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Abstract

The Role of Initial Particle Size and Alloying of Pt Nanocatalysts on
the Degradation of Proton Exchange Membrane Fuel Cells
Kang Yu, MSE
The University of Texas at Austin, 2013

Supervisor: Paulo. J. Ferreira

This thesis discusses the effect of initial particle size and alloying of Pt
nanocatalysts on the degradation of Proton Exchange Membrane Fuel Cells (PEMFC).
Platinum nanocatalysts with initial particle sizes of 2.2nm, 3.2nm, 5.0nm, 6.7nm and
11.3nm were studied, before and after potential cycling. The two smallest initial
particle sizes show significant degradation, while the remainder of the samples show
negligible degradation after 10,000 cycles. Among the possible degradation
mechanisms operating, the results show that dissolution and re-precipitation is
insignificant among all the samples. On the other hand, modified electrochemical
Ostwald ripening (MEOR) is the main cause for particle growth and degradation of
the Pt nanocatalysts. Moreover, MEOR could also assist the coalescence of particles.
Thus, controlling the Pt dissolution rate is the key factor to prevent degradation. In
the case of Pt3Co nanocatalysts, both MEOR as well as dissolution & reprecipitation
play an irrelevant role in degradation. However, particle migration and coalescence
seems to be more severe in Pt 3Co nanoparticles than for Pt nanoparticles.
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Chapter 1: Introduction

1.1 Motivation

The emission of CO2 greenhouse gases caused by burning fossil fuels is
becoming

increasingly

important,

some

researchers

have

estimated

that

approximately one billion tones of CO2 gases will be produced by the year of 2053[1].
Thus, the demanding for less polluted energy conversion devices is quite urgent.
PEMFC are a potential substitution for traditional internal combustion engines. In
addition, PEMFC operate at lower temperature (approximately 80℃) compared to
combustion engines (approximately 2000℃)， have higher energy density (0.7-0.9
W/cm2) and also higher efficiency than both diesel and gas engines [2]. Moreover,
PEMFC could be used as devices for stationary power applications and portable
power applications [4]. However, many obstacles still exist for the PEMFC to meet
large-scale applications (e.g., lifetime, reliability and cost). Among these, the lifetime
of the PEMFC is the critical obstacle. The lifetime requirements for car application is
5,000 hours, while for stationary applications could reach 40,000 hours.

It has been reported that the degradation of Pt or Pt-alloy nanoparticles in the
cathode area in the membrane electrode assemblies (MEAs) of the PEMFC, which
serve as the catalyst for the cathode half-cell reaction, is the largest challenge for the
PEMFC to meet the durability requirements for vehicle applications. The primary
cause of the degradation of the Pt or Pt-alloy nanocatalysts is the loss of
electrochemically active surface area (ECA). There are several mechanisms
responsible for the loss of ECA in the PEMFC, namely, Ostwald ripening, particle
migration and coalescence, dissolution and reprecipitation (D&R) in the ion
conductor and detachment from the carbon support. However, the role of each
1

mechanism in the ECA loss is ambiguous and a source of great debate. In addition,
the role of initial particle size on the degradation mechanisms is not clear. In part, it is
due to the fact that it is hard to compare results and conclusions from existing TEM
studies of PEMFC due to different methods used to characterize particle sizes or
shapes of Pt or Pt-alloy nanocatalysts. The sources of error vary widely between
studies and a standard approach to analyze the size and shape of the Pt or Pt-alloy
nanoparticles is currently lacking.

