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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are being extensively studied as
power sources because of their technological advantages such as high energy efficiency,
high energy and power densities, environmental friendliness, low noise, rapid refueling,
and fuel flexibility. The most effective catalyst in these systems consists of nanoparticles
of Pt or Pt-based alloys on carbon supports. Understanding the role of the nanoparticle size
and structure on the catalytic activity and degradation is needed to optimize the fuel cell
performance and reduce the noble metal loading. Electrocatalyst degradation is believed to
occur by four mechanisms; particle sintering (Ostwald ripening and migration and
coalescence), carbon corrosion and catalyst dissolution. Increasing catalyst layer durability
is becoming a major challenge and a growing focus of research attention in PEM fuel cell
durability studies. Typical model systems utilized to study catalyst activity are single
crystal materials or bulk polycrystalline materials which are not useful for studying catalyst

degradation mechanisms as no particles exist. Powder catalysts on RDE electrodes can be

vil



very useful for catalyst evaluation and general degradation studies, but contain a
distribution of particle sizes on a high surface area support that make them difficult to

analyze.

We addressed this gap in research needs with the development of model electrode
structures, which consist of catalytic nanoparticles on planar model supports for easy
analysis. We improve upon this basic concept by engineering the nanoparticle dispersion
directly on the planar carbon support as ordered arrays. Ordered nanoparticle arrays of
controlled size and spacing were fabricated by adapting a previously developed templating
techniques using diblock copolymers. These well defined model electrode structures were
applied to the study of electrocatalyst degradation and the dissolution reaction of Pt catalyst
in acid medium. It is shown that these electrodes can be transferred between the
electrochemical cell and SEM imaging without impact on the individual Pt nanoparticles.
Control over the Pt particle size is demonstrated by changing the metal loading, annealing

conditions and diblock copolymer templating.

Pt nanoparticle sintering on many of these surfaces was observed to proceed through
the formation of Pt nanowires. Degradation mechanisms of particle detachment were
observed specifically under the harsh potential cycling conditions (0 — 1.4Vgrug) used for
the initial conditioning and when potential is cycled in oxygen saturated electrolyte.
Ostwald ripening and dissolution were observed through the use of particle size
distributions; particle migration and coalescence was observed upon close examination of
repeat SEM images taken of the same area. For the first time ordered arrays of Pt

nanoparticles on glassy carbon electrode have been fabricated and tested.
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Chapter 1

Introduction

A catalyst can be defined as a substance which enhances the rate of a chemical reaction
without being either consumed or generated in the process. Analogous to catalysis, is
electrocatalysis, which is the combination of electrochemistry and heterogeneous catalysis
materials investigated to promote electrochemical reactions. One of the main goals in
(electro)-catalysis is to a create link between the microscopic level of understanding the
atomic and electronic structure of a catalyst and the macroscopic reaction rate of a process,
i.e. the activity of the catalyst. For this kind of fundamental research, the use of well-
defined model surfaces is essential since investigations on three dimensional porous
materials is often too complex and difficult to interpret. Only recently, the frequent use of
well-defined surfaces has become meaningful to electrocatalysis with the advent of new
preparation methods as well as modern analytical tools such as high resolution scanning
electron microscopy, atomic force microscopy, cyclic voltammetry, electrochemical quartz

crystal microbalance and the rotating disk electrode technique.

Fuel cells are an important application of such fundamental research on electrocatalyst.
Although the basic concept of a fuel cell as a device for direct conversion of chemical
energy into electric energy was described by Grove [1] well before the invention of either
the internal combustion engine or the steam generator, the technological implementation
has proved difficult. As a result it was the heat engine rather than the electrochemical

engine which was chosen as the main source of motive power, although the latter offers



theoretically a higher efficiency for energy conversion. More recently fuel cells have
become technological relevant however, as primary energy resources remain abundant and
inexpensive, the use of fuel cells has been limited to specific areas such as the use of fuel
cells in the NASA Apollo space program. In the last decade, the rising concern about
environmental consequences of the use of fossil fuels and the increasing dependence on oil
have led to a resurgence of interest in the fuel cell technology. Now flexible power devices
and fuel cell powered vehicles are being reconsidered as industrialized countries seek to
decentralize power generation and reduce emissions [2]. Catalysts and supports with
reduced precious metal loading, increased activity and durability, and lower costs are the
major challenges remaining to fuel cell commercialization. The basic reaction of a fuel cell
is the oxidation of hydrogen and the reduction of oxygen to form water. The electrode
surfaces in the fuel cell serve as the catalyst where adsorbed molecules from the fuel can
react. Consequently, the field of electrocatalysis is directly tied to the development of fuel
cells into commercially useful devices. To understand the surface chemistry and
deactivation mechanisms, the development of new electrocatalysts should start with the
study of a model system [3, 4]. The strength of the binding of reactants to the surface is a
fundamental property to catalytic science. Therefore model surfaces are an important
research tool to further our knowledge of the relationship between activity and measurable

fundamental properties.

These well defined model surfaces, with the addition of nanoparticle structures are
applied to the study of electrocatalysts degradation in this research. The addition of
nanoparticle structures to the electrode surface addresses the gap in literature between

single crystal and powder catalyst studies. The model electrode enables measurements by



surfaces surface science techniques such as high resolution scanning electron microscopy
(HRSEM) while the nanoparticle structures provide relevant particle sizes for

electrochemical measurements.

1.1 Proton Exchange Membrane Fuel Cells (PEMFC)

To understand the factors involved in fuel cell durability, first the materials,
components and PEMFC operation must be examined. Fuel cells are electrochemical
devices that convert chemical energy as fuels into electrical energy directly with high
efficiency and low environmental impact. The proton exchange membrane fuel cells
(PEMFCs) are being extensively studied as power sources because of their technological
advantages such as high energy efficiency, high energy and power densities, environmental
friendliness, low noise, rapid refueling, and fuel flexibility. Though fuel cells could, in
principle, process a wide variety of fuels and oxidants, of most interest today are low

temperature PEMFCs that use hydrogen as a reductant, and ambient air as the oxidant [5].

4H:+ 4e” +0, - 2H,0

—
Cathode Flow Channel AII’ (O5)

% // W
%ﬁ Cathode GDLfMF’L ,
iI

MEA

V

7

Anode Flow Channel

v
H, > 2H" +2e

Figure 1.1 - Schematic cross section of a typical PEM fuel cell MEA [6].



The schematic cross section of a single cell of a PEMFC showing individual
components is shown in Figure 1.1 [6]. The individual cell consists of a cathode, an anode,
and a separating polymer-electrolyte membrane referred to as the ionomer membrane. The
ionomer is typically a specific perfluorosulfonic acid (PFSA) material known as Nafion®, a
commercially available PFSA membrane offered by Dupont. Each electrode has an
electrocatalyst layer and a gas diffusion layer (GDL). The fuel, typically hydrogen, is fed
continuously to the anode (negative electrode) and an oxidant (often oxygen from air) is fed
continuously to the cathode (positive electrode). The electrochemical reactions take place at
the electrodes to produce an electric current through the electrolyte, while driving a

complementary electric current that performs work on the load.

Polymer electrolyte membrane fuel cells (also called PEMFC, PEFC or PEM) are able
to efficiently generate high power densities, thereby making the technology potentially
attractive for mobile and portable applications. Especially the application of PEMFC as a
prime energy source for automobiles has captured the imagination of many. PEMFC
technology differentiates itself from other fuel cell technologies in that a solid phase
polymer membrane is used as the cell separator/electrolyte. Because the cell separator is a
polymer film and the cell operates at relatively low temperatures, issues such as sealing,
assembly, and handling are less complex than most other fuel cells. The need to handle
corrosive acids or bases is eliminated in this system. PEMFCs typically operate at low

temperatures (60 to 80 °C), allowing for potentially faster startup than higher temperature



fuel cells. The PEMFC is seen as the main fuel cell candidate technology for light-duty

transportation applications [5].

Each electrode has an electrocatalyst layer, and a gas diffusion layer (GDL). The
catalyst layers can be attached to either the membrane or at times to the GDL material
(termed the gas diffusion electrode, GDE). Electrodes for PEMFCs have to be porous to
gas diffusion to ensure the supply of the reactant gases to the active zones, where the noble
metal catalyst is in contact with the ionic and electronic conductor. The fabrication of gas
diffusion electrodes, although commercially available, is an intricate process in which all
details of the structure are important. The structure of the GDEs is crucial for fuel cell
performance and depends strongly on the manufacturing process. The function of the
electrodes is actually for more than just catalyzing a reaction which is carried out by the

catalyst particles. A good electrode is a three-phase boundary between the gas supply, the

catalyst particle and the ionic conductor as shown in Figure 1.2 [2].

o~ TN
YN T
& y, S L5
O
A et \
AN Y ¥ \f
T \
) N

Catalyst Particle

/\—- pL \ e
A

e |

|
\f"f \‘ |
|
l

et .
.‘.' K 'J \
"‘ﬁ‘}‘-zu. /Z | f% - F \-.
P *;lq\.___ SR W
| \ i 1 ! o
£ /!‘riuf | et _A—J
[ ?‘( N Carbion Subsirate

s

Carbon Paper Support
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The catalyst must be in direct contact with both an electronic and ionic conductor. The

electronic conductivity is usually provided by a carbon support.

Protons produced from oxidation of hydrogen in the anode flow to the cathode through
the membrane and combine with oxygen to form water in the cathode. The oxygen
reduction reaction (ORR) at the cathode is a good example of the importance of the triple
junction shown in Figure 1.2. The diffusion of oxygen through the gas diffusion layer, the
diffusion of protons through the ionomer and conduction of electrons through the carbon
support must all come together at the Pt nanoparticle surface. A compensating charge in
the form of electrons flows through the external circuit and provides the useful work done
by the fuel cell [7]. These anodic and cathodic reactions as well as the overall cell reaction

are shown in equations (1-1), (1-2) and (1-3).

Anode H, >2H" +2¢ (-1
12

Cathode %02 $2H" +2¢" — H,0 (-2
13

Overall H, %02 — H,0 (=)

The main fundamental problems of PEMFCs are the lack of practical efficiency due to
the high overpotential for the oxygen reduction reaction (ORR), the high amount of noble
metal catalysts used and the degradation of the catalyst during operation [8-10]. The cell
voltage of a fuel cell is the difference between the two half cell reactions equations (1-1)
and (1-2). As both half cell reactions suffer from losses, the cell voltage also decreases
with increasing current density. The expected open circuit voltage of 1.23V is not realized

as a deviation from this potential occurs, known as over potential. This is depicted in



Figure 1.3 where the losses due to the cell resistance and mass transport are shown. The
large initial loss on the cathode plot is due to slow kinetics and is the reason for all the

research focus on the cathode catalyst [11].
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Figure 1.3 - Schematic of (a) fuel cell polarization curve compared to ideal voltage [11]

The most effective catalyst in these systems consists of nanoparticles of Pt or Pt-based
alloys on carbon supports. Because of the expense of platinum catalyst, there have been
numerous efforts to minimize the use of platinum in the catalyst layer. The platinum
particle size has been extensively optimized, and general agreement is that a ~3.5 nm
particle size on a suitable carbon support is close to optimal (i.e. the activity per unit mass
of platinum is near optimal under these conditions). There have been numerous efforts to
substitute other materials for platinum, most of these attempts focused on platinum alloys
(usually with transition metals). So far, these efforts have not demonstrated a decisive cost

advantage over pure platinum catalysts.



The relatively short life of polymer electrolyte membrane (PEM) fuel cells is a
significant barrier to their commercialization in stationary and mobile applications. A
longer life span for fuel cell components should be achieved to ensure high reliability, low
maintenance costs and to justify fuel cells as economical alternative energy systems. The
lifetime target of the department of Energy (DOE) by 2010 requires PEM fuel cells to
achieve 5000 h for mobile and 40,000 h for stationary applications. Currently, the lifetime
targets can only be met under best laboratory conditions. For example, Mercedes—Benz
claims a lifetime of above 2000 h without performance degradation for their current fuel

cell stacks operated in test-vehicles all over the world [12].

Automotive fuel cell systems need to be as durable and reliable as current automotive
engines. Thus, automotive fuel cell systems will have to last for at least 5,000 h (equivalent
to 150,000 driven miles) and be able to function properly over the full range of external
(“ambient”) temperatures (-40°C to +40 °C). Membranes, which are critical components of
the fuel cell stack, must be able to perform over the full range of system operating
temperatures with less than 5% performance loss at the end of life without external
humidification, which adds cost and complexity to the system. Catalyst lifetime is also
important and can be compromised by platinum sintering and dissolution, especially under
load cycling and high electrode potentials. Carbon-support corrosion is another challenge at
high electrode potentials and can worsen with load cycling and high-temperature operation.
Fuel cells for stationary applications will likely require more than 40,000 h of reliable
operation. Stationary fuel cells with lifetimes routinely greater than 40,000 h have been
demonstrated, but these fuel cells are based upon PAFC (phosphoric acid) and have made

limited market penetration to date. PEM fuel cell tests for stationary applications have



lasted up to 20,000 h, but market acceptance likely requires increased reliable operating
duration, including over the full range of external temperatures (-35 °C to +40 °C). U.S.
DOE lifetime status and targets (with cycling and <5% rated power degradation at the end
of fuel cell life) for integrated transportation PEM fuel cell power systems fueled by
hydrogen are as follows: a 2005 status of 1,000 h, and a 2010/2015 target of 5,000 h. The
lifetime status and targets (with <10% rated power degradation at the end of fuel cell life)
for integrated stationary PEM fuel cell power systems fueled by reformate are as follows: a

2003 status of 15,000 h, a 2005 status of 20,000 h, and a 2011 target of 40,000 h [6].



Chapter 2

Durability and Degradation

Typical causes of PEM fuel cell failure are likely low level contamination, corrosion of
the plates leading to increased contact resistance, thermal or hydration cycling leading to
mechanical stress, catalyst particle ripening, swelling of polymer materials in the active
catalyst layer change water removal characteristics, compaction of the gas diffusion layer

due to mechanical stresses and surface chemistry changes in gas diffusion layer.

