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Abstract

Reactive spray deposition technology (RSDT) is a method of depositing
films or producing nanopowders through combustion of metal-organic
compounds dissolved in a solvent. This technology produces powders of
controllable size and quality by changing process parameters to control the
stoichiometry of the final product. This results in a low-cost, continuous
production method suitable for producing a wide range of fuel cell related catalyst
films or powders. In this work, the system is modified for direct deposition of both
unsupported and carbon supported layers on proton exchange membrane (PEM)
fuel cells. The cell performance is investigated for platinum loadings of less than
0.15 mg/cm? using a heterogeneous bi-layer consisting of a layer of unsupported
platinum followed by a composite layer of Nafion®, carbon and platinum.
Comparison to more traditional composite cathode architectures is made at
loadings of 0.12 and 0.05 mgp|atinum/cm2. The composition and phase of the
platinum catalyst is confirmed by XPS and XRD analysis while the particle size is
analyzed by TEM microscopy. Cell voltages of 0.60 V at 1 A/cm? using H./O, at a

loading of 0.053 mgpk,mnum/cm2 have been achieved.
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1 Literature review

1.1.1 Introduction

Energy security and environmental concerns are projected to be a dominant
theme in research and development in the next half century. Nobel prize winner
Richard Smalley is quoted as saying “Energy is the single most important
challenge facing humanity today...We should assume that by the middle of this
century we will need to at least double world energy production from its current
level, with most of this coming from some clean, sustainable, carbon dioxide—free
source” (1). The 2006 World Energy Outlook predicts that global energy demand
will grow by more than half over the next quarter of a century, with coal use rising

most in absolute terms (2).
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Figure 1: World energy demand to 2030 by primary energy source [© OECDI/IEA, 2006,
World Energy Outlook 2006] (2)

The report further states, “The need to curb growth in fossil-energy demand, to
increase geographic and fuel-supply diversity and to mitigate climate-

destabilizing emissions is more urgent than ever.”



The Polymer Electrolyte Fuel Cell (PEM) offers the possibility to address
several pieces of the energy puzzle related to effective use of stored hydrogen
from renewables and to provide transportation options with zero point of use
emissions using zero-emission vehicles (ZEV). PEM fuel cells can also be
utilized to provide power for stationary applications and for auxiliary power units
and portable power. ZEV’s can shift emissions due to fuel production to localized
areas. Localization would be centered where the primary energy source used for
hydrogen production is abundant and cheap. In general the transmission grid
operates on a “use it or lose it” principle with regards to electrical generation.
Since wind and solar are intermittent sources of electrical generation, the
potential to store that excess capacity into a transportable fuel as hydrogen
through a smart-grid and electrolysis is an exciting avenue of development.
Though the process of energy transformation, storage and final use is inefficient,
this drawback is partially negated by the fact that the energy would be lost if not
collected in the first place.

Hydrogen can be derived from other primary energy sources such as
nuclear and alternative technologies through electrolysis or by fossil fuels
through steam methane reforming or multi-fuel gasification. While large quantities
of hydrogen (>95% in North America) are currently produced at reasonable cost
by steam reformation of methane, this source relies on a limited fossil resource
(natural gas) and releases greenhouse gas (CO3). Due to uncertainties in the
regional long term supply and cost estimates of natural gas, investments in fuel
flexible fuel cells that take inputs from a wide range of renewables makes
business and supply security sense. Other primary energy sources hold the
promise of producing hydrogen without carbon dioxide emissions, but all of these
are still in early development phases or require dirty primary energy sources to
produce the energy necessary for hydrogen manufacture. These include
thermochemical water-splitting using nuclear and solar heat; photolytic (solar)
processes using solid state techniques (photoelectrochemical electrolysis), fossil
fuel hydrogen production with carbon sequestration, and biological techniques

(algae and bacteria). Uncertainty in the policy outlook for CO; intensive industries



warrants an eventual move away from these sources as primary sources for
hydrogen although the timescale for this transformation is hotly debated.

Due to the difficulty in committing long-term capital expenditures in an
uncertain policy environment, several large companies including DuPont and
General Electric have formed an alliance to demand action on CO; emissions(3).
Additionally, PEM fuel cells with changes in catalyst composition can use bio-
fuels such as methanol and formic acid for power generation. Methanol can be
produced from biomass and offers another piece in the transitional move toward
energy security, fuel flexibility and renewability. By-products of industrial
processes also offer smaller scale applications for increased process efficiency.
Using hydrogen as a by-product from the manufacture of ammonia and formic
acid is an example aimed at closing the life cycle loop in the production cycle.

Future energy scenarios will be increasingly dependant upon local sources
of primary energy and products that can capitalize on these regional solutions will
be well placed for future markets. The overall energy efficiency in fuel cell
operation serves to extend the use of existing resources, in certain applications,
and thus has the win-win result of reducing air pollution and saving energy. The
cost of carbon dioxide emissions will be subject to rigorous political debate but
the Kyoto Protocol provides insight into the future cost structures of these
emissions. Existing energy policies do not promote consideration of the external
environmental and security costs of non-renewable energy that would encourage
wider use of hydrogen, renewables and alternative fuels. Due to government
policies related to oil and gas industry subsidies, hydrogen and alternative fuels
have to compete with artificially cheap non-renewables(4). Proposed policy
changes and the general public’s attitude appear to be shifting toward changes in
legislation that would internalize the costs of industrial activities that are carbon
intensive. Positioning to account for these changes makes business sense in the
long term and monetary sense in the short.

PEM technology offers, at the conversion stage, an electrical generation
efficiency over that of traditional internal combustion engines. However, the well-

to-wheel efficiency depends greatly on the primary source of energy for the



hydrogen. Hydrogen or methanol will be beneficially useful for storing energy
from intermittent sources (i.e. wind, tidal and solar) that are not immediately
available for direct input to the grid or in locations too remote for grid addition.
The efficacy of this model is very promising if the hydrogen is also used locally.
Transportation of the hydrogen over long distances correspondingly reduces the
well-to-wheel efficiency. Methanol offers even better storage prospects than
hydrogen due to an increased energy density, an existing liquid handling
infrastructure and a lower leakage rate during storage. However, poor electrical
efficiency compared to hydrogen, due to electrolyte crossover, and biological
toxicity are hurdles to commercialization.

Cost, reliability of performance and durability are the major challenges to
fuel cell commercialization. It must be stressed that hurdles vary according to
the application in which the technology is employed. Depending on the
application, requirements such as: cost, size, weight or water management are
barriers to commercialization. In transportation applications, these technologies
face more stringent cost and durability hurdles. Due to the monetary
capitalization and volume of the auto industry this niche is seen as the ultimate
goal in market penetration for the PEM industry. In stationary power applications,
where cogeneration of heat and power is desired, use of PEM fuel cells would

benefit from raising the operating temperatures to increase performance.

1.1.2 Economics and barriers to market penetration of fuel cells

Currently the costs for automotive internal combustion engines (ICE) are
about $25-$35/kW; for transportation applications, a fuel cell system needs to
cost $30/kW for the technology to be competitive with the internal combustion
engine. For stationary systems, the acceptable price point is considerably higher
($400-$750/kW for widespread commercialization and as much as $1000/kW for

initial applications).



In order to attain market penetration in the automotive field there must be
a reduction in cost and a concurrent increase in lifetime of the membrane
electrode assembly (MEA) itself. It is well known that upfront manufacturing and
performance cost reductions cannot come at the expense of durability and vice
versa. The electrodes make up almost half of the MEA cost and so increases in
efficiency and manufacturing advances in this area are expected to have big
impacts in the overall cost structure(5). Cost reduction through understanding the
physical and microstructural makeup of carbon supported and non-supported
platinum electrodes for oxygen reduction in proton exchange fuel cells (PEM) is
the primary focus of this thesis.

Electrode cost is the combined price of several variables: catalyst mass,
unrecyclable material losses during manufacturing, electrode manufacturing time
(i.e. scalability) and scrap rate. Catalyst mass is itself a compounded cost
variable which is a function of activity and composition. Many interesting and
novel procedures for catalyst manufacture have demonstrated very promising
results but languish in the realm of scientific curiosity due to lack of scalability;
therefore, it is imperative that forethought be given to the design of any electrode
manufacturing system in regards to scale-up from the beginning.

Ideally the optimal deposition methodology will: (i) increase utilization, (ii)
result in very low catalyst loading, (iii) prevent excessive temperature exposure to
the electrolyte, (iv) scale easily, and (v) exhibit acceptable reproducibility. A
further benefit is versatility of the system to achieve wide ranges in desired
characteristics of catalysts. However, this too can come at the expense of
repeatability if the process parameters are not well understood or controlled.

The relative merits for a fabrication process are cost, performance, and
reliability because the electrode structure (porosity, thickness, catalyst type and
ionomer content) is not only a function of the electrocatalyst composition itself but
also of the way in which it is formed or deposited. Raw material cost reduction
takes the form of improved catalyst utilization and alternative formulations, while
manufacturing costs are driven down by reducing the number of processing

steps, using continuous processing, and avoiding energy- or time-intensive steps



such as vacuum environments. There is a distinct need for techniques capable of
handling high fuel cell catalyst production volumes and achieving better
consistency and quality control. Advancements in this area are one of the surest
means to achieving the large cost reductions needed to move fuel cells from
niche to mass markets.

The US DOE through its Hydrogen Fuel Initiative has proposed the
following cost targets for fuel cell development. For the automotive sector
develop a 60% peak efficient, durable, direct hydrogen fuel cell power system for
transportation at a cost of $45/kW by 2010 and $30/kW by 2015. Automotive ICE
power plants currently cost $25-35/kW, so a fuel cell system needs to come
down in price to below $50/kW at current market conditions. It should be noted,
however, that current market conditions are based on the assumption of cheap
and plentiful fossil fuel as the primary energy input, and the long term prognosis
for this situation has come under considerable doubt(6). For stationary
applications the goal is to develop a distributed generation polymer electrolyte
membrane fuel cell operating on natural gas or liquid petroleum gas that
achieves 40% electrical efficiency and 40,000 hours durability at $400-750/kW by
2010.

A significant cost of the PEM fuel cell comes from the precious metal
catalysts that are used on the anode and cathode for electrochemical reactions.
Fuel cell power systems will be required to be as durable and reliable as current
automotive engines with a 5,000 hr lifetime, which corresponds to a 150,000 mile
equivalent, and be able to function over a full range of external environmental
conditions (-40 to 40 °C). Platinum sintering and dissolution, especially under
conditions of load-cycling and high electrode potentials, are the focus of durability
improvements. Carbon support corrosion is another challenge at high electrode

potentials and can worsen under load cycling and high temperature operations.



1.1.3 Platinum as a cost barrier

The most common and studied material for catalyzing the oxygen
reduction reaction in PEMFCs is platinum metal. However, raw material costs,
fabrication process limitations, knowledge gaps in structure/functionality
relationships and processing time still limit broader PEM system appeal. Cost
targets for PEM penetration into the automotive area are constrained by the price
and supply of platinum (7). Over 50% of the cost of a fuel cell is dominated by the
cost of the electrodes (8). Cost targets of $30/kW as expressed by the United
States Department of Energy can be met if Pt-specific power density can be
reduced to < 0.2gp; /kW at cell voltages >0.65 V (>55% conversion efficiency)(9).
This cost reduction can be achieved by increasing the power density to 0.8-0.9
W/cm?mea at >.65 V by reducing mass transport losses at higher current densities
and by reducing Pt-loading in MEAs to ca. 0.15 mgp/cm?mea. High power
densities are needed to reduce the volumetric power density (kW/L) for
automotive applications but also to reduce the cost of additional costly stack
component materials. Cell voltages greater than .65 V are needed for high-
energy conversion efficiency and to minimize heat rejection. However,
achievement of these performance goals still correspond to a platinum cost of
$15/kW as the cost of platinum is currently traded at $2000 USD/ounce. This
leaves an almost unattainable remainder of $15/kW for the rest of the system to
reach DOE targets.

As explained by Gasteiger in 2005, currently applied membrane/electrode
assembly (MEA) loadings of ca. 0.6—0.8 mgPt/cm?, with power densities up to 0.7
W/cm? at cell voltages as high as 0.68 V correspond to Pt-specific power
densities of 0.85-1.1 gp/kW, translating into 72-94 g of platinum for a ca. 85 kW
fuel cell stack in a 75 kW, automotive fuel cell system. A lowering of cathode
loadings from circa 0.4 mgp/cm?camoge iS limited by the activity of platinum for the
oxygen reduction reaction (ORR) at such small loadings. Reduction of loading to
a critical lower threshold is an effective strategy for reducing platinum

requirements in the cathode. However, below this threshold an optimization of



the electrode structure is crucial so that the effect of reducing the cathode
platinum loading is limited to the purely Tafel predicted voltage loss over the
entire current density range (i.e. 20 mV for lowering the loading from 0.4 — 0.2
mgrt/cm?). The ORR kinetic loss is evaluated based on the oxygen pressure in
the flow channel and increases as O, concentration decreases, which follows the
O, pressure dependence of the ORR kinetics. Another strategy for cost reduction
is implementation of Pt-alloy catalysts. Alloys often offer enhancement at lower
current densities but at higher current densities issues, of leaching and low metal
dispersion compared to Pt/C catalysts are evident. It should also be noted that
the choice of alloy must meet increasingly stringent environmental regulations

that may limit options such as chromium metals.