1.2 Objectives and Contributions

1.2.1 Objectives

To address the issues discussed above, this work investigates the degradation
of Pt and Pt3Co nanocatalysts in the cathode of PEMFC by TEM characterization.
The objectives of this work are:

1. Use a standard approach developed by Groom et al. [41], to obtain the average
particle size, PSDs and shapes of Pt nanocatalysts with different initial sizes

2. Determine the role played by each mechanism in cycled MEA of Pt with different
initial particle size.
3. Compare the TEM data with experimental ECA data as a function of number of
cycles.
4. Determine the role played by each mechanism in cycled MEAs of Pt3Co
nanocatalysts and compare to that of Pt nanocatalysts with similar initial particle
size.
2

1.2.2 Contributions

1. This is the first work to investigate the role of initial particle size of Pt
nanocatalysts on the degradation mechanisms, within a large range of particle
sizes. In this work, five different initial sizes of Pt nanocatalysts are compared
under the same cycling conditions, showing that the main degradation mechanism
is distinct under different initial particle sizes. By using TEM images from
samples with different initial sizes, the importance of each degradation
mechanism is quantified and compared. Although Ostwald ripening and migration
and coalescence showed inverse proportionality with initial particle size, the role
of these two mechanisms varies for different initial particle sizes.

2. This work correlates the experimental-determined ECA data with the
TEM-characterized Geometric Surface Area, which allows us to determine the
predominant mechanisms.

3. This work compares the degradation mechanism of Pt and Pt3Co nanocatalysts
with similar initial particle sizes, and suggests the role played by alloy on the
degradation of PEMFC.

1.3 Organization of the Thesis

The thesis is divided into five chapters. Chapter 1 provides a motivation for
the work. Chapter 2 begins with a brief introduction to the PEMFCs, followed by a
literature survey concerning several degradation mechanisms in the ECA loss for both
Pt and Pt3Co nanocatalysts. In addition, it introduces a standard approach to measure
the size of nanoparticles. Chapter 3 presents the experimental procedure. Chapter 4
3

includes the experimental results for the Pt nanocatalysts with different initial particle
sizes and a discussion of the role of the initial particle size on each degradation
mechanism. Chapter 5 shows the results for Pt and Pt 3Co with similar initial sizes,
and then compares the degradation mechanisms in Pt and Pt 3Co samples. Chapter
reaches conclusions of chapter 1-5.
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Chapter 2: State of Understanding
2.1 Introduction to PEMFCs

A fuel cell converts chemical energy to electricity through electrochemical
reactions. Commonly, hydrogen is employed as the fuel and oxygen (in air) is
employed as the oxidant. The schematic of a proton exchange fuel cell (PEMFC) is
showed in Figure 2.1. The three layer structure, anode, membrane and cathode are
commonly referred as membrane electrode assembly (MEA), which serves as the
heart of the PEMFC. The electrochemically catalysts are contained in the electrodes
to catalyze the cell reactions. The electrode provides electron and ion conduction
pathways

and

active

sites

for

the

electrochemical reactions,

while

the

electrochemically catalysts are contained in the electrodes to catalyze the reactions. In
the anode side, hydrogen is supplied and oxidized according to the Hydrogen
Oxidation Reaction (HOR): H2→2H++2e-, and thus converted to protons and
electrons. The electrons go through the outer circuit and the protons go through the
membrane and both enter the cathode. In the cathode side, air or oxygen is supplied
and the Oxygen Reduction Reaction (ORR) occurs, where O2+4H++4e-→2H2O. The
by-product water is produced in the cathode and then removed by adequate water
management techniques. The voltage difference

for the overall reaction:

H2+1/2O2→H2O is 1.195V. As the HOR and ORR kinetics are too sluggish Pt and
Pt-based alloys are widely employed as the catalysts for the HOR and ORR, due to
their high surface-to-volume ratios, which would provide more active reaction sites
for the catalytic reactions. The catalysts are commonly dispersed on the surface of
carbon particles of 20-50nm in order to maximize the surface area of Pt pre unit Pt
mass.

Despite the advantages described above, PEMFCS still face significant
5

obstacles before they become practically viable, one of the main barriers is the
durability of the nanocatalysts in the cathode during potential cycling. Many studies
in the past several years have related the morphological changes of nanocatalysts in
the cathode to the degradation and have announced that the main cause of PEMFC
degradation is the loss of electrochemically active surface area (ECA) of
nanocatalysts in the cathode.