The durability or irreversible degradation of the membrane electrode assembly (MEA),
strictly related to the lifetime, is defined as the ability of a MEA to resist permanent
change, in performance over time; that is degradation that does not lead to catastrophic
failure but simply a decrease in performance that is not recoverable or reversible.
Normally lifetime degradation is not a catastrophic failure. Typically, a PEMFC exhibits a
gradual decline in power output during operation. Initially, the cumulative effect of this
gradual decline is acceptable; that is, the power output of the cell or stack is still high
enough to effectively operate the device to which it provides power. But with time, the
cumulative effect of this gradual decline can become so large that the cell or stack can no

longer deliver the required power. The degradation is then unacceptable.

The causes of the gradual performance decline are not completely understood,
especially the degradation mechanisms that occur in the fuel cell’s different components
and the relative contribution of each component’s degradation to the degradation of the
entire fuel cell. However, such understanding is required for PEMFC developers to

develop new materials that last longer but are not prohibitively expensive [6].
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Many mechanisms of MEA degradation have been proposed. These factors include
PEM thinning [13], catalyst layer degradation due to platinum sintering [14, 15], or carbon
support corrosion [16], and gas diffusion layer (GDL) degradation [17]. Among these,
catalyst layer degradation is one of the most critical factors. More and more experimental
results have shown severe catalyst degradation in both automotive and stationary
applications. Increasing catalyst layer durability is becoming a major challenge and a

growing focus of research attention in PEM fuel cell durability studies [6, 12, 18].

2.1 Catalyst Surface Area Loss Mechanisms

One of the more significant causes of fuel cell performance degradation is the cathode
catalyst deactivation during extended operation. It is generally accepted that there are four
mechanisms that are considered relevant to the loss of electrochemically active surface area
of Pt in the fuel cell electrodes that contribute to cathode catalyst degradation. The first
two mechanisms are forms of catalyst particle sintering. The first is an electrochemical
form of Ostwald ripening, where a dissolved Pt species diffuses through the electrolyte
from smaller particles and redeposits on the surfaces of larger particles. The second is
migration and coalescence, which is when the nanoparticles move on the surface of the
carbon support. The second two mechanisms involve a loss of the Pt from the carbon
surface either by particle detachment from corrosion of the carbon support or dissolution of

the Pt into the electrolyte [7, 18-20].
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Figure 2.1 - Proposed catalyst deactivation mechanisms in PEMFCs: (a): dissolved Pt species from smaller
particles diffuse through ionomer phase and redeposit onto the surfaces of larger particles (Ostwald ripening); (b):
Pt nanoparticles migrate on the surface of carbon support and coalesce; (c): Pt nanoparticles detach from the
carbon support and/or agglomerate due to carbon corrosion; (d): Soluble Pt species from the cathode are reduced

and precipitated out in the ionomer due to chemical reduction by permeated hydrogen molecules from the anode

2.1.1 Ostwald ripening

The electrochemical version of Ostwald ripening based coarsening of individual Pt
nanoparticles on carbon involves dissolution of Pt from small particles, diffusion of the
soluble Pt species from small to large particles in the ionomer phase or on the carbon
surface followed by redeposition of the soluble Pt onto large particles on the nanometer-
scale, as shown in Figure 2.1a. This process is analogous to the well known gas phase
Ostwald ripening process [21]. This transport of atoms from small particles to large

particles and growth of the large particles at the expense of small ones is driven by the
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reduction in the surface energy. Assuming the occurrence of particle growth in PEMFC
electrodes by such a mechanism, the total number of particles naturally decreases as the
particle size increases, and the catalyst surface area decreases leading to a loss of
electrocatalytic activity. This mechanism is likely to be responsible for some of the surface
area loss in the fuel cell cathode when the cathode is exposed to voltages higher than 0.8 V
vs the reversible hydrogen electrode (RHE), either at steady-state or transient potentials,

where the solubility of Pt nanoparticles is significant.

Meyers and Darling [22] showed that Pt dissolution in PEM fuel cells is negligible at
low and high potentials, but is remarkable at intermediate potentials. In their kinetic model
of Pt dissolution in PEMFCs, they explained the effect of potential in the following way
[23]. They considered three reactions:

Pt — Pt +2e @1
(platinum dissolution)

Pt + H,0 — PtO + 2H" +2¢” (2-2)
(platinum oxide film formation)

PtO + 2H — Pt +H,0 2-3)
(chemical dissolution of platinum oxide)

Their model and experimental data indicated that at lower potentials, such as the
conditions of normal Hy/air fuel cell operation, the solubility of platinum in acid is quite
low. At high potentials in air, Pt forms an oxide layer effectively insulating the platinum
particles from dissolution. At intermediate potentials, however, the uncovered surface is

prone to high rates of platinum dissolution.
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The rate of of platinum dissolution is slow to approach equilibrium which has a rather
serious implication for Pt stability: Pt is stable at low potentials due to the low equilibrium
concentration of Pt*" at these potentials, and Pt is fairly stable at higher potentials due to the
protective oxide layer. However, transitions between high and low potentials can
undermine the stability of the Pt crystallites, as the concentration of Pt*" in solution can
increase by orders of magnitude over that which is stable at either low or high potentials. It
is worth noting that this window of instability for a PEMFC occurs between the Hj-air
open-circuit mixed potential at the cathode (~0.95 V) and the air-air open circuit potential
(~1.229 V). Once the Pt*" dissolves into solution, it can be recaptured by the electrode from
which it was liberated, but it can also diffuse to other regions of the MEA and permanently
lower Pt content within the cathode. Thus, these transitions at start-up and shutdown can
have profound implications on electrochemical area and performance of PEMFC cathodes

[24].

2.1.2 Migration and coalescence

Pt crystal migration and coalescence, which involves motion of Pt particles and
coalescence when two particles collide on the carbon support, as shown in Figure 2.1b.
Crystallite migration and coalescence in the absence of electrolyte is observed in gas-phase
sintering studies of Pt/C catalysts but is insignificant at low temperatures [25]. Although
unique experimental evidence of crystal migration of Pt nanoparticles in low-temperature
fuel cells has not been reported, it has been proposed that this process is responsible for
surface area loss in the fuel cell cathode when the cell voltages are low, since the solubility
of Pt nanoparticles is believed to be negligible at voltages lower than 0.7 V vs. RHE from

bulk Pt measurements.
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The two primary arguments in support of Pt coarsening via crystal migration are based
on the absence of voltage dependence and the shape and growth of the particle size
distributions. Prior studies of Pt nanoparticles supported on carbon did not observe a
significant potential dependence (0 V to ~0.8 V) of the Pt area loss over time in phosphoric
acid (H3;PO,), from which it was concluded that simple Pt dissolution and redeposition
cannot be the dominating mechanism [25]. Gruver et al. [26] have shown that the change in
the electrochemical surface area of Pt nanoparticles supported on carbon varies to a small
extent with the applied potential up to 0.75 V vs. RHE, and no change in Pt loading is
noted in the cathode. The particle migration mechanism has implications for the growth
rate and asymptotic shape of the particle size distribution. The mechanism can be described
generally by surface migration of adatoms on the Pt crystal surface, 2D motion of Pt
crystals on the carbon support, and coalescence when crystals meet [27]. In the crystal
migration model, Granqvist and Buhrman have used a simple statistical method, to show
that the asymptotic particle size distribution is log-normal with respect to volume (with a
distinctive tail at large particle sizes) and Ruckenstein and Pulvermacher [28] have shown
that the rate of particle growth is dependent on particle loading on support. These
properties have been used to identify when crystal migration is occurring. Blurton et al.
have shown an asymptotic Pt particle size distribution of Pt nanoparticles with a tail at
large particle sizes in an electrode exposed to air and held at 0.6 V and 163 °C for 645 h
[29]. Based on the shape of this asymptotic distribution, these authors related the surface
area loss of Pt nanoparticles in the PA fuel cell environment to the mechanism of crystal
migration and coalescence. The correlation between steady-state particle size distribution

and the coarsening process has been used by Wilson et al. [30] in understanding the
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degradation of Pt nanoparticles supported on Vulcan aged under a constant voltage (0.5 V)
or constant current density (1.5 A/cm2) over a few thousands of hours of operation in a
hydrogen/oxygen PEM fuel cell. Asymptotic Pt particle size distributions with a tail toward
large particle sizes were found in their cathode, a growth mechanism via crystal migration

was proposed.

2.1.3 Carbon corrosion

Detachment of Pt nanoparticles from the carbon support and agglomeration of Pt
nanoparticles is generally induced by carbon corrosion, as shown in Figure 2.1c. The extent
by which this process contributes to the loss of electrochemical activity of fuel cell
electrodes is dependent on the cell voltage, the nature of interactions between Pt
nanoparticles and the carbon support, the degree of graphitization of carbon support, and
potentially other factors, such as the relative humidity. Although corrosion of conventional
carbon supports such as Vulcan is considered negligible at cell voltages lower than 0.8 V in
low-temperature fuel cells, carbon corrosion and weight loss has been shown to be
significant at voltages higher than 1.1 V vs. RHE [7, 31]. It is well known that carbon can
thermodynamically corrode above 0.207 V to carbon dioxide and corrosion currents reach
significant levels around 1V and above [32]. Carbon support on the hydrogen-fed anode
side is generally very stable, except during voltage reversal due to fuel starvation. On the
other hand, the cathode is generally operated in a potential window (0.6 — 1.0 V) that is
thermodynamically susceptible to carbon corrosion. To make situations worse, start-up and
shutdown of fuel cell systems can result in local cathode potential as high as 1.5V [33].
Also, after shutdown, the anode and cathode compartments may be filled with air, setting

the electrode potential to around 1.2V. Such high voltages during start-up and shutdown of
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a fuel cell dramatically enhance carbon corrosion. Although a large body of corrosion data
on platinized carbon support is available under PAFC operating conditions [32], only
limited work has been published on corrosion of carbon support under PEM operating

conditions [34].

Carbon is thermodynamically unstable at typical operating conditions of the air
electrode. The equilibrium potential for carbon oxidation to carbon dioxide is 0.207 V
relative to a reversible hydrogen electrode (RHE) at 25°C. PEM fuel cell cathodes
generally operate at potentials in the range of 0.5-0.9 V RHE, significantly more anodic
than the equilibrium potential for carbon corrosion. The carbon corrosion reaction is quite
slow at typical operating temperatures (~70°C), even in the presence of platinum and water.
Stable performance after prolonged operation at these potentials suggests that the rates of
carbon loss are so low as to be largely negligible over the required lifetimes of fuel cell

power plants, provided that the local cathode potential does not exceed about 1 V [22].

C +2H,0 — CO, + 4H" + 4¢  (E'=0.207 V vs RHE) (2-4)

The hydrogen and oxygen reactions may proceed in either direction, but the carbon
reaction is allowed to proceed only in the anodic direction. The irreversibility of the
reaction in equations (2-4) and (2-5), in aqueous systems is generally accepted [32].
Significant oxidation of carbon to CO, can be expected to decrease the performance of a
PEM fuel cell by the detachment and loss of Pt nanoparticles. Electrochemical oxidation of
carbon at room temperature to CO, and CO, has been reported to occur at potentials above
0.9Vrug. There is presently no detailed, widely accepted mechanism in the literature that

explains carbon surface oxide generation and conversion into CO,. One proposed stepwise
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mechanism of surface oxide formation and CO, evolution is shown here where water is

understood to be the source of oxygen in the reaction [23].
Fc-H - FC-OH - [Cc-O - FC-OOH — |FH + CO,@) (2-5)

Stevens and Dahn [35] studied effect of Pt on the carbon oxidation in air at high
temperature. They measured the weight loss on heating catalyst samples in air, ranging
from 0 to 80 wt% Pt on high surface area BP2000 carbon. The base carbon when heated in
air at 195 °C showed no weight loss even after 3000 h. With the Pt/C samples,
significant weight loss occurred arising presumably from the catalyzed combustion of
carbon with oxygen. This weight loss increased with the temperature over the range of 125

to 195 °C and also increased with Pt loading.

2.1.4 Dissolution

Dissolution and reprecipitation of Pt single crystals in the ionomer membrane from the
chemical reduction of dissolved Pt by hydrogen molecules results in the loss of Pt from the
carbon support and loss of electrode activity, as shown in Figure 2.1d. Hydrogen molecules
can permeate through the proton-conducting membranes in the MEA resulting in chemical
reduction of any dissolved Pt resulting in deposition. The location of this Pt deposition in
the membrane is dependent on the partial pressure of oxygen in the cathode. The higher
the partial pressure of oxygen, the farther from the cathode the Pt deposition occurs.
Understanding and reducing Pt dissolution is key to increase Pt catalyst stability in low-
temperature fuel cells. In particular, dissolution underlies the 3D Ostwald ripening
mechanism, which can enable the growth of large Pt nanoparticles at the expense of small

ones and loss of Pt from the carbon support via precipitation of Pt in the ionomer and
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membrane. Therefore, it is of great importance to understand processes and parameters that
influence Pt dissolution so that they can be controlled. Pt is electrochemically stable in
acids at low potentials relative to RHE potential but Pt dissolves in acidic solutions at high

potentials. [7].

The presence of Pt particles in the matrix of phosphoric acid fuel cells and Pt loss from
the cathode has been reported, which has provided direct evidence for Pt dissolution from
supported Pt nanoparticles in the cathode and reduction of the dissolved Pt species with
permeated hydrogen gas molecules in the membrane. Yasuda et al. [36, 37] have detected
the appearance of numerous Pt single crystals on the order of 10 — 100 nm in the membrane
after potential holds at high voltages such as 0.8 V and 1.0 V in air and nitrogen in PEM
fuel cells. In addition, the amount of Pt found in the matrix and thus the amount of Pt

dissolution was shown to increase with increasing cathode potentials.
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2.2 Nernst Equation and the Pt Pourbaix Diagram

In electrochemistry, the Nernst equation can be utilized to determine the equilibrium
potential for reduction-oxidation reactions. For a simple reversible redox reaction in

solution like equation (2-6) the representative Nernst equation is (2-7).

Ox+ne <> Red 2-6)
27
E=E° —Elog—[Red]
nF [Ox]

The concept of solution potential introduced by Nernst, shows the importance of
determining the pH of a solution as well as the potential in the study of chemical and
electrochemical oxidation-reduction phenomena. Pourbaix introduced the method of
plotting the thermodynamic equilibrium conditions of all the reactions that can occur for a
metal in contact with an aqueous solution on a potential-pH diagram, now known as
Pourbaix diagrams. These diagrams show the conditions under which the occurrence of a

given oxidation or reduction reaction is possible.