1.2 Proton exchange membrane cathodes

1.2.1 Oxygen reduction reaction as major limitation of PEM fuel cells

The performance of a PEM fuel cell is overwhelmingly limited by the slow
oxygen reduction reaction (ORR) at the cathode. This reaction is the ‘bottle-neck’
at temperature ranges, 30-80°C, commonly used for polymer electrolyte fuel cells
and thus limits the choice of catalyst materials used in cell manufacture. The
current architecture favored for oxygen reduction electrodes in proton exchange
membrane (PEM) fuel cells is based on carbon supported platinum mixed with
Nafion®. The relationship between the electrode structure and mass transfer
properties in the electrodes is still an area of intense research, and many gaps in
knowledge and disagreements over mechanisms exist. Oxygen reduction at the
cathode requires both electron and proton transport, as shown in:

O,+4e +4H > 2H,0 (1)
Electron transport is provided by a carbon support, while Nafion® transports
protons to the active platinum sites. Oxygen must diffuse through the pore

network to reach the platinum. The complicated reaction pathway is believed to



only occur in areas where platinum is resting on carbon and is touched by both
electrolyte-connected ionomer and pores for gas diffusion. These areas are
known as three or triple phase boundaries owing to the requirement for a nexus

of gas, liquid and solid.

1.2.2 Performance targets and state of MEA performance

Current state of the art single cell performance (with Hy/air at 80°C) is 0.7
W/cm? at 0.68 V (58% energy conversion at 1.03 A/cm?), corresponding to 0.85-
1.1 gp/kW (0.59-0.77 mgpi/cm?) (9). According to the DOE, market penetration
will require platinum specific power density reduced to 0.2 g,/kW at >0.65 V (0.3
mgp/cm?)(10). It is envisioned that this decrease in platinum loading while
maintaining sufficient performance will be achieved by increased Pt-utilization,
lowering mass transport and ohmic losses, and increasing the inherent activity of
the reaction zone by changing the nature of the conventional supported Pt
electrocatalysts. Reduction in loading is being investigated via alloying,
modification of the surface morphology, and extension of the reaction zone into
the electrode. A thread common to each of these strategies is the manufacturing
process used in the production of the catalyst and support.

1.3 Traditional low-platinum cathode manufacturing

1.3.1 Overview

A good overview of traditional fuel cell design and manufacturing
techniques was published in the Journal of Power Sources in 2003 (11).
Electrode fabrication falls into two distinct manufacturing methods: ex-situ
electrocatalyst powder formation followed by ink formation and electrode

manufacture or in-situ electrocatalyst formation, whereby the catalyst is formed
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by the process and then directly impinged on a suitable substrate. The former
technique requires two distinct steps with a concomitant price premium for
catalyst manufacture. Powder formation is achieved either by more conventional
solution precipitation/impregnation techniques or by newer spray-based methods
such as spray pyrolysis and combustion chemical vapor deposition (CCVD).
In-situ electrocatalyst formation involves forming either the supported,
platinum/carbon (Pt/C), or unsupported catalyst directly onto either the proton
exchange membrane (PEM) or gas diffusion layer (GDL). Common processing
techniques that allow un-supported platinum deposition include physical vapor
deposition (PVD), sputtering, chemical vapor deposition (CVD), combustion
chemical vapor deposition (CCVD), reactive spray deposition technology
(RSDT), and electrochemical deposition. The only known techniques that
produce both supported and un-supported catalyst in one step are CCVD and
RSDT.

Direct deposition techniques offer many advantages over bulk ink
processing techniques by eliminating steps of impregnation, washing, drying,
calcination and reduction. Most of the drawbacks of traditional synthesis such as
redistribution of active sites during drying, surface poisoning during impregnation,
and migration or agglomeration of particles during sintering are avoided.

Another promising avenue being explored is the ability to form electrodes
that are thinner, 500 nm or less, than those traditionally available by screen-
printing or traditional spraying methods. This is beneficial because a thin catalyst
layer applied between the gas diffusion layer and electrolyte is in proximity to
both the proton-conducting membrane and the incoming gas. At high cell current
densities, gas permeability limits the effectiveness of thick electrode layers and
this causes underutilized portions of the electrode and limits power density.
Minimizing the electrode thickness, in this way, minimizes underutilized regions
further away from the electrolyte (12). Modeling work at the NRC has shown that
multi-objective optimization techniques can uncover Pareto optimal fronts and
generate optimal design choices in catalyst layer development related to

thickness and grading of electrode species (13, 14).
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1.3.2 Direct and indirect techniques for low-platinum loading

Recently, Wee et al. performed a review of fabrication methods for low-Pt-

loading electrocatalysts (15). Additionally, Saha et. al have discussed

approaches for lowering platinum loading (16). These deposition techniques are

shown in Table 1.

Table 1: Techniques and Institutions involved in low platinum loading electrodes

Technique & research Short description Pros & cons

institutions involved and variants

Modified thin film — Decal transfer — Pros

traditional printing catalyzed layer is cast e Well established
onto a PTFE blank and manufacturing
then decaled onto a technique

membrane

CCM catalyst coated

membrane — catalyst

layer directly cast onto

the electrolyte

e High volume
manufacturing

e Firmly explored
in literature and
modeling

Cons

e Controlling Pt
particle size with
Pt/C > 40% is
difficult (loss of
surface area)

e Difficult

uniformity of
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Technique & research Short description Pros & cons
institutions involved and variants
deposition in
large scale
production

High cost due to
several complex
processes/steps
Limited by how
thin electrode

can be
manufactured
Electrodeposition/pulsed | Platinum is Pros
electrodeposited onto a e Platinumis

electrodeposition

B. Popov — University of
South Carolina(17)

O. Antoine - Université de
Geneve(18)

R. Durand -
CNRS/ENSEEG(18)

non-catalyzed carbon
electrode in a

commercial plating bath

theoretically
deposited at the
most efficient
contact zones for
the ionic and
electronic
pathways of the
substrate

Pt/C wt. % to up 75%,

without coarsening,

near electrode surface,

thereby achieving a 5

um thick catalyzed
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Technique & research Short description Pros & cons
institutions involved and variants
layer with Pt
preferentially
near the
electrolyte.

Cons

e Residual CI" ions
from
chloroplatinic
acid may poison
part of catalyst

e Strongly diffusion
limited by Pt-
complex

Concern over scalability

Sputter deposition —
CCM and GDL

substrates

A. Haug — University of
South Carolina and UTC
Power(19)

R. O’'Hayre - Stanford
University Rapid Prototyping
Laboratory(20)

A vacuum evaporation
process removes
portions of a coating
material and deposits a
thin film onto an
adjacent substrate
Technique is well
understood in
integrated circuit

manufacturing

e Precise Pt
content and
thickness

e wide range ot
thickness
available (<1nm
to several
microns)

e Proven

scalability
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Technique & research

institutions involved

Short description

and variants

Pros & cons

P. Brault — CNRS Polytech
Orleans(21)

Cons

Cheap direct
deposition

method

Performance
falls behind
conventional, ink
based cells
Recognized poor
durability

Poor adherence
leading to
greater
probability of
dissolution and
sintering (22) —
although this is
disputed (23)
Smaller particle
size of sputter
deposited Pt
hinders water
management
Denser layers
than traditional
alternative
evaporation

methods
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Technique & research Short description Pros & cons
institutions involved and variants
Sputter deposition — Pros

organic whiskers

M.K. Debe — 3M(24)

Thermal growth of a
‘screw’ dislocation non-
conducting polymer
pigment followed by

platinum sputtering

e High volume
manufacturing

e Good
performance

e Advanced stage

of understanding

e Water
management

e High capital
costs

e Durability of
electrodes

Dual ion beam assisted

deposition

M. Saha — Northeastern
University(16)

A. Gulla — E-Tek(25)

A combined physical
vapor deposition (e-
beam evaporation) and
ion-beam bombardment

process

Direct metallization of
GDL

Low-density Pt deposits

(mostly amorphous)

e Thin layers of
25-75 nm thick

e No need for
support medium

e Morphology can
be controlled by
ion-beam
bombardment

Cons
e Requires

vacuum
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Technique & research Short description Pros & cons
institutions involved and variants
Pulsed laser deposition Cons
To date only performed ¢ Requires
on anode and no follow vacuum

N. Cunningham - INRS-
Energie, Matériaux et
Télécommunications(26)

up work

¢ No cathode
performance

data

Aerosol Assisted
Deposition (AAD)

P. Haldar — College of
Nanoscale Science and
Engineering SUNY (27)

Sonicate an aerosol of
chloroplatinic acid and
carry with argon to
heated substrate in

furnace

Pros

e can grow a wide
range of
morphology from
isolated islands
of platinum to
porous films

e XPS shows no
trace chlorine
and well resolved
metallic platinum
peaks

e Particle sizes
range from 4-30
nm

e Demonstrated on
carbon

nanotubes
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Technique & research Short description Pros & cons

institutions involved and variants

Cons
e Lab scale
experiments only
on 17 samples
¢ No co-deposition

option

1.3.3 Manufacturing process as a determinant of performance

The performance of an electrode depends on the physical characteristics
of the final product, which in turn is affected by the processing techniques
involved in manufacture (28)(29). The electrocatalytic activity of Pt/C catalysts is
influenced by many factors, such as average particle size, relative crystallinity,
presence of surface groups, surface morphology, and the nature of the
platinum/carbon/ionomer interface. Therefore, when Pt/C catalysts are prepared
using different methods or different brands of carbon support, many factors can
influence their electrocatalytic activity and durability, leading to confusing results
and erroneous conclusions(30). For example, research examining platinum
particle size effects using Pt/C catalysts prepared by different methods, Attwood
et al. found that the best average size of Pt particles in a Pt/C catalyst for
methanol oxidation is approximately 3 nm (31). Frelink et al. indicate that the
electrocatalytic activity of Pt/C catalysts for methanol oxidation decreases as the
Pt particle size decreases in the range 4.5-1.2 nm (32). Takasu et al. came to a
similar conclusion using a Pt catalyst supported on glassy carbon electrodes with
Pt particle sizes from 7 to 2 nm (33). Watanabe et al. reported that no Pt particle

size effect was observed when Pt/C catalysts with different sizes of Pt particles
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on different carbon supports were prepared by the same method (34). Therefore,
it is important to understand not only the physical attributes of the product but
also the relative merits of each specific manufacturing technique and what

processing factors may have net positive/negative impacts on the final product.

1.4 Open atmosphere thermal spraying

1.4.1 Overview

Thermal spraying techniques, which include plasma spraying, are common
techniques used in the literature to produce films of SOFC electrode/electrolyte
materials, but not for PEM type fuel cells. Plasma spraying usually involves
passage of a solid powder to a DC or AC plasma, subsequent melting of the solid
particles, and formation of splats of material on the substrate. The length of time
in the plasma depends on the type of torch, gas flows and plasma shaping
devices (i.e. cooling shrouds). Alternatively, lower energy technologies have
been explored as possible alternate deposition techniques to plasma spraying.
Worldwide research has led to the development of many similar techniques for
open atmosphere lower energy flame depositions. These research developments
include the Reactive spray deposition technology (RSDT) in Canada at the NRC-
IFCI (35, 36), flame assisted vapor deposition (FAVD) in the UK at the Imperial
College of London (37, 38), oxy-acetylene combustion assisted aerosol-chemical
vapor deposition (OACAACD) in China at the University of Science and
Technology of China (39) and combustion chemical vapor deposition (CCVD) in
the United States at MicroCoating Technologies (40-42), Georgia Tech (43), and
North Carolina State University (44). A doctoral thesis was also completed by Y.
Liu at Georgia Tech examining the effects of CCVD processing parameters on
nano-structured cathodes for SOFC applications (45). The different names are
synonyms for a set of processes that involve pumping a dissolved metal-organic

or metal-inorganic precursor through an atomizing nozzle and combusting the
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atomized spray. Differences in the process occur by how atomization of the spray
is accomplished and the method or direction of precursor introduction into the
reactive zone. For instance, nozzles can atomize by ultrasonics, air shear, liquid
pressure, and heat or a combination of energy inputs.

Precursor solutions containing dissolved metal-organic reactants required in
the deposited film are generally pumped under pressure to the nozzle by use of a
syringe or high-pressure liquid chromatography (HPLC) pump. In addition, some
techniques feed the precursors to the nozzle as an aerosol and the nozzle is not
used for atomization but rather for providing ignition energy to a flame. In yet
another version of the technique, a dissolved liquefied gas is added to the
precursor solution to aid in atomization through a technique known as
supercritical fluid atomization. Regardless of the nozzle type, the atomized spray
is then combusted by an ignition source such as a single pilot flame from a point
source or a ring of pilots surrounding the exit of the nozzle. An optimal ignition
point must be chosen, since igniting too close to the exit of the nozzle results in a
fuel rich mixture that does not burn easily, while igniting too far away results in an
oxidant rich mixture. Pilot gases consist of methane and oxygen or an oxy-
acetylene type gas.