2.2 Mechanisms of ECA Loss in Pt nanocatalysts

ECA is defined as the total Pt surface area that electrochemically contributes
to the ORR divided by the total mass of Pt, and has the units of m2/gpt. It is generally
believed that the ECA is an important parameter to characterize a fuel cell electrode.
Larger ECA values indicates better electrode, due to more catalyst sites available sites
for half-cell reactions. According to the definition of ECA, it has inverse
proportionality with particle size. For example, considering a spherical particle with
diameter d, the ratio of surface area to total mass leads to a scalar multiplied by 1/d.
Moreover, the nanocatalysts would only contribute to the ECA when they are in
contact with carbon support, which serves as the electronic conducting phase in the
cathode. Therefore, the ECA loss could result from Pt mass loss from the carbon
support or coarsening of carbon-supported nanoparticles in the cathode. In terms of Pt
mass loss from the carbon support, two mechanisms may occur, namely detachment
from the carbon support and dissolution and reprecipitation (D&R) in the ion
conductor. On the other hand, coarsening of particles could also be described by two
mechanisms,

namely

particle

migration

and

coalescence

and

modified

electrochemical Ostwald ripening (MEOR). There are various factors that could
influence the four mechanisms discussed above, such as initial particle size, operation
conditions and synthesis process. The sections below will discuss these four
mechanisms, which are illustrated in Figure 2.2.
6

Modified Electrochemical Ostwald Ripening

According to Guilminot [17], the Ostwald Ripening process in fuel cells could
be classified into two categories, namely 2D Ostwald Ripening and 3D Ostwald
Ripening, while 3D Ostwald ripening is also known as modified electrochemical
Ostwald Ripening (MEOR). 2D Ostwald ripening involves interparticle transport of
single atoms from one smaller particle to another larger particle. The 3D Ostwald
ripening, as illustrated in Figure 2.2a, plays a more significant role and is more
widely studied. This process involves electrochemical oxidation of Pt in the smallest
particles to form Pt z+ ions, diffusion of Pt z+ ions into the ionomer phase, and
redeposition through (electro) chemical reduction onto already-existing larger
particles in the cathode.

Although the dissolution of Pt under potentiostatic conditions is slow, it has
been shown that the Pt dissolution rate increases under voltage cycling [10]. For the
mechanism of Pt dissolution, G. A. Gasteiger et al. [11] have shown that during
anodic potential sweep, when the potential increases and reach the Pt oxide region,
the formation of Pt oxide surface layers could be considerably decreased, which
would in turn leads to the oxidation of Pt metal to Pt ions. On the other hand, Johnson
et al. [12] have proposed that during the anodic sweep, Pt is oxidized to Pt ions by the
electrochemical reaction: PtO2+4H++2e-  Pt2++2H2O, where the PtO2 arises from
the formation of Pt oxide surface layers at lower potentials. On the other hand,
Darling el at. [13] proposed that during the anodic potential sweep, the pure chemical
reaction: PtO+2H+  Pt2++H2O takes place.

As discussed above, the reason for the dissolution process is not fully
understood. It could be a pure electrochemical process or a mix of chemical and
7

electrochemical processes. If it is an electrochemical process, the dissolution rate
should be significantly influenced by the potential. If it is a combination of chemical
and electrochemical processes, the dissolution rate should be determined by
conditions other than the potential, such as temperature or humidity [14]. Uchimura et
al. [15] have reported that the dissolution of Pt to Pt ions could be accelerated by
increasing the upper potential limits or decreasing the lower potential limits, while
Paik et al. [16] have reported that a higher frequency of potential cycling could also
accelerate the dissolution of Pt into Pt ions.

The work of Ferreira et al. [10] used particle sizes distributions (PSDs) of Pt
or Pt-alloy in the cathode to provide direct evidence for the MEOR, and claimed that
the significance of the MEOR in the degradation varies in different locations across
the cathode. They claimed that near the cathode-membrane interface, the MEOR is
more severe than in the area far from membrane, due to the larger amount of
crossover hydrogen from the anode side.