The dissolution of the Pt nanoparticles is fundamental to a few of the sintering
mechanisms outlined in chapter 2, so it follows that a thorough understanding of the
Pourbaix diagram for the Pt system is important. The focus will be on the region around
our test conditions of pH=1 and the potential in the water window of E=0 to 1.23 V versus
the standard hydrogen electrode (SHE). Take a look at the Pt Pourbaix diagram in Figure
2.2 and pH=1 (0.1M HClO,), we see Pt will form Pt(OH), above a potential of 0.92 V and

will transform to PtO, above a potential of 0.99 V. It is believed that this first potential
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represents the potential for dissolution and that PtO, passivates the surface preventing

dissolution.
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Figure 2.2 - Pt Pourbaix Diagram|[38]. The oxidative reaction potentials for a pH of 1 are indicated.

The corrosion region of interest isn’t very well shown on this published diagram in
Figure 2.2, so the Pourbaix diagram is recreated here from the following thermodynamic

equations:
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Pt+2H,0 <> Pt(OH), +2H" +2e” (2-8)
E=0.980-0.0591pH

Pt(OH), <> PtO, +2H" +2¢” (2-9)
E=1.045-0.0591pH

PtO, + H,0 <> PtO,+2H " +2e¢” (2-10)
E=2.000-0.0591pH

Pt +2H,0 <> P{(OH), + 2H" @-11)
log([Pt*™]) = ~7.06 = 2 pH

Pt<> Pt +2e— 2-12)
E =1.188+0.0295log([Pt™*])

Pt™ +2H,0 <> PtO, +4H" +2¢” (2-13)
E =0.837-0.1182pH —0.0295log([Pt ™" ])

The Pt Pourbaix diagram for the region of interest with an expanded corrosion section
indicated by the contour lines at different Pt concentrations has been plotted in Figure
2.3. This figure clearly shows the region of dissolution. While the equilibrium
concentration of 10" M appears to be very small it can represent a significant fraction of
the available Pt on these lowly loaded electrode surfaces. For example, complete
dissolution of a Pt film on a Smm electrode at a loading of 1.07 pg/cm® into 100 ml of
electrolyte would only generate a Pt™ molar concentration of 10® M. So an equilibrium
concentration of 107" M represents dissolution of 1% of the Pt on these small RDE

electrodes.
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Figure 2.3 — Bulk Pt Pourbaix diagram recreated with expanded corrosion region

2.2.1 Application of the Nernst Equation to Nanoparticles

Electrochemical processes at the nanometer scale may result in Pt dissolution at lower
potentials than those predicted based on the Nernst equation alone. To apply this effect to
the Nernst equation we take advantage of the relationship between the cell potential E and
the chemical potential available from redox reactions (E = pc / e). So E is related to the
Gibbs free energy change AG only by a constant: AG = -nFE, where n is the number of

electrons transferred.

An electrochemical equivalent of the Gibbs-Thomson (GT) equation can provide the
effect of interfacial energy on the solubility in terms of particle radius, the same way this

effect is applied to chemical potential and vapor pressure. This curvature effect on Ep; can
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be calculated by adding the Gibbs-Thomson equation to the Nernst equation. A basic

thermodynamic analysis would indicate that the stability decreases with particle size [39].

(2-14)
E' = Eo _Eanrxn _%
nF rnF

Here E’ is now the equilibrium potential corrected for the effect of local surface
curvature, Q is the molar volume and r is the radius of curvature. If we use a room
temperature surface energy (y) value of 1500 dyne/cm in Eq. (2-14), the variation from
equilibrium potential can be calculated as a function of radius of curvature. As can be seen
in Figure 2.4, this results in a reduction of ~100 mV in the equilibrium potential at a typical
Pt particle diameter of 3 nm [40]. The common crystal surfaces have different surface
energies so both the surface energy for Pt(110) of 1553 dyne/cm and Pt(111) of 977

dyne/cm are shown to provide an effective range [41].
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formation) at a 3 nm particle size.
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Figure 2.5 shows the new Pt Pourbaix diagram with the Gibbs-Thomson effect
calculated for a 3nm particle. An average surface energy of 1000 dyne/cm was used for this

calculation as the Pt particles are predicted to be mostly (111) terminated.
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Figure 2.5 - Pt Pourbaix diagram for 3nm particles

2.3 Previous Sintering Studies

It is well known in the PEMFC literature that Pt particle growth does indeed occur [30,
42-44]. The reasons for this growth may be due to a number of possible mechanisms, as
such, this is an active area of research. Most research conducted on this subject use
membrane electrode assemblies (MEA) for aging and measurements of the growth in
platinum particle size requires destruction of the MEA to use the most common techniques

of x-ray diffraction (XRD) or transmission electron microscopy [45, 46].
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An example of a MEA aging study can be seen in Figure 2.6. The narrow particle size
distribution found on the pristine Pt/Vulcan is contrasted against the broader particle size
distribution for the cycled MEA cathode catalyst. The change in the mean platinum

particle diameter also changed significantly from 2.8 to 5.9 nm.
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Figure 2.6 - PSDs and TEM micrographs of (a) the pristine Pt/Vulcan powder sample and (b) powders scraped
away from the cathode surface of the cycled MEA [46]

Ferreira et al. [46] also examined the catalyst powder particle size distributions through
the thickness of the catalyst. The particles closer to the ionomer sintered significantly
more, with very broad distributions, when compared to those closest to the gas diffusion
layer. They suggested this was related to the availability of hydrogen through the
dissolution reprecipitation mechanism. The result was an overall particle size distribution
tailing toward large particle sizes. It is generally accepted that a distribution with a tail
toward small particle sizes represents nanometer-scale Ostwald ripening, whereas the
distribution with a tail toward larger sizes is caused by platinum diffusion/precipitation
mechanism or migration and coalescence. The overall particle size distributions can easily
be misinterpreted when multiple platinum area loss mechanisms are occurring. Typical X-

ray diffraction analysis of particle size growth include platinum particles both on the
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carbon support and in the ionomer phase, which is not electrochemically active and would

be misleading when determining the active platinum surface area for the aged cathode.
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Chapter 3

Research Objectives

Understanding the role of the nanoparticle size and structure on the catalytic activity
and degradation is needed to optimize the fuel cell durability and reduce the noble metal
loading. Most approaches to study this role utilize commercial catalysts which are
incorporated into MEAs. The result is a complex system wherein it is difficult to

deconvolute the effect of the nanoparticle on electrocatalytic activity [47].

The focus of this research is the development and study of model surfaces to provide
insights into the electrocatalyst deactivation mechanisms. These model surfaces are thin
non-wetting layers of Pt on planar supports of glassy carbon. The planar supports enable
electrochemical activity measurements and surface analysis such as electron microscopy
imaging on the same surface. The imaging of the catalyst surface is performed at intervals
during the aging process. High resolution scanning electron microscopy (HRSEM) enables
the imaging of particle sizes down to 1 nm, on the same surface used in electrochemical
rotating disk electrode (RDE) experiments. This resolution was previously only available
with Transmission Electron Microscopy (TEM), but is now possible with modern high

resolution scanning electron microscopes (SEM).

Markovic and Ross in 2002 [48], mentioned the need of better model systems for real,
i.e. supported, electrocatalyst. They went on to describe the need for regular arrays of metal
particles fabricated by lithographic methods, as these particles would have all the same
size, composition and shape. At that time the lithographic methods were limited to

relatively large particles not useful for studies of catalytic nanoparticles. We propose to
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address this need with a significant improvement on these model electrode structures by the
development of a nanoparticle array of controlled particle size and inter-particle spacing.
This will be accomplished by using block copolymer templates. This technique has been
demonstrated in the semiconductor industry on large wafers. This templating technique
needs to be adapted to the formation of ordered arrays of catalyst nanoparticles on the

surface of small carbon RDE electrodes.
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Chapter 4

Experimental Methodology

The experimental details are covered in this chapter. The first part of each section deals
with the theoretical background of the applied technique. The focus is on the main
analytical tools used in this research, such as cyclic voltammetry and the rotating (ring)
disk electrode (R(R)DE) technique. In the second part of the chapter the experimental
setup, the electrochemical cells and the sample preparation is described. The experimental
procedures applied in this work are introduced and also in this part are details concerning

electrolyte preparation, cleaning of the electrochemical cells, and the chemicals used.

4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) has become an important and widely used electroanalytical
technique in many areas of chemistry. With limited effort, a survey of the potentials at
which electrochemical processes occur can be rapidly attained. For this reason cyclic
voltammetry is the technique of choice when investigating a new electrochemical system.
It is rarely used for quantitative determinations, but it is widely used for the study of redox
processes, understanding reaction intermediates and for obtaining stability of reaction
products [49]. The technique is based on varying the applied potential on the working
electrode periodically between an upper and a lower limit at a constant scan rate while
monitoring the current. Repetition of the potential waveform allows the system to come to
a steady state. Cyclic voltammetry is applied using a three-electrode configuration. The
variable potential is applied to the working electrode (we) and current flows between the

working and counter electrode (ce). The changes in the potential are measured with respect
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to a reference electrode (re), which receives almost no current, so current only flows

between the working and counter electrodes.
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Figure 4.1 - Cyclic Voltammetry (a) Cyclic potential sweep, (b) Resulting cyclic voltammogram

The response obtained from a CV can be very simple, as shown in Figure 4.1 for a
reversible redox system. The anodic peak is associated with the oxidative electrochemical
reaction, while the cathodic peak is associated with the reductive electrochemical reaction.
The value of the current is a direct measure of the reaction rate, while the potential peak

positions give the thermodynamics and reaction overpotential.

4.2 Rotating Disk Electrode

Kinetic studies of electrochemical reactions require a well defined mass transport. The
rotating disk electrode (RDE) is a widely used method to study electrochemical
measurements under well defined mass-transport conditions. The spinning disk of the RDE
drags the fluid at its surface and due to centrifugal force flings the solution outward from
the center in a radial direction. This forced convection replenishes the electrolyte at the

electrode surface by a flow normal to the surface and brings the reactants dissolved in the
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electrolyte to the electrode surface. The mass flow to the electrode surface can easily be
controlled by the varying the rotation rate. The diffusion coefficients and kinetic
parameters of the electrocatalytic reaction can be calculated from the current-potential
relationship at different rotation rates. The RDE is one of the few convective electrode
systems for which the hydrodynamic equations have been rigorously solved. Schematics
of the rotating disk electrode and rotating ring disk electrode (RRDE) are shown in Figure

4.2. The R(R)DE construction details and relevant equations will be briefly discussed.

Figure 4.2 - Schematic of a) rotating disk electrode with indicated fluid path b) ring disk electrode design

The RDE is constructed from a disk electrode material, such as platinum or glassy
carbon, imbedded in a rod of insulating material typically made of Teflon. The electrode is

attached to a rotary motor, where the rotation leads to very well defined solution flow
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pattern. The rotating disk surface acts like a pump, pulling the electrolyte upward and then
flinging it outward as shown in the schematic of figure Figure 4.2a. The theoretical
treatment of this rotation induced flow was described by Levich, where he described the
mass transport of the electrolyte up to the near surface as convective and then diffusion
takes over through a small diffusion layer. The diffusion layer thickness of the RDE, rpe,

is given by [50]:

Seps =1.61DV Py &

where D, ® and v are the diffusion coefficient of the reactant in the electrolyte, the
rotation rate of the electrode in rads/s and the kinematic viscosity of the electrolyte
respectively. Note that for the RDE the diffusion layer thickness is not time dependent, but
only depends inversely on the square root of the rotation rate. Applying Fick’'s law the
current measured at the disk electrode can be expressed in terms of the concentration of the

reactants in the bulk of the electrolyte ¢, and at the electrode surface ¢, by:

(4-2)
I = nFAg(ca —-c,)

where 7 is the number of electrons transferred in the reaction, F is the Faraday constant
and A is the geometric surface area of the electrode. If the reaction rate at the electrode
surface is faster than the diffusion of the reactant to the surface then the surface
concentration of the reactant is essentially zero and the current is called diffusion limited.

The diffusion limited current density /; can then be calculated by:

(4-3)
1, = nFAQCO
o

33



Combining equations (4-1) and (4-3) yields the Levich-equation for the diffusion

limited current density on a RDE 1 gpg :

I, = 0.62}1FAD2/31/_1/600a)l/2 = Bw"? (4-4)

where B is called the Levich constant. If the alternate regime is considered where there
are no mass transfer effects the measured current would be under kinetic limitation /x .
Combining this with the Levich diffusion limited current 7 results in the Koutecky-Levich

equation shown equation (4-5), which is graphically depicted in Figure 4.3:

LR S B 1 “
I 1, I, I, 0.62nFAD"v"c 0"
11\
Levich line (1 oc @?/?)
7

Independent of w??

>
7

wl/?

Figure 4.3 — Plot of Koutecky-Levich equation for RDE electrode with slow kinetics

The benefits of the RDE are a controlled time independent mass flow of the reactant to
the electrode; a fixed diffusion layer thickness; and the mass flow equations for reactant
transport to the surface have been solved and can be conveniently regulated by varying the

rotation rate.
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A photograph and schematic of the experimental configuration used for the RDE
studies in this research are shown in Figure 4.4. The double wall glass electrochemical cell
was purchased from Pine Instruments. We used a double frit Ag/AgCl reference electrode
or an electrolyte bridge to prevent chloride contamination. A Pt wire or graphite rod was
used as the counter electrode. The potentiostat used for these experiments was a Princeton

Applied Research VersaSTAT3.

. ) Inert
Ag/AgCI V\Ilorklng E‘;asin
Reference Electrode |

Electrode,

Counter
Electrode

Figure 4.4- Experimental RDE setup and schematic

43 EQCM

In many electrochemical experiments, mass change occurs as material is deposited or
lost from the “working” electrode. To monitor those changes simultaneously with the

electrochemical response, the electrochemical quartz crystal microbalance (EQCM) is the
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standard means of doing so. As a gravimetric probe, the EQCM has been used in many
types of electrochemical studies, including: underpotential deposition of metals, corrosion,

oxide formation, dissolution studies [51-55].