Depositions onto substrates usually occur by impinging the flame on the
desired substrate and allowing the reaction to occur long enough for the desired
thickness of film. If a nano-structured or dense film is desired, then the flame
should penetrate the boundary layer of the substrate. Longer flames (i.e.
distance from nozzle to substrate) and higher concentrations of precursor
material favor nucleation of particles and agglomeration prior to the substrate
rather than growth from the vapor phase directly on the substrate. This results in
a powdery agglomeration of particles with poor adhesion. Care must be taken to
prevent thermal shock to the substrate by controlling the heat up and cool down
to deposition temperatures. This is generally done by heating the substrate from
the back by resistive heaters or by another flame. Alternatively, the flame can be
directed at a sheet of cooling air, water or a cooled metal surface for collection of

powder particles instead of a growing film.
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1.4.2 Open atmosphere flame based deposition systems

There is diversity of design in the systems developed separately around
the world for open atmosphere flame spraying. Major differences include method
of atomization, type of atomizer, solution injection geometry, and the fuel used in
the flame. Xu and colleagues at NC State used a TQ-20-A2 Meinhard nebulizer
for atomizing and a single point pilot flame for ignition of the atomized spray (46).
In addition, a heating torch was applied to the back of the substrate holder to

minimize the thermal gradient between the front and back of the substrate.

— | Reagent
2 =22 | Solutions

Figure 2: Experimental setup for liquid fuel combustion CCVD as reported by Xu et. Al (49)
[© Surface and Coatings Technology, 2004, by permission]

Meng and researchers at the University of Science and Technology in
China used a modified oxy-acetylene torch with a 2 mm diameter and fitted at an
angle of 45° to the substrate (39, 47-52). Precursors were supplied to the torch
by means of an ultrasonic nebulizer injecting directly into the torch. The oxy-
acetylene flame core reaches temperatures as high as 3000 C. Unlike other

versions of this technology, the flame is not produced by the precursor solvent
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but by an oxy-acetylene gas mixture. This process has been named oxy-

acetylene combustion assisted aerosol-chemical vapor deposition (OACAACVD).
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Figure 3: Diagram of oxy-acetylene combustion assisted aerosol-chemical vapor

deposition as developed by Meng et al (56). [© Thin Solid Films, 2000, by permission]

Researchers at Georgia Tech and nGimat (formerly MicroCoating
Technologies) are using the only known commercialized system for combustion
chemical vapor deposition (42, 43, 53-55). The system consists of a proprietary
spray/combustion nozzle, the Nanomiser®, that functions on pressure and heat
input for formation of very small droplets that are then combusted by a ring of
methane/oxygen pilot lights. The solution is delivered under pressure to the
nozzle and heated prior to exit.

Steele and Choy at the Imperial College of London have been using a
system of deposition named flame assisted vapor deposition (FAVD). The
system was first reported in 1995 and work on SOFC cathode materials was
published in 1997 (56-58). The process consists of an air atomizing nozzle and a
separate flame. The air atomizer is directed at a substrate on a hotplate and a
flame is arranged perpendicularly to the air atomizing spray jet. The atomized

spray passes through the flame and onto the substrate.
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Figure 4: Diagram of flame assisted vapor deposition (FAVD) process as developed at the
Imperial College of London (62). [© Journal of the European Ceramic Society, 2004, by

permission]

Dr. Pratsinis developed flame Spray Pyrolysis at ETH in Switzerland. A
variety of products have been synthesized by FSP, as for example, silica (59),
bismuth oxide, ceria(60), zinc oxide, zinc oxide/silica composites,
platinum/alumina. Figure 5 shows a 35 cm height HMDSO/EtOH spray flame
producing 300 g/h of fumed silica using oxygen as dispersion gas. This material
is called fumed silica because the traditional manufacturing process involves
chemical gasification of silicon, oxidation of this gas to silicon dioxide, and
thermal fusion of the resulting dust. The particles are collected in a baghouse

filter unit.
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Figure 5: Flame Spray Pyrolysis (FSP) developed at ETH-Particle Technology Laboratory
(61). [© Journal of Aerosol Science, 2002, by permission]

1.4.3 Flame processing process parameter identification

Examples of flame processing and parametric studies related to direct
deposition of electrode materials for PEM electrodes are sparse. Therefore a
review has been done of materials deposited by flame based processing for
higher temperature direct deposition of SOFC components. Theoretical models
describing combustion consider a double-film model for droplet combustion. In
this model, an inner film separates the droplet surface from the flame front, and
an outer one separates the flame front from the surrounding oxidizer (61). The
rate of combustion and evaporation is dependant on the size of the generated
droplet. As the droplet size decreases, the rate of evaporation of the droplet
increases significantly. Therefore, generating smaller droplets in the atomizer can
accelerate the combustion rate. The oxidant/fuel ratio results in different
temperature profiles and determines the oxidative strength of the flame. It has
been found that higher mixing ratios result in higher maximum temperatures in
the flame and lower temperatures at a fixed point due to shortening of the flame

length with increasing oxidant. Eventually, excess oxygen will serve to cool the
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flame. The temperature profile of the flame will certainly affect the chemical
reactions occurring and the ratio of products to reactants at a given distance from
the nebulizer. Xu found that the YSZ (111) orientation was favored at oxygen
flows of 2.0 L/min and 1.2 L/min but at intermediate flows of 1.6 L/min the YSZ
(200) orientation was favored on single crystal MgO (100) substrates(62).

Substrate temperature is another important processing parameter that
affects adsorption/desorption, reactivity and diffusivity on the substrate surface.
According to the Movchan-Demchishin zone classification of thin film growth,
there are three distinct morphological zones (63). These zones correspond to the
ratio of substrate temperature to the melting point of the deposited film, in K
(T/Tm). The three zones are zone I: (T/Ty) <0.3, zone 1l: 0.3<T/T»<0.5, and zone
[lI: 0.5< T/T<1. Zone | microstructure is characterized by low density tapered
grains with domed tops. Zone Il microstructure exhibits more columnar
microstructures and the activation of surface diffusion. Zone Ill microstructure
exhibits relatively large equiaxed grains and the activation of bulk diffusion. The
model has since been refined to include a transition region (Tr) between zones |
and 11(64). Polly et. al studied the deposition of zinc oxide on amorphous quartz
(65). They found that the nodular growth exhibited in zone | depositions was
most likely due to localized shadowing of surrounding nodules. They further
speculate that the deposition occurs preferentially at the tops of the tallest
nodules and this depletes the reactants from the gas phase before reaching the
underlying regions. This preferential growth means that atoms do not have
sufficient mobility to move to a crystalline site and the films are amorphous. The
transition from amorphous to crystalline depositions of zinc oxide on amorphous
quartz occurred in the (TRr) region. It was further found that increasing the
solution concentration from 2.5 mM to 40 mM shifted the transition temperature
from 0.28T, to 0.36 Th,.
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1.4.4 Flame based processing for PEM manufacturing

Recent advances in aerosol and combustion science and engineering now
allow scalable flame synthesis of mixed oxides, metal salts, and even pure
metals in the form of nanoparticles and films with closely controlled
characteristics. Flame processes are classified into vapor-fed and liquid-fed,
depending on the phase of the metal precursor. Liquid-fed flame processes are
distinguished by their flexibility in producing materials of various compositions
and morphologies that result in unique product functionalities. The general
principle behind flame synthesis of materials is the decomposition and oxidation
of evaporated metal precursors in a flame, thereby forming stable gaseous metal
or metal-oxide atoms followed by nucleation, aggregation/agglomeration and, to
some extent, coalescence of aggregated nanoparticles. These flame-produced
materials are in many cases attractive since they are formed directly in one step,
and in the desired phase. For instance, in many wet-chemistry processing routes
platinum catalyst is precipitated onto a carbon support and there is the need for a
calcination step to obtain the desired crystal phase and to strengthen bonding. In
contrast, the high temperature conditions in the flame allow platinum
consolidation, bonding, and crystallization directly. Thus, flame synthesis is a
flexible synthesis method where the product properties can be tuned by changing
the composition of the precursor gas and the flame operating conditions. A quick
quench-cooling of the product gas after a short residence time in the flame can to
some extent control the specific surface area of particles. The main process
variables are: flame peak-temperature, residence time at elevated temperature,
and precursor loading/composition.

Large scale success stories of industrial manufacturing using flame based
processing are best exemplified in the manufacture of titania and carbon black.
Professor Pratsinis at ETH in Switzerland has produced many patents and
papers in this area, but his work has been limited to flame processing in an
enclosed chamber or fluidized bed for nanoparticle formation (66-69). In these

processes, the product particles are collected on filters and packed for shipping.
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However, flame processes can be applied directly to substrates to produce films
with a single metallic phase or in conjunction with a secondary spray. In all

cases, particles are formed once the volatile metal compounds are converted to
stable metal oxide or metal nanoparticle in the high-temperature environment of

the flame.

1.4.5 Reactive Spray Deposition Technology

The National Research Council of Canada’s Institute for Fuel Cell
Innovation (NRC-IFCI) has further developed the flame based deposition model
and modified it for PEM fuel cell applications. Flame based PEM electrode direct
deposition has only been pursued by a relatively small amount of researchers
mostly through efforts at nGimat, formerly MicroCoating Technologies (70-73).
The NRC-IFCI has also been active developing a proprietary version of the flame
based deposition equipment, novel electrode compositions and improved
processing methods for PEM cathode applications. The process developed at
NRC-IFCI involves a thin-film catalyst layer directly deposited on an electrolyte
membrane with a flame spraying process called the Reactive Spray Deposition
Technology (RSDT). A formal patent for the equipment and processing methods
is currently in prosecution (74). RSDT differs from CCVD in the method used to
produce the heat necessary for atomization, the precursor solution storage and
delivery, precursor solution formulation and equipment geometry. RSDT uses
induction heating to elevate the temperature of the precursor liquid in the spray
nozzle and components, which are commonly used in the supercritical HPLC
(high performance liquid chromatography) and RESS (rapid expansion of
supercritical spray) industries for storage and delivery of solutions. RSDT allows
the possibility of actually passing a supercritical solution into an atomizer rather
than having the atomizer take a solution to the supercritical point in the nozzle
prior to exiting as a spray. The off the shelf components for RSDT allow

extremely high injection pressures of up to 5,000 psi and temperatures up to 150
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°C to be reached prior to introduction into the nozzle. This expanded capacity
allows the number of solvents and concentration of specific precursors used for
solution preparation to be increased compared to only using the liquid state. A
distinguishing feature of particle formation with supercritical fluids, versus using
only liquid precursors, is the fast attainment of uniform conditions and of super-
saturations in the carrier fluid, which favor the formation of small, monodisperse
particles.

Previous incarnations of the RSDT process only allowed deposition onto
substrates at temperatures greater than 500°C or at very large distances
between the flame and the substrate if temperature was a constraint. Method
development at the NRC-IFCI has progressed to allow for direct catalyst coated
membrane (CCM) depositions onto heat sensitive polymer electrolyte
membranes. This has been accomplished by use of a quench gas incorporated
into the flame zone of the process. The modified process also allows for
introduction of carbon and Nafion® after the flame gasses have cooled to avoid
thermal damage to the ionomer.

In flame synthesis, the residence time and temperature of the flame zone
must be sufficient to transform the volatile precursors into metal particles and to
reach the desired crystalline structure of particles formed by a
collision/coalescence process. Further exposure to high temperature results in
loss of valuable surface area by sintering, but this can be avoided using quench-
cooling. After dissolving Pt precursors in appropriate solvents, a solution is
sprayed through a nozzle to produce micron-sized droplets that burn out in a
flame, resulting in metal atoms and/or metal oxide molecules in the gas phase.
NGimat used a novel atomizing device, referred to as the Nanomiser®, because
of its ability to produce an aerosol of controlled size down to the sub-micron
range, from 0.002 to 4 L/min flow rates, without the need for any external
atomizing gas(75). The ability to produce small-size droplets with narrow size
distribution is of critical importance because precursor solutions are converted to
an ultrafine mist that is then combusted into a vapor. The size of the aerosol

influences the physical characteristics of the generated particles. In addition, the
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process can be used without combustion of the aerosol, to spray polymers for
oxygen barrier film applications or for powder formation(76, 77). Precursor
preparation involves metal nitrates or metal organics (i.e., 2-ethylhexanoate or
II,IV pentanetdionate), among others, that are dissolved in suitable solvents,
which also act as a fuel for combustion. Water-soluble precursors may also be
dissolved in water and then mixed with a miscible fuel and used in the process.

The nGimat method, referred to as NanoSpray>™ Combustion Processing,
and the proprietary Nanomiser® were not used in this study due to patent
protection and licensing restrictions(78). This nGimat method for platinum,
carbon and ionomer deposition involves two Nanomiser® nozzles directed at
180° to one another and parallel to a gas diffusion layer substrate. The setup is
shown in Figure 6. The Nanomiser® nozzles generate platinum vapors which are
quenched by a slurry stream introduced orthogonally to the substrate and
Nanomiser® nozzles. The slurry consists of an isopropanol liquid base, Vulcan
XC-72R carbon, and Nafion® ionomer(72).

Gas diffusion medium substrate

IR platinum vapors
:‘ I -:
Nanomiser® 1 \ Nanomiser® 2

Nafion®, carbon and isopropanol slurry
slurry nozzle

Figure 6: Microcoating Technologies, Inc. proton exchange fuel cell manufacturing

technique (83).