Previous to that, Granqvist et al. [18] have compared the results characterized
by the X-ray and TEM to illustrate impact of the Ostwald ripening single growth
mode on the PSDs and ECA loss. The Ostwald ripening mode predicts that the PSDs
of aged MEAs would exhibit a tail to small particle sizes, a peak at larger particle
sizes and a maximal particle size cutoff, as illustrated in Figure 2.3. These properties
have been widely used to study the experimental data and to understand the
degradation mechanisms in the PEMFC. However, these comparisons are insufficient
to indicate the mechanisms accurately. There are several challenges in the deduction
of degradation mechanisms based on comparing the PSDs from experimental data
and the theoretical models.

First, it is difficult to compare the experimental and

computational PSDs as experimentally determined PSDs might not reach the
asymptotic limit. Second, it is possible that there are more than one mechanism
8

contributing to the experimentally determined PSDs simultaneously. This problem is
obvious when comparing the PSDs determined by the X-ray diffraction, which could
include many particles from different areas in the cathode. Even for the PSDs
determined by the TEM, the problem also exists. For example, Ferreira et al. [10]
have shown that in the PSDs with tails to large particle sizes, most of the particles
larger than 10nm were located off the carbon support area, indicating that these
particles are formed by dissolution & reprecipitation other than Ostwald ripening.
Third, overlapping particles with unclear edges render a bias in the experimentally
determined PSDs.

Particle Migration and Coalescence (PMC)

As illustrated in Figure 2.2b, this mechanism involves moving of two or more
particles on the carbon support, followed by contact onto each other and coalescence
into one single particle. Shao-Horn et al. [14] claimed that PMC serves as the primary
degradation mechanism at low upper potentials, since the kinetics for carbon
corrosion and Pt dissolution are both slow. Schlogl et al. [20] have used identical
location transmission electron microscopy to illustrate the PMC model in the PEMFC
environment. Although they observed the presence of coalesced particles in the same
area after potential cycling, they could not rule out the possibility that these coalesced
particles may result from Ostwald ripening. Although nanocatalyst growth and ECA
loss at low cell potential provides sufficient explanation for the PMC degradation
mechanism, post-mortem characterizations of used MEAs failed to provide direct
evidence for this mechanism. Most existing evidence for PMC comes from PSDs or
high-resolution TEM images of the cathode, but such results are ambiguous in
providing definite evidence for the PMC. Asoro et.al [21] have observed by in-situ
TEM that Pt nanoparticles did not move on the carbon support at a temperature of
800℃, although this observation was conducted in the absence of potential cycling.
9

Previous studies by Granqvist et al. [18] have used the PSDs of nanoparticles
on the cathode determined by TEM and X-ray to support the PMC model. They
predicted that with single growth model due to PMC, the originally Gaussian PSDs
would become asymptotic PSDs, which are log-normal with respect to the volume
(with a distinctive tail to large particle sizes). As described for the MEOR, the
existing work for the PMC mechanism based on PSDs leads to biased results. For
example, the PSDs determined by X-ray diffraction showed the existence of large
particles. These large particles may be related to particles off carbon support in the
membrane, while the mechanism for the formation of these particles is dissolution &
reprecipitation, rather than PMC. Moreover, the PSDs determined by TEM in the
open literature also include particles off carbon support in the ionomer or the
membrane, which introduce a bias to the study of the PMC degradation mechanisms.
Another existing evidence for the PMC degradation mechanism is the formation of
necks among particles in the cathode, which corresponds to a stage of sintering during
PMC. However, Shao-Horn et al. [14] demonstrated that this behavior could result
from MEOR.