The EQCM is an extremely sensitive sensor capable of measuring mass changes in the
range of ng/cm’. Sauerbrey was the first to recognize the potential usefulness of the Quartz
Crystal Microbalance (QCM) technology and demonstrate the extremely sensitive nature
of these piezoelectric devices towards mass changes at the surface of QCM electrodes [56].
The results of his work are embodied in the Sauerbrey equation (4-6), which relates the
mass change per unit area at the crystal surface to the observed change in oscillation

frequency of the crystal:

_ 2A 2 (4-6)
= —mf" =-C,Am
AVPH,

Af

Where Af is the observed frequency change in Hz, Am = the change in mass per unit
area in g/cm” and Cr is the sensitivity factor for the crystal (56.6 Hz ng” ecm® for a 5 MHz
AT-cut quartz crystal at room temperature). The crystal sensitivity factor Cy captures all the

quartz properties such as the harmonic number n, the resonant frequency f,, the quartz

density p, ( 2.648 g/cm’) and the shear modulus Hy (2947 x 10" g/em s%).

The Sauerbrey equation relies on a linear sensitivity factor, Cy, which is a fundamental
property of the QCM crystal. In theory, since only the change in frequency is need to
measure the progress of an experiment, the QCM mass sensor does not require calibration.
However, the Sauerbrey equation does require that the deposits on the surface are uniform

and rigid to yield accurate results.
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The change in the crystal frequency is related to the change in mass of attached surface
species by the Sauerbrey equation. Only a small modification to the equation is required
for operation in liquid mediums. When the QCM comes in contact with a solution, there is
a decrease in frequency that is dependent upon the viscosity and the density of the solution.
This problem was first treated by Glassford [57], and later by Kanazawa and Gordon [58].
Kanazawa’s treatment of the influence of the solution properties on the crystal permits the
prediction of the change in resonance frequency which accompanies immersion of the

crystal into a viscous medium:

3 ] 4-7)
& =1 o)/ mo,4,)?

Where p is the density of the liquid in contact with the electrode and 77, is the viscosity
of the liquid. This equation represents the observed change in frequency when the sensor is
immersed in a liquid, typically around -700 Hz. Again, only the change in frequency is
required to monitor the progress of an experiment. So the Sauerbrey equation (4-6) still

applies for continuous measurements in the liquid environment.

The EQCM system that was used in these experiments is the SRS QCM200 shown in
Figure 4.5 [59]. The working electrode connection from the potentiostat is connected to the
top of the QCM oscillator, which is a direct connection to the quartz crystal front surface.
The rest of the cell is the typical three electrode configuration. The frequency output from
the QCM is converted to a +/- 10V analog signal and is input to the potentiostat through an
auxiliary connection for synchronization with the rest of the potentiostat data. The quartz
crystals are received with gold electrodes on the surfaces. For our experiments, the surface

was first coated with a thin film of either Pt or carbon followed by a very thin layer of Pt.
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Using this configuration, experiments were conducted to determine mass loss from Pt

dissolution and the mass gain from the oxidative processes as a function of potential.

QCM200 Quartz Crystal Microbalance

Refaianca

Potentiostat

AT
T

(b)

Bagic EQCM setup with the: QUM 200

Figure 4.5 - SRS Electrochemical Quartz Crystal Microbalance (a) and schematic (b)

A photograph and schematic of the experimental configuration used for the EQCM
studies in this research is shown in Figure 4.6. The double wall glass electrochemical cell
was purchased from Adams & Chittenden Scientific Glass. The large Teflon lid on this

cell was cut to fit the EQCM handle, a double frit Ag/AgCl reference electrode and a glass
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tube for the inert gas. A Pt wire counter electrode was placed in the attached side tube
which is connected to the cell via a porous ceramic frit. The potentiostat used for these

experiments was a Princeton Applied Research VersaSTATS3.

Frequency Working

Ag/AgCl [1[] Electrode
Reference

Electrode

PtCounter D \ Gasin
Electrode

B — e —
smmimE

.l"..‘cllg l""

Figure 4.6 - EQCM setup

4.4 Electrochemical active surface area (ECSA)

The electrochemical surface area (ECSA) of the fuel cell catalysts can be determined
by cyclic voltammetry techniques. The procedure involves cycling the electrode over a
voltage range where the charge transfer reactions are adsorption limited at the active
surface sites. The number of active sites can be obtained by measuring the total charge for

adsorption/desorption of a monolayer.
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A typical reaction used when characterizing Pt electrocatalyst is the hydrogen

adsorption/desorption (HAD) reaction:

Pt-Hogs < Pt + H* + € “-8)

| \ ﬁ
— A

047
| AN
A/ \/

15 4

2

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E(Vane)

Figure 4.7 - Cyclic voltammogram of Pt Catalysts with hydrogen desorption region highlighted

The cyclic voltammogram in Figure 4.7 of a Pt catalyst in a perchloric acid solution
exhibits three characteristic potential regions. The hydrogen underpotential
deposition/desorption region (Hypg, 0 < E < 0.4 Vryg) which is followed by the “double-
layer” potential region (0.4 < E < 0.6 Vryg) and then by the Pt oxidation/reduction region
(0.6 <E < 1.2 Vryg). The double-layer region represents capacitive charging of the bare

platinum metal in the acid solution. No chemical reactions are occurring in this double
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layer region, so it can be used to remove the effect of capacitive charging from the reaction
regions. The coulombic charge associated with the hydrogen desorption is shown in Figure
4.7 with the capacitive charging removed. The hydrogen oxidation reaction, equation
(4-8), is a one electron process so each electron transferred during this reaction represents
one platinum atom. This assumes the hydrogen is linearly bonded to only surface atoms.
Using an average surface density of 1.3 x 10'° atoms/cm?, the charge required to oxidize a
monolayer of protons on Pt is calculated to be 210 uC/cm®. The ECSA from hydrogen

desorption can now be calculated as:

RHE=0.4 4-9)
ECSA(cm®) = el = j(l—ld,)dt/210,uC/cm2

2
Coulombs | cm REE=0

The other most common method for measuring the electrochemical surface area is

oxidative stripping of adsorbed carbon monoxide, known as CO stripping voltammetry.

Pt-CO.4s + H0 Pt + CO» + 2H + 2e (4-10)
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Figure 4.8 - CO stripping voltammogram on Pt Catalysts

This method is conducted by holding the potential fixed in a region where the metal is
known to be bare (i.e. no oxide) or hydrogen terminated. CO is bubbled into the electrolyte
for a brief period of time, during which time it strongly adsorbs to the Pt surface, even
displacing any adsorbed hydrogen if present. Any excess CO in solution is purged with an
inert gas before beginning the stripping voltammetry scan.

Figure 4.8 shows a potential hold at 0.3 Vgyg followed by a 10 mV/s scan down to 0
Ve and then the oxidative scan to 1.2 Vrpug. Between 0.6 and 0.8 Vrye the CO oxidation
takes place. Another voltammetry scan is completed immediately following the stripping
scan to be used for background removal. The carbon monoxide oxidation reaction,
equation (4-10), is a two electron process so every two electrons transferred during this

reaction represents one platinum atom. Again using an average surface density of 1.3 x
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10" atoms/cm?, the charge required to oxidize a monolayer of CO on Pt is calculated to be

420 nC/cm’. The ECSA from CO stripping voltammetry can now be calculated as:

q RHE=0.9 (4-11)
ECSA(cm?) = = 11, )dt /420uC /cm?
( ) Coulombs | cm* Rthgs big ) / H

4.5 Model Electrode Fabrication and Characterization

The experimental setup, the electrochemical cells and the sample preparation is
described in the following section. The experimental procedures applied in this work are
introduced and also in this section are details concerning electrolyte preparation, electrode

preparation, cleaning of the electrochemical cells and the chemicals used.

4.5.1 Electrochemical Cell

A typical three electrode electrochemical cell was used to investigate electrode
reactions in this research. The cell consisted of the working electrode, which is the location
of the catalyst being studied, a counter electrode, which was a 0.020" diameter Pt wire or a
0.25" diameter graphite rod and a reference electrode. The electrolyte was 0.1M perchloric
acid in all of these experiments. The material of the cell was glass, selected to minimize
reaction with the sample. It is desired for the reference electrode to be as close as possible
to the working electrode. However, to avoid contamination, it was necessary to place the
reference electrode in a separate compartment or use a reference electrode with a double
junction. In this case, the end of the bridge or double junction was placed as close as

possible to the working electrode to avoid resistive offsets in the voltage. At the low
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currents measured during these experiments it was determined that IR compensation was
not required. The unique requirements for each of the voltammetric techniques are

described under the individual techniques.

The reference electrode provides a reversible half-reaction with Nernstian behavior, it
must be constant over time, and be easy to assemble and maintain. The two reference
electrodes used in this study were the saturated calomel electrode (SCE), with the potential
determined by the reaction Hg,Cly) + 2e = 2Hg(;) + 2Cl" and the silver/silver chloride
electrode (Ag/AgCl), with potential determined by the reaction AgCl) + e = Ag) + Cl.
The potential of a KCl saturated Ag/AgCl electrode is approximately -0.2V relative to the
reversible hydrogen electrode (RHE). As these studies involve platinum as the catalyst, this
potential could be verified during experimentation by the onset of hydrogen evolution. All
of the potentials reported have been adjusted for comparison to the reversible hydrogen

electrode.

Perchloric acid solutions were prepared from concentrated Baker Ultrex Perchloric
Acid (67-71%) and HPLC grade water. The 0.1M solution was made by adding 14.7g of
the concentrated perchloric acid to a 1L bottle of HPLC water. New glassware was
initially cleaned by trichloroethylene vapor, followed by an acetone rinse and then an
isopropyl alcohol rinse. Subsequently the glassware was rinsed with concentrated sulfuric
acid and then boiled in 18 mega-ohm de-ionized water. After boiling for one half hour the
glassware was removed and then rinsed with ultrapure water will still hot. Prior to each
experiment, the electrolyte was de-aerated by purging with research grade argon (0.999995

purity). The oxygen reduction reaction (ORR) measurements were carried out in saturated
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electrolyte using research grade oxygen. The RDE measurements were performed under a
continuous gas flux. The CO stripping measurements were carried out with a short

exposure to UHP grade CO.

4.5.2 SEM Imaging

This study of model catalysts structures directly on glassy carbon electrodes is enabled
by modern SEM technology. New Scanning Electron Microscopes with low kV, short
working distance, field emission (FE) and biased In-Lens detectors result in high
resolution, high contrast imaging with very little charging. In this study the catalyst
structures were imaged on model supports by high resolution scanning electron microscopy
(SEM) using a Hitachi 5200 In-Lens FE SEM. This SEM uses a transmission electron
microscopy (TEM) style holder to place the sample into the lens of the microscope,
referred to as an in-lens microscope. Pt particles sizes down to 1 nm in diameter can be
imaged with this system. A limitation of an In-Lens system is the samples are limited to
Smm in size. The Pine Research Instrumentation© ChangeDisk RDE tips are Smm in

diameter and 4mm in height and were selected for this study.

The catalytic activity of the deposited/sintered Pt particles was measured using rotating
disk electrode (RDE) techniques. Cycling between activity measurements and SEM

imaging enabled the observation of the catalyst degradation process.
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Figure 4.9 - Characterization Cycle between SEM < RDE

4.5.3 Model Supports

The model supports used in this study were removable 5 mm diameter glassy carbon
electrodes purchased from Pine Instruments. These electrodes were prepared by grinding
with water on a flat surface using a 600 grit paper, followed by polishing with Spm
alumina solution on a nylon pad and a finish polish with 0.05 pum alumina on a rayon
microcloth. The electrode surface is rinsed clean with DI water between each polishing
operation. The glassy carbon electrodes are inserted into a Teflon holder, provided in the
pine polishing kit, to keep the surface flat during the polishing operation. After polishing

the electrodes are cleaned by ultrasonics in de-ionized water.
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4.5.4 Catalyst Deposition

To add catalytic metal to these electrodes, high purity platinum material (99.999%) was
deposited directly onto the glassy carbon electrode surface using electron beam
evaporation. This is a physical vapor deposition (PVD) technique, where 10KV electrons
heat the metal until its vapor pressure is high enough to be used for deposition. In a
vacuum this vapor travels by line of sight until it collides with a cold surface and
condenses. The system pressure during evaporation was 5 x 107 torr or lower. The
platinum film thickness was controlled by a quartz crystal microbalance (QCM), while the
rate was maintained at 0.3 A/s. The QCM as configured on this system is capable of

controlling the film thickness to 0.1 Angstroms.

It is important to know how the loading of these model catalysts compares to that of
commercial catalysts. Converting typical loading weight percents into an areal density or
equivalent film thickness is the best way to make this comparison. Table 4.1 shows the
calculated equivalent film loading for a typical 40 wt% Pt catalysts for comparison to these

model electrode structures.

Table 4.1: Equivalent Catalyst Loading

Catalysts Catalyst Mass / Support Area Equivalent Thickness
40 wt% Pt on 2.6 mg / m” of support 1.2 Aor0.5ML
250 m2/g XC-72
Pt Thin Film 10.7 mg / m® of support 5Aor22ML
on Planar Support
« 21.4 mg/ m” of support 10 A or4.3 ML
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Platinum on carbon is non-wetting so a continuous film is not formed during deposition
at very low loadings. The growth of this type of film is referred to as Volmer-Weber

growth.

CoN () O N ()

(a) Layer by Layer growth (b) Volmer-Weber growth

Figure 4.10 - (a) Wetting film growth and (b) Non-wetting growth

Effective film thicknesses of 0.5 and 1.0 nm were used in this study. For the remainder
of this discussion, a mass loading description of the deposited film will be used instead of
an effective film thickness. Platinum has a density of 21.4 g/cm’, so a film with an
effective thickness of 0.5 nm, would have a specific loading of 10.7 mg"™/m’. Comparing
this to a Vulcan XC-72 catalyst, which has an average surface area of 250 m*/g and using a
typical catalyst loading of 40 wt% Pt, the specific loading would be 2.6 mg™/m”. So the
model planar supports used in this study are more highly loaded than the commercial
catalyst. This is primarily due to the low planar surface area of the electrode; this higher

loading is required to provide enough platinum surface area for electrochemical testing.
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Chapter 5

Platinum EQCM

Cathode electrocatalysts in fuel cells are commonly covered with a thin layer of oxide
that may have a profound influence over the chemistry, stability and kinetics of the oxygen
reduction reaction. Studies concerning the formation and reduction of the anodic oxide film
on platinum in aqueous solution have been carried out using electrochemical method such
as cyclic voltammetry(CV) and chrono-amperometry in order to evaluate the oxide growth
mechanisms (kinetics and thermodynamics). Here we study the platinum oxide formation
and reduction and its affect on Pt dissolution using an Electrochemical Quartz Crystal

Microbalance (EQCM).