The manufactured gas diffusion electrode is then pressed at an elevated
temperature onto a suitable electrolyte for the final membrane electrode

assembly.
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1.5 Rational cathode design

1.5.1 Nafion content

High performance toward oxygen reduction requires good accessibility of
reactant to the active sites of the cathode, fast interfacial electron transfer
kinetics, fast electron transport through the hydrophobic carbon support, and
proton transport through the hydrophilic Nafion-ionomer®. Electron transport
resistance is normally negligible compared with proton transport resistance, so
the limiting factors for oxygen reduction are the interfacial electron transfer
kinetics, the oxygen mass transport resistances, and the proton transport
resistance in the catalyst layer. If the Nafion® content is too low, there will be
poor ionic conductivity and, conversely, too much Nafion® in the electrode will
close the percolation path for the electron transfer between catalyst particles,
resulting in worse electronic conduction and also hindering gas access to the
reactive sites (79). It is believed that for a low amount of Nafion®, the electrolyte
is preferentially located within the macro pores of the electrodes, and the ionic
resistance decreases as the pores fill with Nafion® in a percolating network.
Above a given threshold, due to the hydrophobic-hydrophilic properties of the
Nafion structure, a further supply of electrolyte does not fill up the pores but
forms films on the external surface of the electrodes, giving an additional
contribution to the overall electrical resistance. Nafion will change the porosity,
permeability, and hydrophobicity of the catalyst layer, and therefore, a proper
balance of Nafion® is a necessary part of electrode optimization.

One of the most accepted models for the physical and electrochemical
operation of the cathode is the so-called thin-film flooded agglomerate model.
This model views the catalyzed carbon particles as flooded with electrolyte and
forming agglomerates covered with a thin film of the electrolyte. The catalyst

layer consists of a macro-micro porous interconnected hydrophobic region that
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allows the reactant gas access to the surface of agglomerate regions, from
where the reactant gas diffuses through the film to the catalyst where the redox
reaction takes place (13).

Diagnostic criteria have been developed by Antolini et al. for measurement
of electrode response in order to identify performance mechanisms, especially
related to optimum Nafion® content in the electrode(79). In a comprehensive
study using impedance spectroscopy and assuming a steady-state
agglomeration model, his team was able to explain nicely the limitation
mechanisms of polarization curves, taking into account Tafel kinetics, proton
migration, and oxygen diffusion in electrodes with up to approximately 40 wt.%
Nafion®. According to Gode, cathodes controlled by either Tafel kinetics and
oxygen diffusion in the agglomerate regions or Tafel kinetics and proton transport
in the catalyst layer result in a double Tafel slope, 120 mV/dec, at current
densities >100 mA. If controlled by Tafel kinetics, oxygen diffusion, and proton
transport together, a quadruple Tafel slope of 240 mV/dec will appear at current
densities greater than 10 mA(80). It was further determined that the total current
density considering Tafel kinetics and oxygen diffusion limitations was found to
be proportional to the catalyst layer thickness and relatively insensitive to the
humidity of the oxygen. However, the current density in regions dominated by
Tafel kinetics and proton transport are found to be independent of the thickness
and much more sensitive to humidity. He further concluded that the performance
of cathodes with Nafion® content below 30 wt.% is limited by poor kinetics due to
incomplete wetting of platinum by Nafion® and by limited proton migration and
oxygen diffusion into the agglomerates. At medium Nafion® contents between
35-45% wt.%, the wetting of Pt by Nafion® is more or less complete and oxygen
diffusion into the agglomerates is the mass-transport limitation. At large Nafion
contents, > 45 wt.%, the overall porosity and average pore size decrease
quickly. At this point, oxygen diffusion is limited not only in the agglomerates but
also into the cathodes larger meso-pores as well, due to the decreasing

percolation network of the pores.
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In the same paper(80), Gode et al. experimentally performed gas and
mercury porosimetry to examine different wt.% of Nafion® to examine the
relation between pore size and pore volume. Gode confirmed a statistical
maximum of the pore size at 50—100 nm. It increases from 65 to 100 nm when
increasing the Nafion® content from 10 to 30 wt.%, and decreases back to 50 nm
at 50 wt.%. The slight pore size increase corresponds to only a slight decrease in
pore volume fraction in this region, as shown in Figure 7. Conversely, the pore
volume decreases drastically from 30-50 wt.%. The increase of the pore size
maximum indicates that the opening of the pores between the agglomerates is
enlarged, even though the total porosity is slightly decreased, as shown in Figure
7. At higher Nafion loading (50 wt.%), the porosity has drastically decreased and
the pore size maximum has become smaller (50 nm), leaving a cathode porosity

of only 10% at Nafion contents above 70 wt.%(80).
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Figure 7: Volume fraction of gas pores, Nafion® and Pt/carbon as a function of Nafion®
content in the electrode. Numbers above x-axis represent pore size (80). [© Electrochimica

Acta, 2003, by permission]

Parallel work by Passalacqua et. al (79) reported on differences in the
Tafel slope between 62-92 mV/dec depending on Nafion® loading but they did
not analyze the change in slope at higher current densities as done by Gode et

al. They attributed the different slopes to variations of the inter-phase conditions
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and report that the influence of different rate determining steps for ORR is a
function of Nafion® loading. A Tafel slope of 60 mV/dec has been explained by
Srinivasan as a reaction pathway of oxygen reduction where the reaction
involves an initial fast charge transfer step followed by a chemical step, which is
rate limiting under Langmuir conditions (81). The Tafel slope assumes a higher
value for low O, concentration, due to mixed activation/mass transport control; by
increasing the O, concentration, the mass transport limitations are overcome. Li
et al. found that the mechanism of oxygen reduction was not influenced by the
Nafion® loading (82) and similar results by Passalacqua, contradicting his earlier
work, were confirmed in a later paper (83).

Optimal Nafion® content has also been found to depend highly on the
manufacturing technique. When Nafion is incorporated into the electrode by
impregnation, the optimum value is lower than with techniques using mixing. This
behavior is explained by the difficulty of the ionomer to reach the inner catalyst
particles by impregnation. Above a certain amount, this fabrication technique
tended to form a film of Nafion® and retard oxygen diffusion. Mixing the catalyst
with polymer allows for a better distribution and penetration into the entire
carbon/pore network. It was also found with the impregnation method that PTFE
tended to coat the active sites and co-formulation with the Nafion®-ionomer
required a lower optimum value(84).

Thin film and high dispersion techniques, which allocate platinum particles
in a close proximity to the membrane surface to optimize the activity, are
attractive avenues for electrode development. These techniques include
electrospray, sputtering, and vapor deposition techniques. Using electrospray,
Chaparro found that platinum particles land on the lowest resistance and most
energetically favorable sites due to an applied voltage of several thousand
volts(85). He used carbon monoxide (CO) stripping and found active areas of
101 m?/ge for electrospray using BEG as a solvent, but the others were in the
29-38 m2/gpt range, indicating that the optimum Nafion® ionomer solutions
containing both supported catalyst and Nafion® ionomer is highly dependant on

the dispersion solvent. Work by Malek et. al. used molecular dynamics
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simulations to perform a structural analysis of the microphase segregation
occurring during the fabrication process of catalyst layers during ink
formulation(86). Mesoscale simulations provided insights into the structural
correlations and dynamic behavior of different phases in the catalyst layer
composite. In these studies, they found that the solvent used in catalyst layer
fabrication influences the evolution of stable agglomerated configurations.

Qi et al. experimented with Nafion® contents of 20-40% using Nafion®
112 membranes and 20 wt.% E-Tek catalysts applied to ELAT gas diffusion
membranes (87) and found an optimum Nafion® content in the electrode of 30
wt.%, as seen in Figure 8 . For the electrodes prepared by Qi et al., an optimum
of 30 wt.% Nafion® was found. However, the authors do not specify what

platinum loading was used.
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Figure 8: Effect of Nafion content in the catalyst layer on performance (E-Tek 20% Pt/C,
35/45/45 °C) (87). [© Journal of Power Sources, 2003, by permission]

Other researchers have found performances of ca. 1 Alcm? @ 0.7 V, 80
°C and 43.5 psi pressure without the need for hot-pressing on Nafion 112 (51 um
in thickness)(88). Their electrodes were 30 wt.% Nafion ® and 14 wt.% platinum
and 56 wt.% (Pt/C = 20 wt.%). For loadings of 0.09 mge/cm? and 0.36 mgpi/cm?,
the porosity was measured as 84% and 77% (ratio of void volume to total),
respectively. They report porosity values of 67% for air-brush spray techniques

and 30% for GM’s decal transfer technique. Tafel slopes were calculated as 72-
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69 mV/dec, and are close to the theoretical value of 2.303 RT/F = 69.9 mV/dec at
80 °C.

1.5.2 Platinum optimization

Platinum has a face-centered cubic structure. Minimization of surface
energy of individual crystallites is achieved in the cubo-octahedral structure. This
structure has six cubic faces (100) and 8 octahedral faces (111). Structurally,
there is a relationship between the size of the crystallized platinum particle and
the number of platinum atoms exposed on the corresponding (111) and (100)

faces. The cubo-octahedral structure also contains 36 edges and 24 corner sites.
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Figure 9: Face-centered cubic structure of platinum atoms and crystal of many platinum

atoms into a particle(89). [© Journal of the Electrochemical Society, 1990, by permission]

Kinoshita was one of the early pioneers in determining particle size effects
from contradicting data in the literature (89). He defined the platinum particle
diameter by solving for the diameter of a sphere (d) whose volume is made up of
the number of platinum atoms N(t) times the atomic volume of the platinum

occupied in the unit cell, da (0.276 nm).

d = 111d_3/N(t) 2)

Figure 10 represents a view of the cubo-octahedral structure of a platinum

particle with individual platinum atoms represented as spheres. It is easy to
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envision the approximation of the entire crystal as a sphere when viewing Figure

10.

Figure 10: View of cubo-octahedral structure with platinum atoms represented as

spheres(90). [© Wiley, 1992, by permission]

In order to simplify the calculations, Kinoshita further assumed that the cubic
(100) and octahedral (111) faces contain the same number of edge atoms. With
this assumption the atomic surface distribution on the faces and edges can be

represented as shown in Figure 11.
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Figure 11: a) MAD (mass averaged distribution) of platinum atoms on the (111), (100)
crystal faces and the sum of the edge plus corner (e + c¢) sites b) Superimposed plots for
Mass activity toward oxygen reduction and MAD (100) (represented as a solid line) as a
function of particle size in different acidic environments (102). [© Journal of the

Electrochemical Society, 1990, by permission]

The distributions of surface platinum atoms for a given plane can be normalized
according to the number of atoms occupying the entire surface. This is called the
surface area distribution (SAD). Figure 11 shows that the octahedral (111) face
has a mass averaged distribution (MAD) maximum at around 2 nm (28%) while
the cubic (100) face has a mass averaged maximum at approximately 3.5 nm
(4.2%).
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Figure 12: SAD (surface averaged distribution) of platinum atoms on the (111), (100)
crystal faces and the sum of the edge plus corner (e + c) sites (102). [© Journal of the
Electrochemical Society, 1990, by permission]
The proportion of edge and corner sites decreases rapidly as the size increases;
in fact the edge and corner sites represent 65% of the total mass at
approximately 1 nm in size, and for particles of 3 nm they are at approximately
10%. The distributions are quite different for the surface averaged distribution.
Due to the fact that the surface area distributions are normalized to the total
number of platinum particles on the surface and not to the total number of
platinum particles within the volume, the distributions do not exhibit a maximum
but rather rise to a limiting value.

The octahedral (111) atoms occupy most of the available surface area,
and their proportion rises, from approximately 25% at 1 nm to roughly 70% at 6
nm. The cubic (100) faces rise in proportion from a value of near zero at 1.5 nm
to 15% at 6 nm. The edge and corner sites again rapidly fall off but in this case
the drop is less drastic. The surface area distribution of the edge and corner sites
goes from roughly 75% at 1 nm to approximately 18% at 6 nm.

There are two ways of expressing catalytic activity. Activity can be
expressed as mass activity, current per mass of catalyst, and specific activity,
which is activity per unit surface area of catalyst. The mass activity of a surface in

an electrochemical reaction is expressed in (A/gyt). The current is normalized to



38

the mass of catalyst. This is especially important due to the high cost of the
catalyst. The literature shows that there is disagreement between the
electrocatalytic activity between single-crystal platinum surfaces and the
corresponding crystal faces associated with supported platinum particles,
suggesting that ideal surfaces may not be directly applicable to understanding
electrocatalysis on small particles. Kinoshita collected mass activity versus
particle size data from other researchers and superimposed the corresponding
mass activity with the mass averaged distribution of the (100) face of the cubo-
octahedral structure, as shown in Figure 11 b. The peak in mass activity data
occurs between 3.5 and 5.5nm. This is in agreement with a maximum in
MAD(100) at 3.5 nm. It should be noted that particle size is a somewhat
simplistic treatment of the situation because in reality there is a distribution of
sizes and the purely geometric treatment considers size without correspondingly
accounting for the possibility of distributions. This may somewhat be rationalized
by the generalization that small diameters in the nanometer range are known to
contain much narrower distributions than those of larger particles.

A similar treatment of the surface area distribution of the cubic (100) plane
versus the total surface area and the specific activity shows an increase in

activity with increasing exposed (100) surface, as shown in Figure 13.
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Figure 13: Superimposed plots for Surface activity toward oxygen reduction and SAD (100)
(represented as a solid line) as a function of particle size in different acidic environments

(102). [© Journal of the Electrochemical Society, 1990, by permission]

The specific activity then reaches a limiting value, as does the surface area
distribution. The close agreement in the trend of specific activity and SAD(100)
suggests that oxygen reduction on platinum particles is a structure sensitive
reaction. Similar treatments of the SAD(111) and MAD(111) show particle size
dependence. It is worth noting that the MAD(111) is almost 7 times larger than
the corresponding value for MAD(100) due to geometrical considerations.
Therefore it is necessary to consider the contribution of the (111) face to the
overall oxygen reduction rate.

