separate plots of
cyclic voltammograms measured at different polarization rates. The polarization rate
affects the amount of time the electrode spends within a potential regime. For example, a
higher value of ¢ might mean that an electrode with an initially reduced metal spends less
time at potentials near oxygen evolution in agueous media. There are instances of
materials in this study when redox features will not be visible unless higher polarization
rates are applied. Usually this pertains to redox reactions occurring to a small degree,
very rapidly, or both. However, slower polarization rates such as ¢ = 1-50mV/s are
typically considered to yield a reliable picture of the most prevalent redox processed

occurring on the electrode and are most commonly encountered in literature publications.

Several samples which are especially important in this study underwent continuous
cycles in 0.1M HCIO, at increasing polarization rates from 20mV/s to 200mV/s with
A$p=20mV/s with each new cycle. The measured current of each cycle was then
normalized to its respective polarization rate. Shifts in the most important redox features
with increasing ¢ can be clearly observed. The red data set in each plot represents the

final cycle at ¢ = 200mV/s.
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