The high mass resolution and in situ capabilities of the EQCM make it useful for
observing degradation processes. In combination with additional techniques such as CV,
one can distinguish between performance loss caused by particle agglomeration and
growth, and degradation related to loss of platinum metal from the catalyst by dissolution.
In EQCM experiments, one face of the quartz resonator, which is used as the working
electrode is immersed in the electrolyte and electrochemically controlled during a
frequency measurement. This allows simultaneous collection of both mass change and
electrochemical data. Mass change per unit area, 4Am, is calculated from the change in
resonant frequency, 4f, using the Sauerbrey equation, Af =-Cy4m. The sensitivity factor,

Cy, for the crystals used in this study is 56.6 Hz-em®/ ug.

The electrosorption properties of hydrogen and oxygen on Pt electrodes in aqueous

media have been widely documented in the electrochemistry literature [60-62]. The EQCM
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data are presented as plots of Am vs. E, known as massograms [63-65], where Am is the
change of the mass at the electrode surface. For changes in mass associated with charge
transfer at the electrode surface (faradaic processes), Am is directly proportional to the
current density and hence the massogram is analogous to the voltammogram. In addition,
given that observation of a mass flux in the massogram without a corresponding current
density in the voltammogram is evidence of a nonfaradaic mass change (i.e. a mass change
without an associated charge transfer) on the electrode surface, it is possible to distinguish
between faradaic and nonfaradaic processes by comparing a massogram with its

corresponding voltammogram [63].

This study is about the oxidation, dissolution and sintering behavior of Pt catalyst in
0.1M of HCIO, solution. The dissolution of Pt in acid solution under potential cycling and
potential step has been investigated using EQCM and SEM analysis in order to understand

the dissolution mechanism of the electrocatalyst of polymer electrolyte fuel cells.

5.1 Pt Reduction/Oxidation Explored by EQCM

These QCM experiments were carried out simultaneously with the voltammetry
measurements on Pt coated QCMs. The platinum coating was created by dc magnetron
sputter deposition using a 0.99999 purity platinum target. The entire front electrode
surface of the 1" diameter, 5 MHz AT-cut quartz was coated with a 10 nm thick chromium
adhesion layer followed by a 200 nm Pt layer. All the measurements were made at 293K in
a glass electrochemical cell with 0.1M HCIO4 solutions purged with ultra high purity

argon. The electrochemical setup consisted of the Pt coated EQCM as the working
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electrode, a Pt wire as the counter electrode and a KCl saturated Ag/AgCl (SSE) reference
electrode. The reference electrode was separated from the main cell by either a salt bridge
or a double junction to avoid chloride contamination. Before each measurement the QCM
crystal surface was rinsed with ethanol and then distilled water. Immediately prior to use it
was cleaned by 2 minutes in a 100 watt oxygen plasma. All potential values shown here
have been converted to reference the Reversible Hydrogen Electrode (RHE) potential. The
mass per unit area obtained from the Sauerbrey equation is calculated using the
geometrically active electrode area of the quartz crystal. This geometrically active area was
determined to be 2.85 cm” for these Pt coated QCM crystals. This value of mass per unit
area was further adjusted by the ratio of the geometric area to the electrochemical active
surface area (ECSA) measured using the hydrogen desorption area of the voltammogram.
By this method the massogram and voltammogram are referencing the same surface area,

the ECSA. The ECSA was typically around 4.1 cm” giving a roughness factor of 1.44.
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Figure 5.1- Cyclic voltammogram of sputtered Pt film with corresponding mass changes at scan rate of
200mV/s. Arrows show associated scan direction for hysteresis.

To understand the data in Figure 5.1, we must look at the mechanisms of surface
oxidation of Pt. As we scan the potential in the anodic direction (increasing potential), the
initial peaks (0 — 0.4Vgryg) in current are associated with the removal of surface hydrogen
as shown in equation (5-1). The more weakly bound hydrogen, most likely from the
Pt(111) surfaces comes off first followed by the more strongly bound hydrogen on the

Pt(100) surfaces [66]. Even though hydrogen is being removed from the surface the

52



EQCM shows a weight gain. This weight gain is associated with presence of physisorbed
water [67]. After the hydrogen has been removed from the Pt surface we reach the double-
layer region where the only current is that of capacitive charging of the bare metal surface.
This capacitive charging current is always present even when a Faradic reaction is taking
place. For this reason all measurements of charge reported here have had this double-layer
charging current subtracted. Starting at about 0.6Vgrpg the current begins to rise from
oxidation of the platinum surface. Early modeling of the initial stages of surface oxide
formation at Pt proposed that two distinguishable and successive stages were involved [68-
70]. First the deposition of hydroxyls on the surface according to equation (5-2), followed
by conversion to platinum oxide according to equation (5-3). The overall reaction is shown

in equation (5-4). The EQCM shows an almost steady rise in mass during this oxidation

phase.
PtH—Pt+H +e G-1
Pt+H,0—>P(OH)+H" +e¢ 5-2)
PH{(OH)— PtO+H" + e~ G
Pt+H,0— PtO+2H" +2¢ -4

Reversing the scan direction and going in the cathodic direction, we see almost no
change in the mass until the PtO reduction peak is reached. This is the reverse of equation
(5-4). At this point there is a rapid change in mass associated with the current peak as
oxygen is removed from the platinum surface. Once again the potential passes through the

double-layer region where the charging current for the cathodic scan can be determined.
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As the potential drops below 0.4Vryr we see the current associated with the underpotential
deposition of hydrogen. The drop in mass in this region is from the displacement of

physisorbed water from the Pt surface.

The basis for charging-curve evaluation of surface coverage by electro-chemisorbed
species is simply the application of Faraday’s lays on a microscopic scale [71]. The charge
q transferred for deposition or desorption of an electroactive species such as H or OH is
g=li-dt. On a Pt surface, there are ~ 1.3 x 10" atoms/cm’, which corresponds to 210
nC/em’ for a one electron process. The charging curve for the striping of hydrogen and the
deposition of OH and O species on a Pt/QCM are shown in Figure 5.2. The charging
current associated with the double-layer capacitance has been removed from this plot.
Starting an anodic scan from a potential of 0.0 volts (RHE), the charge increases from the
removal of adsorbed hydrogen according to reaction shown in equation (5-1). The charge
per unit area is calculated from the current, scan rate and surface area measured from the
hydrogen underpotential deposition/desorption. This is a single electron process, so has a
surface monolayer limit of 210 pC/ecm® for Pt. After the double layer region, where no
apparent reaction takes place, the charge begins to increase starting at about 0.6V as the
growth of a Pt oxide layer begins. At about 0.9V the charging curve associated with
platinum oxidation is a straight line. This is in agreement with results shown by Conway
[72], where the oxide growth continued in a straight line fashion even into the formation of
a multilayer oxide film at higher potentials. In this work all oxide films were < 1 ML,

which is 420 pC/cm?” for this two electron process on Pt as shown in equation (5-4).
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Figure 5.2 - Pt charging curve as a function of potential at a scan rate of 200 mV/s in 0.1M HCIO,

Dividing the charge transfer from Figure 5.2, into the QCM mass change from Figure
5.1 and then multiplying by Faraday’s constant, we can determine the mass of the species
associated with these electrochemical reactions. This is shown in Figure 5.3 where the
slopes of four distinct regions are identified. The slopes are expressed in grams per mole of
charge. For one electron processes this would be equivalent to the molecular weight of the

of the electroactive species.
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Figure 5.3 - Anodic mass change as a function of cumulated charge at a scan rate of 200 mV/s

The first region identified on this anodic scan mass versus charge plot is associated
with the stripping of adsorbed hydrogen. The reaction associated with this region from
equation (5-1), should show a mass loss of slope M= 1.0 g/mol. The observed slope of
M;=19.6 g/mol is in reasonable agreement of the information reported about the non-
Faradaic adsorption of water with a mass of 18 g/mol at the surface. However this is only
observed during the first 50 pC/cm” of charge. The second region is relatively flat, M,= 0,
for the remainder of the hydrogen stripping up until 210 pC/cm”. This matches the
expected mass loss for stripping hydrogen. After the double layer region, 210 pC/cm?, the
onset of surface oxidation begins. The initial oxidation has a higher slope with M3=17.7
g/mol, than the later straight line oxide growth. This first 50 pC/cm” of charge is predicted
to be associated with the deposition of a hydroxyl layer as shown in equation (5-2). As a

one electron process this would represent fractional monolayer, ~1/4 ML of OH in
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agreement with the density functional theory (DFT) calculations by Norskov’s group [73].
They estimated that the hydroxyl layer was more stable than an oxygen layer up to 1/4 - 1/3
ML. The final region is the oxide growth region and as a two electron process should give

a slope of 8 g/mol, which is in good agreement with the measured value of M;=7.1 g/mol.

100

75 +

50

25

| (uAlcm?)
o

-25

-50

-75 -

-100 T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 14

E (VIRHE)

Figure 5.4 - Cyclic voltammograms on Pt coated QCM at 5S0mV/s in 0.1M HCIO,

In Figure 5.4, we show a series of CV oxidation-reduction profiles for the Pt oxide
formed on these Pt QCM crystals. The maximum potential was systematically increased
after each scan to demonstrate the changes in oxidation reduction process. As can be seen
the oxidative process doesn’t change with increasing potential. The PtO reduction peak
looks very different depending on the amount of oxygen on the Pt. Initially very little

shifting in the PtO reduction peak is observed. As the maximum voltage is increase to
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1.1V with approximately 1/2 ML of deposited oxide, the peak starts to shift to lower
potentials. This is due to a multilayer growth of platinum oxide through place exchange,
represented by equation (5-5) [74-76]. Shown in Table 5.1 is a summary of these peak

positions and charges.

PtO+ Pt — Pt+ PtO (-5

Table 5.1 - Oxidative Charge and Reductive Peak Position

Max Scan Total Pt Oxide Charge | PtO Peak position
Potential
uA/cm2 (ML) VRur
V/rug
0.92 114 (0.27) 0.77
1.02 171 (0.41) 0.77
1.12 236 (0.56) 0.76
1.22 317 (0.75) 0.75
1.32 398 (0.95) 0.73

The long plateau on the anodic sweep happens because platinum oxide is not limited to
monolayer coverage. Rather, multilayers of PtO may form [69, 70, 77]. The onset of
multilayer formation of PtO at potentials about 1.1V, results in an increased energy

required for the reduction peak shifting it to lower potentials [24].
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5.2 EQCM Dissolution Study

Platinum corrosion rates in fuel cells have been observed to increase when the catalyst
is exposed to high voltage and particularly when the cell voltage is cycled [24, 46, 78-81].
It has been suggested that dynamic operation in and out of the platinum passive region can
increase the metal vulnerability to corrosive conditions, namely high voltage 0.85 V vs
reversible hydrogen electrode, RHE, low pH <1 [62]. Woods and Rand [82], attributed the
higher dissolution rate of Pt to insufficient time of passivation when cycled. Johnson et al,
reported that Pt*" is produced when an oxidized platinum electrode is reduced [83]. This
work demonstrates some of the capabilities of measuring platinum catalyst dissolution
using these model electrode structures on with the EQCM. Quantifying the rates of catalyst
loss under a cyclic condition carries relevance to predicting and mitigating the catalyst
decay in a polymer electrolyte membrane PEM fuel cell during an automotive start-stop

operation.

During these EQCM studies, occasionally the mass was observed to systematically
decrease during potential cycling. Figure 5.5 and Figure 5.6 show the potential cycling of a
Pt coated QCM at 50mV/s between 0 and 1.3Vgryg. As can be seen in the figures, the mass
continues to drop with each cycle and this biggest observed change in mass is during the
PtO reduction. The mass drop per cycle is ~ 60 ng/cm?, which is equivalent to 0.14 ML of
Pt, as one monolayer of Pt is IML= 421 ng/cm”. Similar observations have been made by
others and associated with the presence of hydrogen peroxide [51], or chloride
contamination [84]. This dissolution could be induced by chloride contamination even
though every effort is made to prevent chloride contamination from entering the cell from

the Ag/AgCl reference electrode through use of a salt bridge or double frit junction.
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Figure 5.5 - EQCM observed mass loss during CV cycling at S0mV/s (0 - 1.3Vgyg)
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Potentiostatic experiments were conducted to directly measure the Pt dissolution rate as
a function of potential at room temperature. At high potentials, only a limiting oxide
growth was observed. However, at a 1.0Vggg in 0.1M HCIO4 (pH=1), a small amount of
Pt corrosion was observed. Initially the mass increased due to oxidation. The dip during
this oxide growth region was believed to have been caused by a gas bubble on the electrode
edge. After a mass growth equivalent to ~2 ML of oxide, the mass begins to fall. This
behavior is similar in shape to that observed by Dam at elevated temperatures [85]. The
drop of 150 ng/cm” then levels off. The electrochemical cell contained 70 ml of electrolyte,
so if all of this mass change stayed in solution the platinum molar concentration would be

[Pt]=3x10" M, which is only slightly higher than that predicted by Pourbaix [62].
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Figure 5.7 - Potentiostatic mass loss at 1.0V
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5.3 EQCM Nanoparticle Sintering Study

All of the EQCM studies described so far have been on sputter Pt films that fully cover
the QCM crystal surface. These crystals have been shown useful for studies of Pt
oxidation/reduction and dissolution, but to study sintering a new model surface needed to
be fabricated. Pt/C QCMs were fabricated to measure the affects of oxidation/reduction and
dissolution on the sintering of carbon supported platinum nanoparticles. The crystal surface
was first coated with an adhesion layer of titanium 10 nm thick, followed by a 200 nm
thick carbon film. These films were grown by DC magnetron sputter deposition in
ultrahigh purity argon. The sputter targets were titanium, 0.9995 purity and graphitic
carbon 0.999 pure. Since sputtering is an energetic process the growing carbon film did not
maintain the same bonding nature of the bulk target. X-ray photoelectron spectroscopy
(XPS) was used to determine the electronic state of the carbon in these deposited films. As
can be seen in Figure 5.8, the carbon film is mostly diamond like in nature with only 18%

graphitic bonds.