Oxygen reduction on platinum surfaces is a structure-sensitive
electrocatalytic reaction with a multi-electron transfer process that involves
several steps in its reaction mechanism and the possible existence of several
adsorption intermediates(91). Several mechanisms for the oxygen reduction

reaction have been proposed in the literature. One proposed mechanism
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involves simultaneous adsorption of the two oxygen atoms on two adjacent
surface sites of the electrocatalyst. This type of interaction requires a dual site for
dissociation of oxygen to occur. The (100) and (111) planes allow the oxygen
molecules to approach laterally, whereas the edge and corner sites are not as
favorable geometrically to allow this type of reaction pathway. Based on these
arguments it is important to have a well-defined particle size. Particles that are
too small will have a large portion of edge and corner sites that interfere with the
oxygen reduction reaction while particles that are too large lead to
underutilization of platinum and increased cost.

Determination of the Pt catalyst surface area Apt cat (also known as ECA —
electrochemical area) can be performed ex-situ by cyclic voltammetry (CV)(92).
The adsorption (cathodic current) and desorption (anodic current) peaks of
hydrogen are integrated to obtain the total current between the rise from the
capacitive double layer to vertex potential. Determination of the exact cut-off
value for integration makes determination of the surface area somewhat difficult.
CO stripping voltammetry can be carried out to determine the cathode surface
area, and is technically a better method to use, since the peak onset is
unambiguous and the shape of the CO molecule resembles the shape of oxygen.
Figure 14 shows the result of an ex-situ cyclic voltammetry experiment of an
electrode made with the Nafion®-ionomer component incorporated as a final
processing step to a preformed electrode which contained carbon supported

catalyst and polytetrafluoroethylene (PTFE) binder.
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Figure 14: Ex situ cyclic voltammogram of a cathode in 1.0 mol/dm® H2S04 at 25°C,
recorded at a potential sweep rate of 30 mV/s. The forward potential scan from +0.125 V
(vs. RHE) shows the CO oxidation peak. The reverse potential scan from +1.2 V (vs. RHE),
and the subsequent potential cycles, show the hydrogen adsorption and hydrogen

oxidation currents (103). [© Journal of the Electrochemical Society, 1997, by permission]

Catalyst surface area, (Apt, cathode) IS reported in units of m?/grtand ranges from 35
m?/gpt for 40% PY/C (using E-TEK supported catalysts) to 86 m?/gp; for 46% Pt/C
(using Tanaka supported catalysts). A comparison of the Hy, aps/H2, ges Pt-surface
area by CV determined in-situ on an MEA electrode (A pt mea) tends to show
lower active areas. The ratio of A, cathode /A pt, Mea iS referred to as MEA catalyst
utilization, upt and is a useful guide to determining optimum ionomer quantities in
the electrode. Minimization to reduce covered/isolated platinum sites must be
balanced with proton conductivity in the electrode. It should be noted that the
term utilization is used differently throughout the discipline. An alternate definition
of utilization is the electrochemically active surface area, determined by in-situ
CV of the Pt catalyst, divided by the total surface area of the catalyst. Total
surface area data can be determined from the catalyst manufacturer. In order to
increase the mass specific power density the various loss terms must be
determined and their impacts isolated. Losses occur from the following
mechanisms:

1. sluggish ORR kinetics



2. ohmic losses
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a. electronic contact resistances between the flow field and

diffusion media

b. proton movement through the membrane

3. mass-transport-losses from poor oxygen transport through the

diffusion media and electrode layer

Activities listed in the literature are often different under nominally identical
conditions. Therefore Gasteiger et al. (9) have proposed thin film rotating disk
electrode (TF-RDE) and MEA testing in O,/H; cells as methodologies to
determine mass activity (A/mgpt) and specific activity (A/lcm?py). In their study,
CCMs of 50 cm? were made with carbon/ionomer ratios as shown in Table 2.

Pt loading Pt/C Wt. % Pt wt. ratio C wt. ratio
Anode/cathode | wt. ratio Nafion Opt / 9electrode | 9 c /0 electrode
General Motors mg/cm ?
47% Pt/C (TKK) 0.4/0.4 0.47 35.2 0.20915 0.445
46% Pt/C (TKK) 0.5/0.51 0.46 35.4 0.207 0.45
20% Pt/Vu (ETEK) ]0.15/0.17 0.2 45.5 0.091 0.455
40% Pt/Vu (ETEK) ]0.37/0.38 0.4 41.7 0.17 0.425

TKK — Tanaka supported catalyst
ETEK — E-TEK supported catalyst

Table 2: Representative component weight ratios for determination of activity benchmarks

9).

The activity measurements were determined in pure oxygen to minimize mass-

transport resistances. This is a necessary condition for determining mass activity.

It is possible to determine if there are minimal mass-transport resistances if near

theoretical Tafel slopes (70 mV/decade @ 80 C) as well as high Pt-utilization

(>80%) in the MEA are present. The authors point out, however, that pure

kinetically controlled H,/O5 polarization curves are not always obtained with non-

optimized MEAs and diffusion media. In this case the mass-transport induced

losses cannot be quantified, and determination of Pt catalyst activities is

unreliable. According to Gasteiger:




43

1. The highest Pt surface area for the >40% Pt/C catalysts is ~85-90 m2/gpt

2. Specific activities indicate a negligible particle size affect in the region 2-4
nm

3. The highest mass activity is obtained for the catalyst with the highest Pt

surface area

If mass-transport losses do not increase as Pt-loading is reduced then the effect

of reduction in Pt-loading on an electrode has been proposed to be:

OE b
olog[L,, ] (3)

POy, pH,, T

In (3), Lca is the cathode platinum loading and b is the Tafel slope. This equation
means that the change in cell voltage with the logarithm of the cathode Pt-
loading is proportional to the Tafel slope. Therefore for a Tafel slope of 70
mV/decade at 80°C, a loading reduction by a factor of 2 to 4 results in a
predicted voltage loss across the entire current density range of 20-40 mV.

By analysis of the voltage loss terms for the electrodes discussed by
Gasteiger et al., it was determined that a significant increase in performance
could be achieved by reducing the mass-transport-induced voltage losses at high
current densities. Reducing the mass-transport-induced voltage losses combined
with a reduction of loadings to 0.05/0.1 mgpt /em? (anode/cathode) would result in
power densities of 0.7 W/cm? at < 0.2 gpt/kW while meeting the requirement for
energy conversion efficiency. However, at low to medium power densities,
improved cathodes with ~ 4 fold higher activity compared to Pt/C are required.

Qi et al. (87) investigated power curve performance at different platinum
loadings using Pt/C ratios of 20 and 40%. For the 20 wt.% P1/C catalyst, large
increases were observed when the loading was increased from 0.022 to 0.083
mg/cm2. After 0.083 mg/cm?, the change became much less pronounced, and a
best performance was achieved at a loading of 0.138-0.253 mg/cm?. Similarly,
large increases were observed when the loading was increased from 0.074 to

0.217 mg/cm?. After 0.217 mg/cm?, the change became gradual, and the best
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performance seemed to be reached at a loading of 0.306—0.387 mg/cm?. A
higher Pt loading is needed to achieve the best performance than when 20%
Pt/C is used, because the Pt particle size of the 49 wt.% is almost twice as large
as that of the latter (3.9 nm versus 2.0 nm).
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Figure 15: Effect of platinum loading on Nafion® 112 membranes using 20 wt.% and 40
wt.% E-Tek catalysts (87). [© Journal of the Power Sources, 2003, by permission]

Questions remain as to how much of a role the morphology of the platinum
particles plays in determining the performance of the cathode, as shown in
Figure 15. Qi et. al attribute this to the larger platinum particle size of the 40%
Pt/C particles versus the 20% Pt/C, but it is unknown how the morphology of the
deposited platinum, from different processes, plays into the shifting of this curve
to lower loadings for a given performance.
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1.5.3 Ultra-thin layers and compositional grading

The complexity of the concomitant physical phenomena that take place in
a fuel cell electrode make models and simulations of the system very difficult to
formulate and validate. Unlike better-established areas such as solid and fluid
mechanics, there is still disagreement on the details of the electrochemical and
transport mechanisms that result in the conversion of energy by combining
hydrogen and oxygen. The reason for this disagreement resides, at least
partially, in the non-trivial extension of the results from traditional
electrochemistry (e.g. kinetics of rotating disk electrodes) to the much more
complex multi-phase porous electrodes that constitute the fuel cell. In addition,
the different structural components of fuel cell electrodes contribute to the overall
cell performance in a very convoluted way, and it is very difficult to assess their
individual effects because it is not possible to control the structure of each phase
individually. RSDT is a fabrication tool that could be very useful for this kind of
assessment, because of the independent control that the technique provides
over the deposition of individual electrode constituents. One clear advantage that
this capability provides is that these constituents may be graded following an
optimization strategy, as reported by earlier work at the National Research
Council, although this benefit may be increasingly marginal as the thickness of
the electrode is diminished (93).

Carbon support and ionomer content greatly influence PEMFC behavior.
Their role is to provide a percolating electrical network for the conduction of
electrons and protons. Nonetheless, they are also the cause of technical
problems still unresolved. One clear example is carbon corrosion, a degradation
phenomenon that is especially promoted by near-OCV conditions (94). This
issue is currently driving research efforts towards non-carbon supports such as
indium tin oxide (95) or titanium nitrides/carbides (96), as well as unsupported
platinum only electrodes (97). lonomer in the catalyst layer is added as a
compromise between adequate ionic conductivity and gas porosity. The influence

of ionic conductivity on performance has also been the scope of research activity
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(98). In common with the former case, there is also interest in developing
ionomer-free electrodes, paving the way towards the use of very thin (< 1 micron)
catalyst layers. Such catalyst layers are called ultrathin catalyst layers.

Although the benefits of reducing the catalyst layer thickness down to the
submicron range are clear, the understanding of the underlying physics in very
thin electrodes is limited. Transport phenomena in very thin catalyst coated
layers (CCLs), for example, are likely different from their micron-range
counterparts. The very low thickness results in a very large volumetric water
production, implying that the CCL works virtually always in a flooded state.
Consequently, the mechanism for proton transport, traditionally assumed to
follow Ohm’s law in the ionomer, is now believed to occur in liquid water due to
the competitive interaction between concentration and electrostatic potential
gradients, and is possible because of the very low thickness of the CCL. Since
water cannot provide counter-ions for charge equilibration (like Nafion’s SO
groups) electro-neutrality cannot be rationalized. This transport mode is known
as Nernst-Plank transport without electro-neutrality.

Numerical simulation of such systems is relatively new, and IFCI’s
Modeling Group has pioneered the modeling work in this area (99), successfully
reproducing experimental results from 3M. Unfortunately, the availability of
experimental results in the open literature is scarce. The interdependence among
cell fabrication, microstructure and performance is poorly understood within the
fuel cell community. This lack of understanding and the lack of manufacturing
options offering independent control of structure and thicknesses offers a unique
opportunity for novel electrode manufacturing processes like RSDT. The RSDT
process can be used to examine traditionally unattainable structures and physical
electrode properties. The RSDT process can produce microstructural
morphologies ranging from dense metallic films and dendrite fingers to island-
clustered growth. This deposition flexibility coupled with the ability to produce an
electrode thickness governed only by deposition time and further regulated by a
precisely controlled catalyst flux allows for novelty in both thickness and

morphology. While some researchers claim that the performance limit of random



47

electrode structures has been reached(100, 101), others think that there are still
opportunities for improvement with a better understanding of the impact of
microstructure on effective transport properties and performance(86, 102).

With the RSDT process, catalyst, ionomer and carbon composition are
decoupled and independently controlled during the manufacturing process. This
capability allows for several higher-level architectural designs to be examined
with one process. Traditionally, a carbon-supported platinum ink mixed with a
proton-conducting ionomer, Nafion®, is sprayed on a suitable electrolyte or
porous gas diffusion medium. With this traditional approach, carbon/platinum
ratios are fixed by the ink composition at the start of the process. Unfortunately,
the traditionally available manufacturing processes only allow for either an
unsupported catalyst deposition (i.e. platinum sputtering) or an ink-based
process where the catalyst composition is predetermined and is already attached
to a support. There is no process that allows for both types of approaches to be
combined in a single process. RSDT allows for two types of separate deposition
modes, supported and unsupported catalyst deposition. Some of the possible
electrode architectures are platinum un-supported catalysts with microstructures
such as dense films, island clustered growth and dendrite structures. Random
phase ternary composites are also possible utilizing carbon, Nafion®, and
platinum. Additionally, combinations of composite and catalyst only can be
manufactured. Further flexibility in achieving a desired electrode thickness is
factored in when considering that the growth rate can be intentionally set to be
sufficiently small enough so that ultra-thin layers can be created. This is achieved
by limiting the number of passes the substrate is subjected to in each
experiment.

Minnesota Mining and Manufacturing (3M) is currently the leader in
structured ultra thin-film platinum and alloy catalysts deposited by vacuum
coating onto electrically inert whiskers (24, 103). The whiskers are grown from
the organic pigment N,N-di(3,5-xylyl)perylene-3,4:9,10bis(dicarboximide) referred
to as PR149. Vacuum sublimation is used to form thin films of PR149. The

PR149 vacuum deposited thin films convert by heating in vacuum a monolayer
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film of oriented crystalline whiskers by a screw dislocation growth process. A
crystalline whisker’'s morphology is determined by the ratios of surface free
energy of its side planes (Wulff's Theorem). The grown whiskers are then coated
with platinum by a vacuum coating process. The whiskers are then compressed
in the MEA manufacturing process to a thickness of ~200 nm. The vacuum
physical vapor deposition process has been scaled by 3M and exists in large
manufacturing capacity for applications related to glass tinting. A good example
of the extent their technology has been developed in terms of manufacturability
and scalability is evident at their Menomonie plant in Wisconsin(104).

Gasteiger et al. at General Motors conclude that diffusion limitations can
be addressed by reduction in thickness of the catalyst layer, and this can be
accomplished by switching to higher platinum loadings(105). Traditional
processing techniques using ink based tape casting, ink spraying or screen
printing are limited in the minimum thickness (with uniformity) attainable and
therefore new processing techniques such as RSDT show promise in the area of

novel thin electrode development.

1.5.4 Support free electrodes

Much research has been done in recent years on support free electrodes
using only platinum. Due to cost constraints this type of electrode must
necessarily be thin and yet effective at balancing the mass transport needs of the
electrode. Cell performance in the literature has been quite poor but
manufacturing has been mostly limited to vacuum based sputtering techniques.
Sputtering has been performed onto gas diffusion based electrodes and then
these catalyzed electrodes are pressed into the electrolyte layer (21, 97, 106-
108). Alternatively the catalyst has been applied directly to the electrolyte
layer(19, 20).
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1.6 Literature review summary

Societal problems related to both the production and use of energy are poised
to represent a significant challenge to humanity over the next several decades.
Climate change threatens to quickly destabilize many of the ecosystems that
have adapted to a relatively stable state in the history of the Earth’s climate.
Simultaneously, the economic concerns of society and the need for stable
governance require continuous growth in economic output. That growth, at least
in the current incarnation of the economic system, is invariably linked to the
consumption of ever increasing amounts of energy and the throughput of
material goods. The chances for long term prosperity and human health will
largely be determined by how those two competing needs are reconciled.
Coupled to this predicament is the uncertainty in supply linked to depletion of
traditional petroleum resources and society’s overreliance on this one source of
energy for over 95% of its transportation needs.

One thing seems clear and that is that a multi-faceted approach to
diversification of supply, more efficient uses of existing supplies and innovative
ways to store excess electrical capacity from renewables are crucial to any
energy system of the future. While there is no one techno-fix “answer” to these
complex issues there are pieces to the puzzle. Proton exchange fuel cells offer
the potential to provide zero emissions at the point of use and coupled to
electrolysis fueled by excess capacity generated by wind and solar offer, the
potential to offset some of the current need for a convenient transportable energy
vector.

Proton exchange fuel cell commercialization is stymied from penetration
into the market by both cost and durability. The majority of the cost associated
with the fuel cell is the platinum catalyst used in converting oxygen and hydrogen
to water and electricity. The electrodes that house the catalyst account for over
50% of the cost of the cell. The past four years have seen the prices of platinum,
and commodities in general, increase from $400 USD per troy ounce to in excess

of $2200 USD per troy ounce. The recent troubles in the credit markets and the
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specter of a slowdown in the international economy has seen those prices
plummet, and platinum was recently trading less than $1150 USD per troy ounce.
In order to meet the targets set out by the Department of Energy for
transportation applications, market penetration will require platinum specific
power density reduced to 0.2 gp,/kW at >0.65 V (0.3 mgpi/cm?) total loading for
both the cathode and anode.

Platinum particle size, effective catalyst placement in the electrode and
resistance to agglomeration under OCV conditions is crucial to address cost
effectiveness and durability of next generation electrodes. A particle size of 3-5
nm is optimal with smaller particles interfering with the rate of the structure
sensitive reaction due to the edge and corner effects of the cubo-octahedral
shape of the particle. Particles larger than 5 nm suffer from ineffective use of
platinum atoms not located on the surface and thus represent underutilization of
the expensive catalyst. Current manufacturing techniques suffer from the
unwanted growth in platinum particle size with increased weight percent on the
support. An optimum balance must be struck between the need for a percolating
network of Nafion® for proton transport and pores for gas and water transport.
The method of electrode manufacture appears to have a large impact on where
this balance is struck but the optimum appears to be near 30 wt.% Nafion® in the
electrode. The platinum loading must be reduced while still providing an
acceptable level of performance. The platinum particle size effects of this
relationship are understood. Less understood is the optimal positioning of the
platinum in the electrode layer, catalyst grading and catalyst microstructure on
this relationship. A clear thread toward thinner electrode thickness is evident in
the literature. Development of reduced thickness electrodes requires higher
weight percent catalyst on carbon supports. Unfortunately, existing
manufacturing techniques encourage platinum particle coarsening as the weight
percent moves from 20 wt.% to 40 wt. % and higher(109). This manufacturing
gap is one area that can be addressed by Reactive Spray Deposition

Technology.
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New manufacturing techniques that offer independent and real-time
control of composition and morphology while offering simultaneous support free
and supported catalyst architecture are exciting avenues for fuel cell
development. The move to thinner layers and optimized placement of catalyst in
the layer where it is most active render many traditional processing techniques
inadequate or lacking. This is especially true as electrode layers become
increasingly thinner and uniformity becomes problematic. Reactive Spray
Deposition Technology (RSDT) offers the possibility of addressing many of the
manufacturing issues stated in a continuous process that is amenable to roll-to-
roll direct catalyst coated membrane (CCM) processing. This method of open
atmosphere combustion deposition has been reported sparsely in the literature
for ceramic and cermet oxides but aside from industrial work done by
Microcoating Technologies, as Combustion Chemical Vapor Deposition (CCVD),
and a few preceeding summaries, this technique remains underdeveloped in the
peer reviewed literature. Knowledge gaps clearly exist in determination of
optimal processing parameters, microstructural characterization, surface
characterization, and cell testing to begin vetting the full potential of this

technique for polymer electrolyte membrane catalyst development.
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2 Reactive spray deposition system description and

experimental setup

The open atmosphere flame based deposition system used in this project is a
novel deposition system fabricated at the National Research Council Institute for
Fuel Cell Innovation (Vancouver, BC). In its most basic embodiment the system
consists of a reservoir for holding a liquid, a pumping mechanism, a combustion
nozzle to provide atomization of said liquid and a means of combustion for the
atomized spray. The combusted spray is then directed at a substrate for

deposition of a film or directed at a collection means such as an electrostatic

precipitator or filter for powder collection.

X,y,z motion slider

process gas , combustion nozzle
rotameters : induction coil power

combustion nozzle temperature
feedback controller

linear motion controller & power
supply

Figure 16: RSDT hood enclosure and peripheral controls
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The pumping equipment used in this work consists of a Teledyne Isco
500D syringe pump (Teledyne Isco, Inc., Lincoln, NE). The precursor solutions
are contained in a modified sanitary sight glass Tee assembly available from

Rodger Industries (Blenheim, Ontario), herein referred to as a pressure vessel.

Figure 17: A) Precursor pressure vessel B) Isco 500D syringe pump, backside of gas

panel rotameters and HPLC pump for cleaning

Two viewing ports and two cap plates were also added. The top cap plate
contains two ports, one for filling and the other for discharging a liquefied gas
such as propane. Liquefied gas, in this thesis, refers to a substance that is gas at
room temperature and pressure but liquefies with applied pressures of less than
300 psi at room temperature. One port contains a drilled-through fitting in which a
length of tubing acting as a dipstick is inserted to the very bottom of the pressure
vessel. The other port consists of a two-way valve for venting the liquefied gas.
This vessel is used to contain precursor solutions. The solutions are made by

dissolving platinum Il, IV pentanedionate into an appropriate solvent and then
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capping the vessel. The chemical structure of platinum IlI, IV pentanedionate

(commonly called platinum acetylacetonate) is shown in Figure 18.

Figure 18: Chemical structure of platinum Il, IV pentanedionate

Once the vessel is capped and tightened the vessel is filled with a liquefied gas.
Platinum precursor solutions are made in concentrations below 0.1 M.

A novel nozzle to spray and combust the precursor solution was fabricated
to include three distinct sections. These sections include a replaceable tubular
insert, an induction coil wrapped around the back two thirds of the tubular insert
and a gas routing head into which the front one third of the insert was positioned.
The replaceable tubular insert consists of two lengths of stainless 316 tubing
soldered together. The two lengths of stainless steel have different inner and
outer diameters. A thinner tube is inserted into the thicker tube, soldered with
argon flowing through the two lengths to prevent excessive oxidation inside the
tubing. Once soldered together, these two pieces are referred to as the needle.
Wrapped around the back two thirds of the needle is an induction coil. The
induction coil is placed directly behind the gas routing head and electrically
insulated with a piece of alumina. The circular gas routing head consists of a
central port for insertion of the needle, two ports for introduction of burner gases,
and a fourth inlet port for a spray shaping gas. The RSDT nozzle is attached to
an Isel® three axis motion controller which is controlled by an Isel® Schrittmotor
C142-4 controller (Techno, Inc., New Hyde Park, NY).

After the burner nozzle, an air quench system is aligned with the main
burner. It consists of two air knives angled at 56° from centerline of the nozzle

and supplied by compressed air. They sit atop a positioning system to precisely
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control their linear distance from the nozzle exit, their distance between each
other, and angle from the centerline. Immediately following the quench system is
a set of secondary spray nozzles. The pair of slurry nozzles also sit atop a linear
positioning system that also controls distance between nozzles and distance
from quench nozzles and also the angle to spray centerline. The liquid to the
secondary spray nozzles is supplied by a model NE1600 syringe pump (New Era

Pump Systems, Inc., Wantagh, NY) using two 60 ml syringes.

Figure 19: Side view of reactive spray combustion nozzle, pair of air quench nozzles and
pair of slurry nozzles
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Figure 20: Front view of - reactive spray combustion nozzle, pair of air quench nozzles,

and pair of slurry nozzles

A carbon/ Nafion® ionomer slurry solution is prepared by carefully
weighing Vulcan XC-72R (Cabot Corp., Billerica, MA), adding the desired amount
of solvent and then stirring the solution for ~10 minutes on a stir plate. To this
solution is added the required Nafion® perfluorinated resin solution (Sigma-
Aldrich, St Louis, MO); consisting of 5 wt.% in a mixture of lower aliphatic
alcohols and water. The solution is then sonicated, while being stirred, using a
Misonix 3000 sonicator (Misonix, Inc., Farmingdale, NY).

Samples were mounted to a specially fabricated aluminum backplane with
3 - 5 X 5 cm mask sections spaced 3 cm apart and 3 cm from each edge side as
shown in Figure 21. The sample holder is 27 X 10 cm in dimension and can
simultaneously hold 3 samples at one time. Temperature is monitored by use of
a thermocouple placed just above the upper right hand corner of the third sample
that is hooked up to a LabView monitoring system. Pump pressure, flow rate, and

temperature are recorded and logged.



Figure 21: Mask used for 5 cm X 5 cm sample deposition area

The parameter inputs for the RSDT nozzle, quench nozzle and slurry nozzles are

listed in Table 3.

independent RSDT nozzle parameters

unit area of interaction

metal deposition rate, platinum
platinum metal solution morphology, droplet size and back
flow rate mL/min |pressure

droplet size, dryness of droplets, back
nozzle temperature °C pressure and spray stability

spray angle, flame velocity, laminar or

turbulent flame, oxidizing potential of
collimating gas SLPM [flame and substrate temperature
pilot oxygen SLPM |maintain combustion of spray
pilot methane SLPM [maintain combustion of spray

independent guench nozzle parame

erS

stops reaction in flame, cools reaction
zone, cools substrate, rate of deposition

quench air flow rate SLPM |and determines deposition pattern
0 from |deposition pattern, substrate
quench angle centerline [temperature and causes eddys

independent slurry nozzle parameters

substrate temperature, ratio of metal to

slurry solution flow rate mL/min Jionomer and carbon
slurry nozzle air pressure psi droplet size
6 from
slurry nozzle angle centerline [spray pattern and splatting

Table 3: Independent variables and common values for RSDT nozzle, quench nozzles and

slurry nozzles
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The exact values of these parameters are not listed due to intellectual
property restrictions covered United States Patent Application 20080280056.
Many of these variables require further optimization to increase deposition
efficiency, improve repeatability and reduce process material costs. Clearly, an
enclosed shroud system to confine process gas, manage heat and direct the
expensive catalyst to the substrate is warranted. Slurry flow rates were chosen to
prevent solvent drips on the substrates and the carbon concentration was chosen
to match platinum deposition rates for the required Pt/C weight ratio. The
liquefied gas to solvent ratio was chosen so that the platinum II, IV
pentanedionate remained in solution while still providing a steady non-pulsating
flame. The stability of the flame was also a function of the operating temperature
of the nozzle. If the nozzle temperature is too high for a given flow rate and
solvent/liquefied-gas ratio, then pulsation in the spray would occur. Further
increases in temperature caused precipitation of the solute and blockage of the
nozzle assembly. A pressure transducer in the pump head monitored the
presence of clogging in the nozzle needle.

System optimization requires defined product specifications such as
catalyst particle size and distribution, positional catalyst loading variation,
thickness variation, contamination and composition to monitor changes in input
parameters. This thesis lays the groundwork for a follow-up with a more detailed

set of experimental design tests related to PEM catalyst layer optimization.
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3 Preliminary compositional, structural and chemical

analysis of RSDT sprayed electrodes

3.1 Introduction

Initial experiments were performed using the RSDT spraying system as
described in Section 2. It was important to verify that metallic platinum and not
unreacted, decomposition or oxide products of the metal-organic ligand were
produced. It was also necessary to verify the size of platinum particles being
generated, the deposition rates, and electrode thickness using the un-optimized
RSDT system.