10

4__: Energy (eV) Sample %
Diamond 283.6 45.9
Graphite 274.2 18.3
C*-C-0 285.2 10.7
CN, C=N 285.8 7.9
c-oc 286.7 5.9
N-C-0 287.7 52
C=0 288.6 3.6
COOH 289.7 1.2

W6 94 282 w0 28 26 284 28 280 shakeup 290.6 13

Binding Energy (£V)

Figure 5.8 - XPS results from sputtered carbon film with peak fitting results
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Pt was deposited by e-beam evaporation onto this sputtered carbon film. Physical vapor
deposition by evaporation with a quartz crystal microbalance allows exceptional control
over the deposition rate and quantity. A discontinuous film is formed at low loadings of 2.1
pg/em’ or less, as platinum is non-wetting on carbon. A schematic of the model Pt/C QCM

is depicted in Figure 5.9.

Evaporated Pt
Sputtered C

QCM (quartz/Au)

Quartz Crystal Preparation

Figure 5.9 - Schematic of Pt/C EQCM sample

Two crystal surfaces were prepared with different Pt loadings of 1.0 and 2.1 pg/cm?.
The prepared Pt/C crystal surface was then mounted into the EQCM holder as the working
electrode and placed into an electrochemical cell with Argon purged 0.1M HCIO4 acid.
Prior to the measurements, the working electrode was pretreated by a potential cycle
between 0 and 1.4 Vgge at a rate of 500 mV/s until the cyclic voltammogram was
repeatable, which took 40 cycles. After this initial conditioning, a CO stripping
measurement was conducted to determine the Pt electrochemical active surface area
(ECSA). This represents the initial surface prior to the aging treatment. The Pt particles

were also imaged with a scanning electron microscope (SEM) at this time. The first aging
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treatment was 140 potential cycles at 20mV/s between 0 and 1.2Vgyg in argon purged
electrolyte. The ECSA was again measured and revealed a loss of 13 — 25% of the surface
area. Another aging treatment was then performed with 50 potential cycles at 20mV/s
between 0 and 1.2Vrpe in oxygen saturated electrolyte. The CO stripping measurement
revealed another loss of 18 — 23% with only 1/3 of the number of cycles. A summary of

these results is shown in Table 5.2, along with a representative CV in Figure 5.10.
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Figure 5.10 - CV of Pt/C QCM

Table 5.2 - Summary of Pt/C QCM aging

Pt/C QCM 1.0 pg Pt/cm’ SEM 2.1 pg Pt/cm® SEM
ECSA (cm?) Image area ECSA (cm?) Image area
fraction fraction
Initial Conditioning 1.27 0.16 2.48 0.33
(0.05 <> 1.4Vgue)
500mV/s
40 cycles - Ar
Aged
(0.05 ¢ 1.2Vgue) 1.11 (0.87) 1.86(0.75)
20mV/s
140 cycles - Ar
Aged
(0.05 > 1.2Vgye) 0.91 (0.72) 0.06 1.44(0.58) 0.21
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20mV/s
50 cycles - O2

Figure 5.11 - SEM of Pt sintering at a loading of 2.1 ug/cm2 after (a,b )initial conditioning and (c,d) after 190
cycles 0 — 1.2V

These unique Pt/C QCMs are too large to fit in the Hitachi 5200 SEM and so the FEI
Magellan™ at Sandia National Labs was used for this imaging. The FEI Magellan™ is
capable of sub-nanometer resolution at low electron beam energies. Figure 5.11(a and b)
contain the images of the 2.1 pg Pt/cm® sample after initial conditioning, while (c and d)

show the Pt particles after the aging treatment described above. From the SEM images we

65




can see that the loss of surface area is from the formation of Pt nanowires. The total metal

on the surface was difficult to quantify from these random nanowire formations.

Figure 5.12 - SEM of Pt sintering at a loading of 1.0 ug/cm? after (a,b )initial conditioning and (c,d) after 190
cycles 0 — 1.2V

Figure 5.12(a),(b) contain the images of the 1.0 pg Pt/cm2 sample after initial
conditioning, while (c),(d) show the Pt particles after the aging treatment described above.
From the SEM images a similar sintering behavior to the higher loaded sample is observed

again with the formation of Pt nanowires. Sintering is occurring, but into elongated shapes
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not into large spherical particles. Elongated nanowire shapes should result in a slower loss

of surface area versus spherical particles.

5.4 Summary

The electrochemical quartz crystal microbalance (EQCM) has been shown to be a
useful technique to assess the durability of fuel cell catalyst materials. When combined
with other experimental methodologies such as CV and SEM, EQCM is a powerful tool in
research on electro-oxidation of noble-metal electrodes and provides an insight into the

interfacial mass balance.

Cycling parameters, such as scan rates and upper voltage limit, have been found to
impact the rate of decay in platinum electrochemical area ECSA. While dissolution was
observed during potentiostatic testing, potential cycling significantly enhanced the

dissolution rate of Pt.

The experimentally determined molecular weight of the Pt surface oxide was 14.2
g/mol assuming a 2 electron process, which implies the addition of O to the surface and

PtO as the oxide species formed.

Electro-oxidation of platinum does involve the initial deposition of OH as an
intermediate surface layer for ~1/4 ML. The oxidation process proceeds with the formation
of PtO up to half a monolayer of O that resides on-top of the Pt surface without any place
exchange. The process continues with the formation of PtO above 1/2 ML but with the

growth of a multilayer through place exchange between O adatoms and the top most Pt
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surface atoms. This place exchange occurs at potentials of 1.1 Vrug and above. The
interfacial place exchange leads to the development of a multi-layer surface lattice
comprising Pt cations and O® anions. Upon reduction this multilayer leads to an

enhanced rate of platinum dissolution.

A QCM crystal with Pt nanoparticles on carbon was created by the sputter deposition of
a carbon layer. Sintering on this sputtered carbon surface proceeded through the formation
of Pt nanowires. The nanowire formation mechanism from either particle agglomeration or

ripening in the presence of a surface contaminant was not determined.

Testing protocols involving the formation of a multilayer oxide combined with

potential cycling result in the highest rate of platinum dissolution.
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Chapter 6

Pt on GC Model Electrode

The focus of this research is the development and study of model electrode surfaces to
provide insights into the electrocatalyst degradation. The planar support surfaces enable the
use of surface analysis techniques such as electron microscopy imaging on the same

surface that is electrochemically tested with cyclic voltammetry.

The model supports used in this study were 5 mm diameter glassy carbon electrodes
from Pine Instruments that are press fitted into a removable Teflon RDE tip. The electrodes
are polished with 0.05 um alumina. The Pt catalyst was deposited directly on the glassy
carbon (GC) support by e-beam evaporation using high purity Pt metal (99.999%) at a
pressure of 5 x 107 torr or better. The amount of metal deposited was controlled by an in-

situ quartz crystal microbalance.

6.1 Particle size control

Platinum on carbon is non-wetting so a continuous film is not formed during deposition
at very low loadings. The growth of this type of film is referred to as Volmer-Weber (VW)
type of growth, also known as island formation. In VW growth the adatom to adatom
interactions are stronger than those of the adatom to surface interaction, which leads to a
three-dimensional formation of adatom clusters. For this reason, a mass loading description
of the deposited film will be used instead of film thickness. Platinum has a density of 21.4
g/cm3, so a film with a 1 nm thickness would have a mass loading of 2.1 ug/cmz. Examples

of the model catalysts used in this study are shown Figure 6.1.

69



i
100nm

T T T T T T T T T T T — ‘1 Tt . T r T Tr r T T T r 1
o 2 4 6 8 10 12 14 16 o 2 4 6 8 10 12 14 16

Particle Diameter (nm) Particle Diameter (nm)

Figure 6.1. - SEM images of Pt nanoparticles on a model glassy carbon support with a surface loading of (a)
1.1 pg/cm’ and (b) 2.1 pg/cm* These samples were heated to 800 °C to generate observed particle size distribution
with an average size of 2.7 nm in (c) and 4.3 nm in(d).

Two different particle size distributions can be seen in Figure 6.1, which were
generated by depositing a thin layer of platinum followed by anneal step at 800 °C. The
anneal involved a temperate ramp of 30 °C/min and holding at 800 °C for 30 seconds in
ultrahigh vacuum, < 10” torr. With a platinum loading of 1.1 pg/cm?, the result is a log-
normal distribution with an average particle size of 2.7 nm. At a platinum loading of 2.1
pg/cm’, again a log-normal distribution was generated but with an average particle size of

4.3 nm.
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Figure 6.2 - Pt particle size distribution as a function of annealing temperature (a) as deposited, (b) 800°C, (c)
1000°C, (d) 1100°C
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In addition to controlling the particle size by changing the amount of metal deposited,
the particle size can be altered by changing the annealing temperature. In Figure 6.2, the
particle size distributions can be seen starting with the as deposited film at a loading of 2.1
pg/cm’. Figure 6.2(a) shows this Volmer-Weber type of growth for Pt on carbon, which
resulted in an average particle size 1.8 nm in a very narrow Gaussian distribution.
Annealing steps were added to this initial deposition to change the particle size. Each
annealing step used a temperature ramp rate of 30 °C/s and holding at the final temperature
for 30 seconds in ultrahigh vacuum, < 10” torr, only the final temperature was varied. At a
final temperature of 800 °C, the average particle size was 4.3 nm. With a final temperature
of 1000 °C the average particle size was 6.2 nm. When the anneal temperature was
increased to 1100 °C, the average particle size increased to 9.8 nm with the dramatic

appearance of some large particles up to 20 nm in size.

These model supports were imaged by high resolution scanning electron microscopy
(SEM) using a Hitachi 5200. Pt particles sizes down to 1 nm in diameter can be imaged
with this system. A custom holder to cleanly mount and remove these glassy carbon
electrodes for imaging was created. This arrangement enabled the catalytic activity of the
deposited/sintered particles to be measured using rotating disk electrode (RDE) techniques
and then cycle between these electrochemical measurements and SEM imaging to observe
the catalyst deactivation process. The custom SEM boat can be seen in Figure 6.3. Small
set screws on the ends of the boat secure the electrode for transfer into the SEM. Using
these custom holders no damage to the Pt nanoparticles was observed when cycling

between the electrochemical tests and SEM imaging.
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Figure 6.3 - Custom SEM boat for glassy carbon electrodes (a) SEM boat, GCE and tools (b) mounted in the
IN-LENS SEM holder

6.2 Nanoparticle size effects

The modification to the chemical potential by small nanometer size particles was
previously described in section 2.2.1. The application of the Gibbs-Thomson equation to
the Nernst equation provided a prediction of the anticipated change in equilibrium

electrochemical potential as a function the radius of curvature.

The impact of this nanoparticle size effect can be seen in the RDE data. The most
obvious peak in the cyclic voltammogram is the platinum oxide reduction peak during the
cathodic scan. The position of this cathodic peak occurs at some offset from the
equilibrium potential and therefore should reflect a shift in the equilibrium potential. In
Figure 6.4, the peak position shift for the 3.4nm particles was observed to be -70mV, while
the peak shift for a 4.1 nm particles was -40 mV relative to the bulk polycrystalline Pt
electrode. These changes are in good agreement to the AE values predicted by the modified

Nernst equation if we assume the surface is mostly Pt(111) of 54 mV and 44 mV for
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diameters of 3.4nm and 4.1nm respectively. The peak heights are smaller for the

nanoparticles because of a smaller active surface area.
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Figure 6.4 - Pt oxide reduction peak shift with cathodic scan at 200 mV/s. Pt nanoparticles on GC of 3.4nm,
4.1nm vs. a bulk polycrystalline Pt electrode.

Figure 6.5 shows a better view of the position of this cathodic PtO peak for a 2.1
pg/cm’ Pt on glassy carbon contrasted against a polished bulk poly crystalline Pt electrode.
The nanoparticle peak is plotted on a different axis to account for the low surface area. A
shift of ~40 mV is observed in this peak position, which is typically centered around 760
mV for a solid poly crystalline Pt electrode. This compares very well with the particle size

effect previously reported by Mayrhofer [86] and Gasteiger [10]. The Pt oxide formation
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peak was difficult to measure accurately due to the very low Pt loading and the gradual

nature of platinum oxide formation.
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Figure 6.5 - Pt oxide cathodic scan peak shift at 200 mV/s. Pt nanoparticles on GC vs. a bulk polycrystalline Pt
electrode

6.3 Oxygen Reduction Reaction

The oxygen reduction reaction (ORR), with the overall reaction of O, + 4H' + 4" —
2H,0 is a fundamentally important electrocatalytic reaction for fuel cells. There are no
electrode materials for which there is even a measurable current from oxygen reduction at
the theoretical equilibrium potential of 1.23V versus the normal hydrogen electrode (NHE).
Even for the most catalytically active electrode materials, the platinum group metals,
measurable reaction currents are only obtained below 1V [48]. The model catalytic
electrodes created for these studies must therefore be reasonably active for the ORR to be

relevant to studies of fuel cell catalyst degradation.

75



Evidence that this type of model system is catalytically active is shown in Figure 6.6.
The oxygen reduction reaction results from the RDE experiments are shown comparing a
model nanoparticle Pt/GC catalyst to a bulk Pt electrode. The image shown is for a 2.1
png/cm® Pt loaded GC support at a sweep rate of 50 mV/s, a rotation rate of 1600 rpm in
oxygen saturated 0.1M HCIlO4 at 20 °C. The reference electrode used was Ag/AgCl but all
data shown is with respect to the reversible hydrogen electrode (RHE). The Pt
nanoparticles, measured to be 2.6 nm in size, on glassy carbon exhibit good ORR activity.
The slight shift in the half-way potential, E;., to lower potentials is expected based on the

low loading and particle size [87-89].

(a) 2.6nm Pt/GC Electrode (b) Pt solid
1 1
0 0 // |
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6 Ny
0 0.2 0.4 0.6 0.8 1 1.2 ° 0 0.2 0.4 0.6 0.8 1 1.2
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E1/2 = 0'73 E1/2 = 0.85 RHE

Figure 6.6 - ORR RDE results on model catalyst (a) 2.1 pg/cm’ Pt/glassy carbon and (b) solid polycrystalline
Pt.

This potential cycle in an oxygen saturated electrolyte was repeated from 0.05 to 1.2
Vrue for 100 cycles. The current density at low potentials decreased by 20%, indicating a
loss in active surface area. The electrode was then removed for imaging. The capability of

the high resolution SEM microscope are demonstrated well in Figure 6.7.
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Figure 6.7 - SEM image of Pt/C after ORR cycling. Pt nanoparticles and carbon corrosion are visible

Pt particles, ~1 — 2 nm in size, are visible on the carbon surface. Pitting in the glassy
carbon is also observed. The loss of active surface area was determined to be
predominately from carbon corrosion and particle detachment. Very few Pt particles are

visible in the pits on the glassy carbon surface.

6.4 Aging studies

The objective of this study was to evaluate degradation issues of electrode materials
such as the catalyst and the carbon support due to potential cycling in acid electrolytes.
This would allow us to understand the degradation mechanisms of various electrode
processes such as the reduction of oxygen. Electrode degradation is most severe at the PEM

cathode due to an oxidizing environment at the cathode.
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Figure 6.8 - 2.1 p,g/cm2 Pt annealed at 800C (a) initial PSD, (b) after conditioning (0 - 1.4V), (¢) 500 cycles 0.6 —

1.2Vgue
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Figure 6.8 shows an aging study conducted on a 2.1 pg/cm® Pt on glassy carbon
annealed at 800 °C. The initial particle size distribution was created by annealing the
electrode is shown in figure (a). The sample was conditioned by repeat cycling at 500
mV/s from 0 — 1.4 Vryg in argon purged 0.1M HCIO, until the CV was repeatable. This
conditioning took 40 cycles and as can be seen in figure (b) had only a minor affect on the
particle size distribution. The electrode was then aged for 500 cycles, just through the Pt
oxidation/reduction regime (0.6 — 1.2 Vygg). at 50 mV/s in the same argon purged 0.1M
electrolyte. As can be seen in figure (c), even though the average particle size increased to
4.9 nm this was mostly due to the loss of small particles. This mechanism is known as
Ostwald ripening, where the larger particles grow at the expense of the smaller particles.
Ostwald ripening as the predominant mechanism is further supported by the change of the
particle size distribution from log normal to a more Gaussian shape. However, the overall
particle density dropped more than can explained by Ostwald ripening alone, so surface

area loss from Pt dissolution is also occurring.

Another aging study starting with the small particle distribution of the as deposited Pt
was conducted in the same Pt oxidation/reduction regime. As can be seen in Figure 6.9, the
initial particle size and shape change significantly during the initial condition cycles from 0
— 1.4 Ve at 500 mV/s. Particle size distributions were not generated due to the unusual Pt
elongated shapes which were more like nanowires and not spherical. The diameter of these
wires was around 3.0 nm. The CV during this initial conditioning process is shown in

figure (d).

79



= .
3 M . T A
J{(©) o ~¥3" 7,nu _x

ll‘_'_" .'-

-0.15

Peak posi:cion for bulk Pt

Figure 6.9 - 2.1 ug/cm2 Pt as deposited (a) initial PSD, (b) after conditioning (0 - 1.4V), (c) 500 cycles 0.6 —
1.2Vgyg (d) initial conditioning cathodic peak shift

The growth in particle size and loss of surface can be seen in the CV with the shift to
the right of the PtO reduction peak, along with the decrease in the height. The electrode
was then aged for 500 cycles, just through the Pt oxidation/reduction regime (0.6 — 1.2
Vrue). at 50 mV/s. These elongated nanowire shapes continued to grow with these
additional cycles and the average diameter of the nanowires increased to ~3.7 nm. A

summary of the data from these two aging studies is shown in Table 6.1
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Table 6.1 — Summary of aging data on 2.1 pg/cm* Pt/GC

2.1 pg/cm? (As Dep.)

2.1 pg/cm?* (800°C)

Initial SEM Particle Size ~1.7 nm 4.3 nm
Conditioned

SEM Particle Size (ECSA cm?) 3.0 nm (0.19) 4.4 nm (0.17)
500 cycles (0.6 <> 1.2V RHE) Ar

SEM Particle Size (ECSA cmz) 3.7 nm (0.13) 4.9 nm (0.13)

6.4.1 Microscopic Aging Study

In order to gain more insight into the degradation mechanism of fuel cell catalysts, we
created an imaging reference mark on the surface of the electrode. This mark was a scratch
made by a clean diamond scribe across the surface of the electrode in two directions
forming a cross. One of the scribe marks did not go all the way to the electrode edge so that
mounting in the SEM could be visually oriented the same each time. Using our non-
destructive experimental procedures based on SEM or RDE electrodes combined with an

imaging reference mark enabled the investigation of an identical location on a catalyst

before and after each electrochemical treatment.
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Figure 6.10 - SEM images of the same area during aging process with cycles of 0.6 — 1.2 Vgyg at S0mV/s

The results of this imaging of the same location through an aging study are shown in
Figure 6.10. The image in Figure 6.10(d) shows the location selected for SEM imaging
near the center of the scribed cross. Low magnification imaging enables the general
location to be found quickly. Then saved images at magnifications like this allow the high
magnification location to be centered for imaging. The aging process consisted of cycles of
0.6 — 1.2 Vgpg at 50 mV/s in argon purged 0.1M HCIOj, electrolyte. In general only minor
changes are observed. After 421 cycles, the particles are starting to look smaller indicating
that dissolution of the platinum is taking place. SEM imaging of the same region became
increasingly difficult because of e-beam deposition of carbon. This deposition on the

imaging location will need to be mitigated before longer imaging studies can be conducted.
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Figure 6.11 - SEM image of Pt nanoparticles on a model glassy carbon support with a surface loading of 2.1
pg/em2 (top). Close-ups of SEM images reveals particle migration and coalescence (middle and bottom).

&3



Closer examination of the SEM images reveal some migration and coalescence

phenomena that occur from the 144 cycles to 280 cycles. These are highlighted in Figure

6.11. In region I, two particles present at 144 cycles in the center of the highlighted image

become one after 280 cycles. In region I, a particle appears to attach itself to another by

agglomeration. An elongated shape or nanowire begins to form instead of a larger spherical

particle.
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Figure 6.12 - Surface area loss noticeable in the CV and ESCA with potential cycling of 0.6 — 1.2 Vgyg at

50mV/s

The electrochemical active surface area ECSA was measured by CO stripping

voltammetry initially and after every 140 cycles. The CVs taken at the end of each aging

cycle reveal the loss of surface area through the decreasing peak size and reduced hydrogen

adsorption/desorption area. The CVs and the CO stripping ECSA results are shown in

Figure 6.12.
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6.5 Summary

Model electrode structures have been developed that are active for the oxygen
reduction reaction. It was shown that these electrodes could be transferred between the
electrochemical cell and SEM imaging with no impact on the individual Pt nanoparticles.
Control of the particle size was demonstrated by changing the quantity of platinum
deposited. Loadings of 1 — 2.1 pg Pt per cm” of glassy carbon were studied and provide the
desired particle sizes of around 3 nm. It was demonstrated that the particle size distribution

could be further altered through annealing in ultra high vacuum.

The Gibbs-Thomson modification of the Nernst equation was shown to be a good
prediction of the particle size effects on the electrochemical equilibrium potential. This was
particular visible in the shift to lower potentials of the PtO reduction peak for small

particles.

Initial aging studies demonstrate the usefulness of these model electrode structures for
studying catalyst degradation. Degradation mechanisms of particle detachment were
observed specifically when potential cycled in oxygen saturated electrolyte; Ostwald
ripening and dissolution were observed through the use of particle size distributions;
particle migration and coalescence was observed upon close examination of repeat SEM

images taken of the same area.
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Chapter 7

Nanoparticle Arrays

Up until this point all of the materials analyzed have contained a distribution of particle
sizes. To confidently understand catalyst activity and degradation we need to separate
particle size effects from other experimental variables. This demands a model electrode
structure with catalytic particles of controlled size and spacing. A number of possible
methods were considered to generate these nanostructured arrays. Nanosphere templating is
an inexpensive bottoms up fabrication approach where a monolayer of nanospheres serves
as the template mask for the metal deposition [90-92]. The result, after removal of the
nanosphere template, is a 2D array of metal particles at the gaps between nanospheres. It
was decided that the spacing between the particles, typically >200 nm was too large for
these model electrode structures as it would create an extremely low loading. Direct write
approaches using either laser lithography [93], e-beam lithography [94, 95] or directly
scratching a polymer surface with an atomic force microscope (AFM) tip[96], have the
necessary dimensional capabilities but require expensive equipment and are very time

consuming to generate an array over an entire electrode surface.

The use of block copolymers is emerging as a promising and flexible technique with
the size capability to be relevant to these studies [97-99]. Two approaches are considered
with block copolymer templates, the first generates the metal particles in solution by
precipitation in micelles followed by deposition of these colloidal particles onto the desired
surface [100-103]. Application of this colloidal deposition approach to carbon supports has

the additional challenge of removing all of the polymer from the metal particle. Traditional
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removal methods such as heating in air or oxygen plasma would destroy the carbon
support. If the polymer is not complete removed it would affect activity and degradation
results. The second approach uses a spin coating of the block copolymer onto the support
surface. This polymer self assembles into an ordered array that can be used as a template
for nanoparticle fabrication by physical vapor deposition [104]. This method was selected
for the development of our model electrode structures as it has the dimensional resolution

and involves deposition of the metal directly onto the carbon support/

Here we introduce a method of fabricating simple geometric nanostructured particle
arrays of controlled size and spacing by adapting a previously developed templating
approach using the self-assembly of diblock copolymers composed of polystyrene (PS) and
polymethylmethacrylate (PMMA) [105]. Under suitable processing conditions, the PS and
PMMA microphases separate by self-assembly into a hexagonal lattice of PMMA cylinders

in a matrix of PS with a lattice periodicity below photolithographic resolution limits [104].

7.1 Block Copolymer Theory

Block copolymers offer a unique method of controlling structure on the nanoscopic
length scale. Diblock copolymers are macromolecules formed by joining two chemically
distinct polymer blocks. Each block is a linear series of identical monomers. These blocks
are thermodynamically incompatible, much like oil and vinegar, which develop into
complex nanostructures as part of a free energy minimization [106]. The unique properties
of block copolymer materials rely on their mesoscopic (10 nm scale) self-assembly in
molten and solid states. These patterns, referred to as microphases, are driven by chemical

incompatibilities between the different blocks that make up the block copolymer
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molecules. In the simplest case of a diblock copolymer, minor chemical differences
between the two blocks are sufficient to produce excess free energy contributions that are
unfavorable to mixing. The microphase shapes depend on the relative polymer length of the

two blocks.

{

Figure 7.1 - Diblock copolymer phase diagram[106]

Our interest is in cylindrical shapes, which require a block fraction of ~0.3 according to
Figure 7.1. At a smaller block fraction spherical shapes would be produced. At larger block

fractions lamellar shapes would be created.
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7.2 Copolymer Template Process

Block copolymer (BCP) thin films have shown excellent promise as templates for
nanomanufacturing as they can self-assemble into structures with sub-30 nm length scales
and can be integrated into existing manufacturing processes. Dense arrays of spots can be
fabricated using cylinder-forming block copolymers with their domains oriented
perpendicular to the substrate [107, 108]. Vertically oriented domain structures have
distinct advantages in terms of pattern transfer to the underlying substrate and fabrication

of high-aspect ratio features [109].

7.2.1 Control of Surface Interactions

Surface energies become significant in diblock copolymer thin films. Typically, one
polymer block preferentially wets the substrate surface, which results in alternating sheets
of each polymer parallel to the sample surface, a lamellar structure. The perpendicular
alignment of block copolymer domains in thin films can be accomplished by several
methods, but perhaps the most common means to induce perpendicular domain orientation
is to chemically modify and control the interaction between the BCP and the substrate
[110]. This control of the polymer-surface interactions can be accomplished with the

application of a layer of statistically random copolymer brush or mat.

Random copolymer brushes or mats are widely used for chemical modification of the
substrate to control the interfacial interactions or wetting behavior of the blocks of the
copolymer and the substrate. Brushes are thin polymer layers in which each chain is
chemically grafted to a surface and mats are thin cross-linked networks that may or may

not be covalently attached to a surface. Both brushes and mats, when of sufficient
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thickness, have the effect of modifying the chemical composition of a surface and

controlling the interactions between an overlying material and the substrate.

A good description of a random brush formation is given by Mansky and coworkers.
They demonstrated that the interfacial energies between the polystyrene PS and
poly(methyl methacryltate) PMMA blocks of P(S-b- MMA) and the substrate can be
carefully balanced by grafting an end-hydroxy functionalized P(S---MMA) polymer on the
Si substrate [111]. In their work, solutions of the random copolymers in toluene (1% w/v)
were spin coated onto silicon wafers, The polymer-coated substrates were then heated
under vacuum at 140 °C, well above the glass transition temperature (Ty) of both PS and
PMMA for a period of 2 days, to allow the terminal OH groups to diffuse to and react with
the native oxide layer. After the samples were removed, unattached polymer chains were

removed by rinsing with toluene. The thickness of the grafted layers was ~5 nm.

Random copolymer mats are required for applications where the surface does not
contain enough hydroxyl groups to form brushes from hydroxyl condensation. Random
copolymers with a cross-linking agent are thermally treated >200 °C to create a substrate

independent insoluble thin film mat [107].

7.2.2 Polymer Template

The diblock copolymers studied in this work are composed of polystyrene (PS) and
poly(methyl methacrylate) (PMMA) because of the familiarity and compatibility of these
polymers within the semiconductor device community [112, 113]. We focused on a PS-
PMMA copolymer with an average molecular of molecular weight Mn = 67,100 g/mol,

polydispersity index of 1.09, and PMMA weight fraction of 30%. The P(S-b-MMA)
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copolymers were purchased from Polymer Source, Inc. in Quebec, Canada. In the bulk,
diblock copolymers of this molecular weight ratio spontaneously phase separate into a
cylindrical morphology [114]. A copolymer with a molecular weight of 67,100 g/mol
results in a mean pore diameter of 20 nm with a center to center spacing of 40 nm. Because
the polymer template dimensions are determined by the diblock copolymer molecular
weight, the size and spacing of the lattice can be varied by choosing either a lower
molecular weight copolymer (for smaller features) or a higher molecular weight (for larger

features). Examples of this pore control are shown in Figure 7.2.

| u‘-u-u:

Figure 7.2 - SEM images of copolymer template (a) 20nm pores from a Mn = 67.1 kg/mol and (b) 10nm pores
from a Mn=31.5 kg/mol P(S-b-MMA).