3.2 Experimental procedure

In order to check the size of the platinum particles being generated a
specially coated 3mm Cu 200 mesh TEM grid (SPI, West Chester, PA) was
placed in the path of the combustion zone at 15 cm from the nozzle face.
Samples were held in the axis of the flames path for 45 seconds. Analysis was
performed on a Hitachi H7600 transmission electron microscope with a 120kV
tungsten filament.

It was also prudent to examine cross-sections of platinum-only unsupported
catalysts as well as supported catalyst cathode layers to determine the thickness
of the sprayed layers. Preparation of cross-sections required cutting samples into
a triangular shape and encasing the samples into a resin. The resin formulation
used is generically known as Spurr’s (SPI Supplies, West Chester, PA) and is
formulated according to needed viscosity. The very soft recipe was initially used
for preparation but it was later found that the medium and hard formulations

yielded better sections.



60

ERL 4221 |[NSA DER 736 DMAE ERL/NSA |ERL/DER736
(hardner) |(plasticizer) |(accelerator)
viscosity (9) (9) (9) (9) wt. ratio wt. ratio
Very Soft 5 12.5 4 0.15 0.40 1.25
Soft 4.1 5.9 1.9 0.1 0.69 2.16
Medium 4.1 5.9 1.43 0.1 0.69 2.87
Hard 4.1 5.9 0.95 0.1 0.69 4.32

ERL 4221 - Vinylcyclophene Dioxide

NSA - Nonenyl Succinic Anhydride

DER-736 Diglycidyl Ether of Polypropylene Glycol
DMAE - Dimethylaminoethanol

Table 4: Spurr’s resin formulation used in preparation for the Ultra-cut Microtome

Once encased in the resin, the samples were then taken to the UBC
Bioimaging facility and cut on a Reichert Ultracut E microtome. Sectioning
required the use of a diamond knife as the cheaper glass knives were not straight
enough over the length of the sample to evenly section the required thickness of
60-90 nm. Since the samples are hydrophobic, insufficient adherence of the resin
to the samples presented a challenge during sectioning. Often the resin would
detach from the sample once the cut was made. Cut pieces of the aligned and
trimmed samples were collected by floating the cut piece into de-ionized water
held in a reservoir behind the diamond knife. TEM grids were then either dipped
into the reservoir at a 45° angle near a sample to attach it to the grid or a loop
was used to isolate a floating sample. Using the loop technique, the TEM grid
was placed on an absorbent cloth and the loop was placed over the grid and
pressed down until the water held in the loop flowed over and around the grid
while depositing the sample on the grid. This technique was the easiest, but if the
water flowed too fast then the cross section would wrinkle on the grid.

To confirm that the phase of the sprayed material was metallic platinum
and not the partial or fully decomposed precursor, a series of x-ray diffraction
investigations was performed on glass and silicon wafer substrates. The first test
involved placing a glass substrate and a silicon wafer axially into the reaction

plume at a distance of 20 cm from the nozzle face. The samples were then
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analyzed on a D8 Advance x-ray diffractometer (Bruker-AXS, Madison, WI) using
a Cu-anode at wavelength 0.154 nm at power settings of 40 kV and 40 mA.
Since powder x-ray diffraction is a technique for bulk phase analysis and
is not suited to understanding surface phenomena or for trace analysis, samples
were analyzed by x-ray photoelectron spectroscopy. The samples were analyzed
on a Leybold MAX 200 X-ray Photoelectron Spectrometer at the Interfacial
Analysis & Reactivity Laboratory (IARL) located in the Advanced Materials &
Process Engineering Laboratory (AMPEL) at UBC by Dr. Phillip Wong.
Reference materials from commercially available sources were first analyzed to
compare and contrast the platinum formed by the RSDT method. These
references were platinum foil (American Elements), platinum black product
#183003 (Johnson Matthey, London, UK), platinum II,IV pentanedionate
(Colonial Metals, Elkton, MD) and E-Tek’s 40 wt.% platinum on Vulcan XC72-R
carbon (BASF Fuel Cell GmbH, Frankfurt, Germany). Platinum foil was examined
because the platinum is in the bulk phase and particle size effects on the XPS
spectrum are absent. Platinum black was chosen because particle size effects
are present, platinum II,IV pentanedionate was chosen to examine how un-
reacted precursor behaves, and the E-Tek supported catalyst was chosen to

reference a commercially available carbon supported platinum catalyst.

3.3 Results and discussion

3.3.1 Transmission electron microscopy

An average of 26 measurements in 5 different areas of the grid gave an
average particle size of 5.4 nm (o = 2.8 nm). This method is only semi-
quantitative as it is difficult to measure the very small particles and serves only as
a rough guide. As discussed in the literature review section of this thesis, an

optimum particle size appears to be 2-3 nm with larger particles having a larger



percentage of the platinum in the interior of the particle unable to participate in

the oxygen reduction reaction.

b)

Figure 22: Particle size of platinum particles collected 15 cm from RSDT nozzle face a) 500

kX b) 200 kX

The first TEM section of a deposition directed at a polypropylene substrate

was of a coating formed by 40 minutes of deposition with the secondary spray
nozzle turned off (no carbon or ionomer). This type of electrode architecture is
referred to as unsupported platinum. The motion program was 9 cm by 17 cm

(153 cm? deposition area).
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Figure 23: Cross-section of platinum only depositions 70-100 nm thick onto a Nafion NRE-
211® membrane, 80 minute deposition with secondary nozzles turned off a) 400 kX b) 120
kX

The resulting micrographs show a microstructure that appears 100-150 nm thick
with nodes of similar thickness dispersed at intervals along the length of the film.
The nodes of 100-200 nm in diameter could be sections that have come undone
from other areas or could be the result of an uneven growth mechanism. The
resulting deposition rate is 1.2 — 1.9 nm/min based on these micrographs. It is
also important to note that the resulting film does not appear dense but rather as
a collection of closely packed aggregates of platinum 10-20 nm in diameter.
Inductively coupled mass spectrometry was performed on the sample and the
platinum loading was 0.067 mg/cm?.

A ternary phase composite electrode made of carbon, Nafion®, and
platinum sample was then prepared to examine the microstructure and thickness.
The motion program was 9 cm by 9 cm (81 cm? deposition area) and the carbon
slurry concentration was 1.6x10™ g/mL. Figure 24 shows the results of the
deposition. It is evident that there is a ~400 nm darker interfacial region between

the NRE-211 membrane and the sprayed electrode. The reason for the darker
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region is not clear. The platinum appears to be well distributed in the layer, with
most platinum particles well below 10 nm. The darker grayish outlines represent
the carbon support and the lighter grey the ionomer or where resin has
penetrated the electrode. The white areas appear to be tears in the thin sections
but may possibly be pores. Distinguishing the exact location of the ionomer from

the pores requires staining but this avenue was not explored due to time

constraints(110). The carbon support appears to form clusters or aggregates in
the 100-200 nm range.

Figure 24: Cross-section of ternary component electrode showing a darker ~400 nm
interfacial region between the electrode and the substrate a) 40 kX b) 120 kX

A lower magnification image was taken to examine the total electrode thickness
as shown in Figure 25. The thickness is 5.5 microns and the deposition time was
100 minutes, leading to a deposition thickness rate of 55 nm/min. This is a much
higher rate than recorded above for platinum only samples because the carbon in
the spray (absent in the platinum only deposition) forms the bulk of the ternary

phase.
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Figure 25: Cross-section of ternary component electrode showing an overall electrode
thickness of 5.5 microns.

In addition to unsupported platinum and supported platinum samples, a
hybrid bi-layer sample containing a platinum base layer followed by a ternary
layer was produced and sectioned, as shown in Figure 26. The motion program
was 9 cm by 9 cm (81 cm? deposition area) and the carbon slurry concentration

was 3.2x10° g/mL.
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Figure 26: Cross-section of a hybrid platinum sub-layer and ternary composite electrode

showing a ternary composite thickness of 3.5-4 microns thick and a sub-layer of 50 nm
thick.

The thickness of the platinum only sub-layer is 50 nm, and it was deposited in 20
minutes, giving a thickness deposition rate of ~2.5 nm/min. The ternary layer was
deposited in 15 minutes, corresponding to a thickness deposition rate of 230-
260 nm/min. The thickness data for the three architectures are displayed in Table
5.
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platinum tertiary
deposition | platinum | sub-layer | thickness carbon tertiary Jthickness
area time thickness rate conc. time thickness rate
(cm?) (minutes) (nm) (nm/min) (g/mL) (minute) (um) (nm/min)
153 40 100-150 1.2-1.9 NA NA NA NA
81 NA NA NA 1.60E-03 100 5.5 55
81 20 50 2.5 3.20E-03 15 3.5-4 230-260

Table 5: Thickness and thickness rates for three different RSDT fabricated electrode

architectures — unsupported platinum, carbon supported platinum, and bi-layer.

The use of different rastering programs and deposition times can explain

the discrepancies in the deposition rate of the platinum sub-layers. One program

covered an area of 153 cm? for 40 minutes (1.2-1.9 nm/min), while the other an

area of 81 cm?for 20 minutes (2.5 nm/min). The area covered was almost double

but so was the deposition time for the larger area sample. The slight difference in

thickness measurements can be somewhat rationalized because the actual spray

area formed by the plume volume is a circle between 4-5 cm wide, and this

overlap of 2-2.5 cm allows for much less overspray on the smaller deposition

area. The difference in the deposition thickness rate of the two ternary layers is

almost 4 times (230-260 nm/min versus 55 nm/min). Half of the difference in

deposition thickness rate is due to a more concentrated carbon slurry (3.2x10

gcarbon/mLisopropan0| versus 1 .6X1 0-3 gcarbon/mLisopropano|). The reSt Of the dlfferenCe

can be attributed to using a passive pressurized vessel to pump the slurry versus

putting the slurry into a syringe pump and actively pumping the slurry into the

nozzle. Additionally, there could be settling of the slurry over time that could be

affecting the flux over time.

3.3.2 X-ray diffraction

The reactive spray deposition equipment was operated according to the

values in Table 3. Sample substrates of a silicon wafer and float glass were held

in the reaction plume for 45 seconds. After removing the samples from the flame

zone, a shiny reflective metallic coating was visible on the substrates. Figure 27




68

shows a diffraction pattern collected from these specimens superimposed on the
pattern for metallic platinum in the ICDD database (card# 00-004-0802).
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Figure 27: a) Unquenched shiny, metallic Pt coating collected at 20 cm (Tg4,s ~550°C) Pt on

glass (blue) and on Si wafer (magenta) b) The inlay shows a zoom of the (100) peak.

Considering the ratio between the peaks, the coatings show a preferential (100)
orientation compared to the reference Pt pattern.

The quench gas was then turned on and the samples were held at
distances of 9 cm and 15 cm, at which the gas temperatures were 220°C and

130°C, respectively.
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Figure 28: XRD patterns of quenched Pt depositions at 9 cm (Tg.s ~220°C) and 15 cm (Tgas
~130°C). a, c - glass; b, d - Si wafer. Pt pattern ICDD# 00-004-0802 in orange.

As shown in Figure 27, on the unquenched samples the pattern for face-centered
cubic platinum is present. The (220) peak of sample d) in Figure 28 has been lost
during background subtraction because it superposes on the very strong (040)
peak of the Si mono-crystal substrate used. The Si mono-crystal substrate gives
less scattering than the corresponding glass substrate. On all the substrates a

slightly preferential (100) growth is present.
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In Figure 29, depositions on glass (blue) and Si (magenta) substrate are
directly compared. The glass coating’s peak height has been scaled up to match
the intensity of the Si wafer coating’s (100) peak so that comparison of
preferential orientation of crystal growth between the two substrates can be more
easily viewed. Only the (100) and (200) peaks are shown since they are the two
strongest peaks, and this allows for ease in comparison across a more narrow

20 range.
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Figure 29: Direct comparison of scaled patterns of coatings on glass (blue) and Si wafer
(magenta) at a) — 20 cm, no quench; b) — 9 cm, quenched and c) — 15 cm quenched. (100) —

(200) peaks region.

A comparison of scans in Figure 29 shows that the crystallite size as evidenced
by the peak width at half maximum height (FWHM) is close for both substrates
but is slightly smaller for the Si samples. This indicates that under these
deposition conditions the substrate is not a big factor in determining platinum
crystallization. An apparent decrease of the crystallite size can be observed
between un-quenched and quenched depositions. This effect can be explained
by the mechanism of particle growth in the flame and the substrate temperature.
The unquenched deposition occurs directly from sublimation as shown in Figure
29 a, while in Figure 29 b and Figure 29 c the platinum vapors nucleate and are
then rapidly cooled. This causes the vapors to crystallize rapidly and deposit as

solids striking the substrate. Although slightly smaller, the crystallite size of the 9
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cm coating is very close to that of the unquenched 20 cm coating and larger than
the 15 cm coating crystallite size (FWHM of the 20 cm coating is ~0.35°, for the 9
cm coating FWHM is ~0.4° while FWHM of the 15 cm coating is ~0.7°). This
trend shows that the particles may have a tendency to re-crystallize and grow on
the hotter substrates (220°C and 550°C). This does not happen during the
relatively longer flight in the gas stream, for the 15 cm sample. This might
eventually be an issue for the long-term stability of the catalyst. The (100)/(200)
peak intensity ratio decreases on both the glass and silicon when the quench is
applied.