We followed the approach established by Guarini and Black by spin-casting the PS—
PMMA diblock copolymer from a 1% wt solution of toluene in order to form ~40 nm-thick
films on silicon substrates [104, 112-114]. Initially silicon substrates were used to develop
the process before transferring the process to carbon substrates. The spun film thickness
was previously shown to be critical for the proper ordering of the pores, For a 67.1 kg/mol

polymer a film thickness of 35 — 40 nm was desired [105]. A Woollam variable angle
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spectroscopic ellipsometer was used to measure the polymer film thickness with the
polymer optical properties n=1.441 and k=0.135 at 530 nm. The films were then annealed
for 24 hours at 165 °C (well above Tg ~ 105 °C) in vacuum to facilitate microphase
separation of the two polymer blocks and provide polymer mobility. Because of the
molecular weight ratio of our diblock copolymer (70:30 PS: PMMA), the resulting polymer
films consist of 20 nm diameter PMMA cylinders spaced by 40 nm, in a matrix of PS. We
removed the PMMA block from the annealed film by exposure to ultraviolet (UV) light
~1.2 J/em®, measured at a wavelengths 254 nm and immersion in glacial acetic acid
(HOAc) for 5 min. The at wavelengths shorter than 260 nm, the exposure results in
cleavage of the PMMA polymer backbone lowering the overall molecular weight allowing
dissolution in glacial acetic acid (HOAc) [115]. The purity of the HOAc was found to be
critical because a small amount of water does significantly slow down the PMMA removal.
Aside from removing the PMMA block, we did not observe any side effects of the UV

exposure and acetic acid on the remaining polystyrene film morphology.

7.2.3 Metal Particle Formation

Particle formation is accomplished by vapor deposition through this polymer template
followed by lift-off. The process is shown schematically in Figure 7.3 along with an SEM
image of the resulting template immediately after removal of the PMMA cores. Post

treatments such as annealing at elevated temperatures result in spherical particles.
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Figure 7.3. - Schematic of the Pt nanoparticle synthesis path using a block copolymer template and a SEM
image of the polystyrene template

Immediately before deposition onto the polymer template the substrate was cleaned
with an oxygen plasma, known plasma ashing. Plasma ashing parameters were selected to
remove the random brush from the bottom of the pores but not remove the polymer
template. A Branson barrel asher was used at 50W of RF power for 20 seconds to
accomplish this pore clearing step which removed 5 - 10 nm of the overall polymer. The
platinum deposition was conducted by e-beam evaporation at pressure of 107 torr, using
0.99999 purity Pt. The deposition was controlled by a quartz crystal microbalance
calibrated for a slow deposition rate of 0.1 A/s. The quantity or thickness of metal
deposited was varied to control the particle size. The metal deposition creates a thin film in
the bottom of the pore which through annealing will create a spherical particle. Since our
pores are 20 nm in size, the required thickness for a desired particle diameter is h=d*/600,

where the particle diameter d is in nanometers. For example a desired particle of a 10 nm
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diameter would require a film thickness of 1.67 nm. This relationship is schematically

depicted in Figure 7.4.

= = O
Volume of Cylinder Volume of Sphere
=h(nD?)/4 = (rtd3)/6
Figure 7.4 - Deposition thickness to particle size relation ship
After the metal deposition has been completed, the polymer template and all of the
metal on top of it needed to be removed, through a process known as lift-off. Lift-off
involves soaking the substrate in toluene for several minutes with the addition of some
ultrasonics, followed by a final rinse with acetone and isopropyl alcohol. SEM images
taken partial through the lift-off process are shown in Figure 7.5. The polymer template is
visible in both the secondary electron and backscatter electron images. However, the thin
platinum metal layer, which is only 2 monolayers thick, is only visible with secondary

electrons, which highlight Z contrast.

Figure 7.5 — Pt lift-off process (a) secondary electron (SE) image and (b) backscatter electron (BSE) image
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7.3 Pt Nanoparticle Arrays Results

The block copolymer poly(styrene-b-methyl methacrylate) utilized in this study had a
molecular weight of 67.1 kg/mol (46.1-b-21.0) which results in a pore size of 20 nm. The
deposited film creates a cylinder at the bottom of the template pore. The resulting particle
arrays created by this process are shown in Figure 7.6. All images are of Pt arrays after
heating to 700 °C in ultra-high vacuum at with a ramp rate of 30 °C/min and then held for
30 seconds. The results are arrays of spherical particles with the final diameters
determined by the deposited Pt thickness demonstrating the control over particle size. The
amount of deposited platinum in Figure 7.6 was 4.57 nm(9.8 pg/cm?) for (a,d), 1.67 nm
(3.6 ug/cmz) for (b,e) and 0.57 nm (1.2 ug/crnz) for (c,f) which were selected to yield
particle diameters of 14, 10 and 7 nm repectively. As can be seen if figures (d) and (e) the
desired particle size is in very good agreement with the actual size. However, as can be
seen Figure 7.6(c) when the deposited film is too thin it did not form a single particle of the
desired size, but instead formed multiple smaller particles. Still some of the desired single 7
nm particles can be seen in the image. This represents a minimum film loading required to
generate s single particle. At a pore loading of 1.3 pg/cm? (0.57 nm) the film is only ~ 2
monolayers thick. A film this thin is not continuous and lacks the surface tension required
to form a single particle upon heating. Pt particle arrays with these mixed sizes are not

desired for studies of the degradation process because the size effect would be convoluted.

95



=] (d) X=14.0nm

100.nm 0 sssn amn""a [EERTRRNE]

= T T v T T N T N T

200KV X300k SE " j00nm 0 5 10 15 20 25

1 (e) , X=9.6 nm

0 mEEm - II-I.IIIIIIII

o 5 10 15 20 25

1 () X=3.6nm

40 -

0 L ] I EE NSO S EEEEEEEEES

0 5 10 15 20 25
diameter (nm)

Figure 7.6 - Particle size control (a-c) SEM images of 9.8, 3.6, 1.2 pg/cm2 pore loadings (d-f) corresponding
PSDs
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7.4 Nanoparticle Arrays on Glassy Carbon

The ultimate goal of this polymer template process development was to generate a
nanoparticle array on a glassy carbon electrode for electrochemical rotating disk electrode
(RDE) experiments. The electrode tips for the Pine Instruments RDE are 5 mm in diameter.
Spinning a uniform film of polymer with controlled thickness onto a 5 mm diameter
electrode proved to be nearly impossible. The approach we took was to generate a larger
wafer of glassy carbon and then cut the electrodes from it after the polymer template was in
place. To generate a glassy carbon wafer, glassy carbon plates, 50 mm square, with a
thickness of 4 mm were purchased from SPI Supplies”. These plates were machined into
wafers ~ 50 mm in diameter which could now be spun for the standard application of the

copolymer in a toluene solution.

After some effort trying to get a random brush layer to form on the glassy carbon, it
was decided to seek some very experienced help. We sent these thick glassy carbon wafers
to Professor Nealey’s group at the University of Wisconsin for application of a cross-linked
random polymer mat and spin coating of a 67.1 kg/mol P(S-b-MMA) copolymer. The
carbon wafers were vacuum annealed and returned for further processing. We cut 5 mm
diameter glassy carbon electrodes from these wafers using micro-wire electrical discharge
machining EDM. Machining by wire EDM involves a rapidly recurring current discharge
between a moving wire and the part being machined. The 50 micron tungsten wire is
constantly being refreshed and the machining of the work piece, our carbon wafer in this
case, is accomplish by gradual erosion from the discharge. The EDM process is conducted
in a dielectric liquid and a screen was installed in the fluid tank to capture our 5 mm

diameter electrodes as they floated free from the wafer. A photograph of the AGIE wire
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EDM system used is shown in Figure 7.7 along with a schematic of the electrode cutting
process. No damage was observed in the polymer surface after this machining process. The
polymer film was present all the way to the edge of the cut electrode. Electrodes were cut
from the middle of the wafer, avoiding the outer 10 mm to insure good film thickness

uniformity.

(b)

Figure 7.7 - p-wire EDM cutting of glassy carbon electrodes (a) AGIE system and (b) wafer schematic

The 5 mm electrodes were further processed by exposure to 1.2 J/em” of UV light and a
develop time of 5 minutes in HOAc. The cross-linked random mat between the ordered
block copolymer and the glassy carbon surface required more plasma ashing to remove
than the brush copolymers used on the silicon wafers during the process development. The
ashing time was increased to 60 seconds, while the power was kept at 50 watts. For these
samples 1.7 nm film (3.6 pg/cm®) of Pt was deposited by e-beam evaporation to form 10

nm diameter particles. The lift-off process also proved more difficult with the cross-linked
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random copolymer mats as the cross-linked template was not soluble in toluene. Hot n-
methly-2-pyrrolidone (NMP) was found to be a suitable solvent for remove the random mat
layer. The coated electrodes were soaked in 100°C NMP for 1 hour to lift-off the polymer
and unwanted metal. This was followed by sequential rinse of acetone and isopropyl
alcohol rinse. After the lift-off was verified, the electrode was heated to 700°C for 30
seconds in ultrahigh vacuum. The results of these process steps on the glassy carbon

electrode are shown in Figure 7.8.

Figure 7.8 - Glassy carbon array (a) after 1.7 nm Pt deposition, (b) after lift-off and (c) after 700°C anneal
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The electrodes were pressed into a Pine Instruments removable electrode Teflon holder
and mounted on the RDE shaft. Electrical contact is made to back side by a gold plated,
spring loaded pin which is threaded into the RDE shaft. The sample was lowered into an
argon purged 0.1 M HCIlO; electrolyte. Initial sweeps of 0 — 1.4 Vryg at a scan rate of 500
mV/s were conducted for 40 cycles to clean and activate the surface. The electrode was
removed for SEM imaging. As can be seen in Figure 7.9, some of the ordered array is
missing and the appearance of particle agglomerates can be seen. The detachment of whole
particles was by far the governing process detected under harsh potential cycling conditions

(0 — 1.4VRnE).

Figure 7.9 - Pt nanoparticle arrays after initial conditioning, particle movement visible

Figure 7.10 - Particle agglomeration from detachment/reattachment
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In many cases the agglomeration does not directly coincide with missing particles from
the array, indicating that detachment not surface migration was the predominant

mechanism.

7.5 Summary

We have developed a process by which catalytic metal nanoparticles of controlled size
and spacing can be fabricated directly on RDE electrode surfaces. The catalytic metal is
vapor deposited from high purity material directly on the support surface. In order for the
metal film to form a single particle of the desired shape the deposition thickness must be >
2 ML. Cross-linked mats of random copolymers required additional cleaning steps to
remove as compared to their random brush counterparts. This resulted in longer plasma

ashing times before vapor deposition and lift-off in hot NMP.

The detachment of whole particles was by far the governing process detected under the

harsh potential cycling conditions (0 —1.4Vgyg) used for the initial conditioning.
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Chapter 8

Conclusions

The purpose of this research was the development of model electrode structures for
studies to clarify the degradation mechanisms and dissolution reaction of the Pt catalyst in
acid medium. The ultimate goal would be the reduction of the electrocatalyst degradation
through a better understanding of the degradation mechanisms. The developed processes
would be very useful for any catalyst studies where a well defined surface, particle size and

particle separation are important to clarify particle reactivity and degradation mechanisms.

Three model electrode structures were developed for this purpose; one on quartz
crystals for use in electrochemical quartz crystal microbalance; one with Pt nanoparticles of
with controlled nanoparticle size distributions directly on glassy carbon electrodes and
finally one with ordered arrays of platinum nanoparticles with control over particle size and

particle spacing on glassy carbon electrodes.

Using the electrochemical quartz crystal microbalance (EQCM) it was shown that
cycling parameters, such as scan rates and upper voltage limit, have an impact on the rate
of decay in platinum electrochemical area ECSA. While dissolution was observed during
potentiostatic testing, potential cycling significantly enhanced the dissolution rate of Pt.
The electro-oxidation of platinum involved the initial deposition of OH as an intermediate
surface layer for ~1/4 ML. The oxidation process proceeds with the formation of PtO up to
half a monolayer of O that resides on-top of the Pt surface without any place exchange. The
process continues with the formation of PtO above 1/2 ML but with the growth of a

multilayer through place exchange between O adatoms and the top most Pt surface atoms.
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This place exchange occurs at potentials of 1.1 Vrug and above. The interfacial place
exchange leads to the development of a multi-layer surface lattice comprising Pt*" cations
and O”” anions. Upon reduction, this multilayer leads to an enhanced rate of platinum
dissolution. The impact is that testing protocols involving the formation of a multilayer

oxide combined with potential cycling result in the highest rate of platinum dissolution.

Model electrode structures developed by direct evaporation on glassy carbon electrodes
were shown to be active for the oxygen reduction reaction. It was shown that these
electrodes could be transferred between the electrochemical cell and SEM imaging with no
impact on the individual Pt nanoparticles. Control of the particle size was demonstrated by
changing the quantity of platinum deposited. Loadings of 1 — 2.1 pg Pt per cm” of glassy
carbon were studied and provide the desired particle sizes of around 3 nm and could be

further altered through annealing in ultra high vacuum.

We improved upon platinum nanoparticle glassy carbon electrodes by developing a
process by which catalytic metal nanoparticles of controlled size and spacing can be
fabricated directly on RDE electrode surfaces. The catalytic metal is vapor deposited from
high purity material directly on the support surface. In order for the metal film to form a

single particle of the desired shape the deposition thickness must be > 2 ML.

Initial aging studies demonstrate the usefulness of these model electrode structures for
studying catalyst degradation. Degradation mechanisms of particle detachment were
observed specifically under the harsh potential cycling conditions (0 — 1.4Vgrug) used for
the initial conditioning and when potential cycled in oxygen saturated electrolyte. Ostwald

ripening and dissolution were observed through the use of particle size distributions;
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particle migration and coalescence was observed upon close examination of repeat SEM

images taken of the same area.

Pt nanoparticle sintering on many of these surfaces was observed to proceed through
the formation of Pt nanowires. The nanowire formation was mostly likely from particle
agglomeration, followed by a slow ripening process. The nanowire formation occurred
when the initial particle distribution contained very small ~1.8 nm particles which are
closely spaced. The nanowire formation was also observed on the sputtered carbon surface,

which perhaps had enhanced carbon corrosion due to the low amount of graphitic bonding.

Through the use of block copolymer templates on glassy carbon electrodes combined
with high resolution scanning electron microscopy, we have demonstrated the “better

model system for real electrocatalyst” that Markovic and Ross suggested in 2002 [48].
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