Next a comparison of RSDT produced platinum particles to commercially
available products was made. High surface area 24.4 - 29.2 m?/g platinum black
product #183003 (Johnson Matthey, London, UK) and E-Tek’s 40 wt.% platinum
on Vulcan XC72-R carbon (BASF Fuel Cell GmbH, Frankfurt, Germany) were
analyzed by XRD. E-Tek lists the surface area of the carbon and platinum as 250
and 100 m?/g, respectively. The platinum particle size is listed as 2.8 nm. Figure
30 shows a direct comparison of the RSDT powder catalyst deposited at 15 cm
on glass and Si wafer to the E-Tek’s C-supported Pt catalyst and to the Pt black

powder.
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Figure 30: XRD patterns of RSDT catalysts and reference materials, (100) and (200) peaks
region. Black — Pt black powder (Johnson Matthey), green — E-Tek C-supported Pt, blue —
RSDT Pt powder on glass, magenta — RSDT powder on Si wafer. Inlay — patterns have
been scaled to fit (100) peak.

The average crystallite size of the RSDT produced catalyst is smaller than the
platinum black powder. However, it is larger compared to E-Tek’s catalyst — see
inlay in Figure 30. This confirms the TEM images in Figure 22 that show an
average particle size of 5.4 nm (c = 2.8 nm).

One roadblock encountered in method development was the need for a
quick and inexpensive check of platinum loading. Depositing platinum only
(without carbon or ionomer) for a given amount of time and then weighing the
difference is an easy way to quickly check the loading. However, this method
requires that the substrate mass not change during deposition. Unfortunately
during deposition conditions the hydration and thus mass of the Nafion®
electrolyte changes and so gravimetric methods of loading determination are not

possible using Nafion®. Additionally, Nafion® is expensive and a suitable
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substrate blank was needed for non-electrochemical analysis, so samples of

high-density polypropylene (Office Depot) were examined by XRD as a suitable

substrate material.
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Figure 31: HD polypropylene (C;Hg),. a) — polypropylene film (blue) and platinum ICDD#
00-004-0802 pattern (orange). b) — polypropylene at different incidence angles (3° — blue, 5°
—red and 10° — maroon) and polypropylene ICDD# 00-054-1936 pattern (green).

High-density polypropylene is a (semi) crystalline polymer, as can be seen in
Figure 31. The preferential orientation into the (040) plane may be caused by the
film lamination. The low angle peaks do not superimpose on those of platinum
and therefore polypropylene is a good substrate for ex-situ characterization.

To determine if there was substantial quantity of platinum II, IV
pentanedionate (see Figure 18) in the product, a diffraction pattern was obtained

for the precursor material.
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Figure 32: Pt(acac), on glass slide (green), Pt(acac),in powder holder (maroon), and
Pt(acac), ICDD# 00-050-2288 pattern (purple).

Pt (acac), has the strongest peaks at ~12°, 13.5° and ~18° and no peaks
above 37°. Therefore, it can be distinguished from crystalline Pt. However, it has
main peaks that almost superpose on the high-density polypropylene peaks. X-
ray diffraction is not a good analytical tool for trace analysis. Therefore, x-ray
photoelectron spectroscopy will be used to search for surface contamination
related to un-reacted or partially decomposed precursor.

The x-ray diffraction data show that the bulk phase of the deposited
catalyst is platinum with a slight (100) preferred orientation. Considering that the
FWHM of the (100) peak of platinum by RSDT on Si sample is 3/8ths that of the
E-Tek catalyst with a stated size of 2.8 nm suggests that the RSDT crystallite
size is 6.7 nm. Calculating the crystallite size directly by the Scherrer equation
yields 3.5 nm for the E-Tek sample and 8.0 nm for the RSDT sample. A higher
deposition temperature seems to encourage larger particle sizes and grain
growth at temperatures of 220°C and above. The grain growth and surface

diffusion are common phenomena at elevated temperatures. While this aspect of
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the deposition process would be interesting to pursue, it is not immediately useful
since the catalyst coated membrane (CCM) direct deposition method requires
temperatures to be below 150°C. A full study of temperature related effects of the
RSDT process on electrolyte conductivity and hydrogen cross over should be
carried out to determine the processing limits of various electrolyte materials.
From a practical point of view, a membrane that can withstand a higher
temperature allows the process flame to be brought closer to the substrate,

which facilitates a better deposition efficiency.

3.3.3 X-ray photoelectron spectroscopy

Platinum metal exhibits a certain degree of oxidation, even in the open
atmosphere at standard temperature and pressure. This oxidation level can exist
through physical interactions such as adsorption or can be chemical/electrical in
nature. An XPS spectrum of a platinum foil that has been etched using a
combination of thermal treatment, Ar” ion bombardment, and high vacuum is
shown in Figure 33(111). Two prominent peaks related to the platinum 4fs,, and

4f7, electron orbitals occur at binding energies of 74.6 and 71.3 eV, respectively.
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Figure 33: XPS spectrum from the literature of the Pt 4f5 and 4f7 peaks of an etched

platinum foil sample using magnesium x-rays(111).
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An XPS spectrum of a platinum surface (111) is shown in Figure 34 to illustrate

how various degrees of oxidation affect the platinum 4fs, and 4f7,, peaks, as well
as the appearance of a peak at 76.9 eV (112).
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Figure 34: Pt(111) etched foil clean surface from the literature and increasing adsorbed
oxygen evidenced by Pt4+ at 76.9 eV(112). [© Surface Science, 2005, by permission]

A high concentration of adsorbed oxygen on the surface of platinum metal is

possible only by the formation of a chemical bond. Lower surface concentrations
of oxygen atoms occur when intermediate oxidation states of the surface
platinum atoms occur. Valence electrons are progressively transferred from Pt to
O and the electrostatic interaction between the nucleus and the 4f electron
becomes stronger. Such a modification of the interaction from physically

adsorbed O to chemically adsorbed O can be observed in Figure 34. The

minimum between the two Pt peaks increases at 72.9 eV, the 4fs5, peak becomes

higher, and a shoulder becomes visible at 76.9 eV. The observed XPS spectra
represent the superposition of electron emission from the unique chemical

environment of elemental species present on the top 1-10 nm. Therefore,
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changes in the spectra in Figure 34 suggest the appearance of a second pair of
peaks formed by a superficial layer of partially oxidized platinum. Since the
occurrence of multiple peaks causes overlap, a method of peak deconvolution is
necessary to estimate the contribution of each peak to the acquired spectra.
Under conditions of standard temperature and pressure the surface of the
platinum sample consists of an interfacial layer of Pt atoms to which oxygen
atoms are bound, and below this is a layer of unaltered Pt atoms. In order to
separate the contribution of each Pt species, a deconvolution procedure has
been applied to the raw spectra using XPS Peak 4.1, developed by Raymond
Kwok. The partially oxidized platinum is generically noted as Pt" and Pt™*
(indicating a lesser or greater degree of oxidation) and the unaltered atoms as
Pt® in the deconvoluted spectra.

Platinum foil and platinum black were analyzed at the UBC IARL to
examine how the difference between a low planar surface area and high surface
area particle affects the XPS spectra. Figure 35 and Figure 36 both exhibit a
similar high-energy tail from the 4fs;, peak and a higher valley close to the point
where the two peaks start superimposing compared to the etched sample in
Figure 33. The results of the deconvolution for the Pt foil reference sample show
a combination of bulk, polycrystalline Pt atoms (4f;», peak at 71.12 eV) and an
oxidized phase whose binding energy corresponds to Pt** in PtO (4f;, peak at
72.43 eV).
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Figure 35: XPS spectrum of platinum foil with peak deconvolution.

The presence of an oxidized species is even more visible in the spectrum of the

Pt black powder sample, as seen in Figure 36.
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Figure 36: XPS spectrum of platinum black with peak deconvolution.

The same high energy tail and higher valley are present in the Pt black powder,
with the distinction that all the peaks are shifted slightly towards higher binding
energies. This shift, compared to the foil is approximately 0.7 eV for all peaks
save the Pt 4f7,, which is only 0.47 eV higher. Shifting may be attributable to
sample charging and/or to the small particle size of the platinum black powder.
XPS studies by Rambabu et al. suggest that the platinum 4f energy level of the
lower binding energy of the doublet is found to increase from 71.1 eV in platinum
metal to 71.64 eV for platinum black and this 0.54 eV shift can be attributed to
small-cluster-size effects(113).

Platinum Il, IV pentanedionate has the chemical structure shown in Figure
18. In this organo-metallic compound, platinum is expected to be in an
intermediate oxidation state between Pt(ll) and Pt(IV). As an example, the
literature suggests two oxidation states of Pt species present in PtO,, also known
as Adam'’s catalyst. Those species are Pt(I1V) (PtO,, Pt4f;,=73.9 eV), and Pt(ll)
(PtO, Pt4f;,=72.3 eV)(111, 114). Therefore, the XPS spectrum of platinum II, IV



pentanedionate should have two peaks at energies slightly lower than those

corresponding to the Pt(IV) species in PtO, — 72.3 eV.

2200
2100

2000 +

1900
£ 1800
(]
1600
1500
1400
1300

Figure 37: XPS spectrograms for platinum oxide nanoparticles, Pt4f region(114). [©
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The deconvoluted spectrum in Figure 38 shows the peaks corresponding to Pt**

at 72.13 and 75.46 eV and a second species with a higher oxidation state, in

between Pt** and Pt**. This suggests that platinum is mostly in a lower oxidation

state such as 2, but some of the atoms might be in a hybrid state similar to P

while sharing two valence electrons with four O atoms.

.
t+
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Figure 38: XPS spectrum of platinum Il, IV pentanedionate.

The E-Tek carbon supported platinum catalyst sample exhibits almost exclusively
one platinum oxidation state. However, this oxidation state has a very high
binding energy (in between that of Pt** and Pt **. The small contribution of a
second species is evident at lower BE values. The energies of this species are

close to those of Pt°.
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Figure 39: XPS spectrum of E-Tek 40 wt. % platinum on carbon.

The XRD spectrum in Figure 30 showed that platinum metal forms the bulk
phase of this sample. The manufacturer reports a particle size of ~ 3 nm for the
catalyst. Therefore the ~0.4 eV shift of the Pt might be due to particle size
effects. The high energy species present on the surface might be associated with
a mixture of strongly chemisorbed O atoms and interstitial O atoms. The energies
are high enough to suppose that most of the Pt atoms have transferred at least
two valence electrons to the oxygen atoms (> 72.3 eV), but not high enough for
the Pt atoms to be in the Pt** state (< 74.1 eV). Rambabu et al. found that the
introduction of a carbon support onto a platinum black decreases the chemical
shift by about 0.4 eV, suggesting that there is metal-support interaction between
Pt and carbon(113).

The XPS spectra of RSDT synthesized platinum exhibits peak shifting,
presence of a shoulder, and a set of secondary doublet peaks as shown in
Figure 40. The first distinguishing feature of the RSDT spectrum, a strong 2 eV
shift towards higher BE, is also seen with the E-Tek sample. Also, a clear

contribution of a higher BE species is evidenced by a visible shoulder and highly
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superposed 5/2 and 7/2 peaks. We know from TEM measurements that RSDT
particles are 2-7 nm in size, as seen in Figure 22. Therefore, a size-induced shift
of ~0.4 eV can be considered. As with the E-Tek catalyst, the main Pt species
contributing to the XPS spectrum correspond to Pt atoms with at least 2 electrons
transferred to other atoms, probably oxygen. The peaks of the higher BE
species, corrected for the size-induced shift, are at ~74.5 eV for the 4f7,, and
~77.8 eV for the 4fs,. They correspond to the occurrence of the Pt** state (which
has 4f;,, BE of approximately 74.1 eV). In our deconvolution, no lower energy
species are visible. This suggests that a superficial oxidized platinum layer
exists in greater abundance on the surface of RSDT generated catalyst than
compared to E-Tek particles. Both catalysts show the main Pt 4f7,, contribution at
~72.7 eV (corrected for the particle size induced shift). This energy is higher
than the same Pt 4f7;, in Pt(acac), — 72.1 eV. This confirms that Pt atoms on the
surface of the catalysts are in a higher oxidation state than 2+.
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Figure 40: XPS spectrum of RSDT synthesized platinum catalyst on polyethylene.
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Table 6 lists the binding energy of the 4fs;, and 4f7,, peaks and of the associated

peaks resulting from deconvolution of individual spectra in Figure 33 - Figure 40.

main platinum metal peak energies deconvoluted peak energies
4f5/2 shift 4f 7/2 shift Af 5/2 shift  4f 712 shift

Af 50 af 45 etched etched Af 5 4f,,  foil - clean foil - clean
sample (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
etched (111) 746 | 71.30
foil - clean 74.45 [ 71.20 -0.15 -0.1 75.72 | 72.43
platinum black 75.22 | 71.90 0.62 0.6 76.43 | 72.90 0.71 0.47
40 wt.% Pt/C 75.2 | 71.50 0.6 0.2 76.64 | 73.33 0.92 0.9
platinum (acac) | 75.46 | 72.13 0.86 0.83 76.80 | 73.50 1.08 1.07
PtO, 75.3 | 72.30 0.7 1 77.20 | 73.90 1.48 1.47
RSDT 7