More quantitative work of Pt particle’s mobility is required to understand if
the PMC degradation mechanism plays a significant role in the fuel cell degradation.
In one study, Shao-Horn et al. [14] demonstrated that the mobility of Pt alone under
ideal PEMFC environment is too low to explain the experiment data of the coalesced
particles. Bett et al. [22] suggested that Pt-carbon interactions occur, presumably
trapping of Pt particles in the carbon defects in the gas phase, would be one
explanation for the PMC degradation mechanism. Although their work relates the
theoretical data with experimental data by using the trapping model, the conclusion is
not strong enough to support the PMC model in fuel cells since their experiments are
performed under a gas environment.
10

Dissolution and reprecipitation (D&R) in the ion conductor

This mechanism involves dissolution of small Pt particles into Pt ions,
diffusion of Pt ions in the ionomer and reprecipitation of Pt x+ ions in the ionomer
phase by crossover hydrogen from the anode side, as illustrated in Figure 2.2c. The
reprecipitated Pt particles could be either located in off carbon support in the ionomer
or in the membrane. Argane et al. [24] have reported the existence of Pt particles in
the matrix of phosphoric acid fuel cell (PAFCs), which gave direct evidence for the
degradation mechanism of dissolution and reprecipitation (D&R) in the ion conductor.
Moreover, they showed that the amount of Pt particles increased with fuel cell
potential. Yasuda et al. [24] have provided direct evidence for this mechanism by
detecting the presence of Pt single crystals ranging from 10nm-100nm in the
membrane in the PEMFC. Guilminot et al. [17] demonstrated that the presence of
reprecipitated Pt particles in the membrane, and the mass distribution of Pt particles
in the membrane varied across the membrane, while the reprecipitated Pt particles
close to the cathode were larger in size. Moreover, Pt ions were detected by
ultraviolet (UV) spectroscopy in the membrane, which further indicated that the large
particles in the membrane resulted from reduction of Pt ions to Pt. They also
discarded the hypothesis of the reduction of Pt ions by electron beam due to the
operation of TEM or SEM [25]. Zhang et al. [26] have reported that the position of
the re-precipitated particles depends on the hydrogen and oxygen partial pressures in
the fuel cell, and the Pt band for re-precipitated particles should be closer to the
cathode side with increasing dihydrogen partial pressure.

Ferreira et al. [27] have demonstrated by TEM characterization that the
morphology of particles in the ionomer changes from dendritic shape to truncated
octahedrons, truncated cuboids and truncated tetrahedrons. They indicated that the
11

homogeneity of the driving force (supersaturation) for reduction Pt ions at the surface
changes the particles from dendritic growth to faceted growth, while the balance
between the surface energy and interfacial kinetics on the Pt reduction controls the
shape of faceted growth. The formation of dendritic particles in the cathode is due to
the fact that interfacial kinetics for reduction of Pt x+ ions on the growing surface is
fast when comparing to the diffusion of Pt x+ ions to the surface of these dendritic
particles. On the other hand, the formation of faceted Pt particles in the
cathode-membrane area is due to the fact that the diffusion of Pt x+ ions is faster than
the interfacial kinetics of Pt redeposition. Shao-Horn et al. [10] have provided direct
evidence for the appearance of the above-mentioned shapes of particles in the off
carbon support area in the cathode and demonstrated that the amount becomes
increasingly more abundant toward the cathode/membrane interface. This could be
explained by the fact that more crossover hydrogen is available in the
cathode/membrane interface than in the middle of the cathode area. Moreover, they
demonstrated by electron diffraction that the dendritic particles and faceted particles
off carbon support in the cathode or in the membrane were single crystals.

Detachment from the carbon support

Nanocatalyst detachment from carbon support could also lead to ECA loss
due to the fact that the Pt particles could only contribute to the ORR when they are in
contact with the carbon support, as illustrated in Figure 2.3d. The primary cause of
detachment from the carbon support is carbon corrosion. The carbon corrosion is
commonly observed in the electrochemical system. After the carbon is corroded,
particles may fall off the carbon and thus would not contribute to the ORR. Eastwood
et al. [28] have reported that the oxidation of carbon occurred under a potential of
0.207V, where C+H2O  CO2+4H++4e-, which indicates that the electrochemical
oxidation of carbon is thermodynamically possible above 0.2V. Moreover, Willsau et
12

al.[29] have demonstrated that under the presence of Pt, CO is formed on the carbon
when the potential is high than 0.3V vs RHE, and the CO could be further oxidized to
CO2 at potentials between 0.6V to 0.8V vs RHE. Either CO or CO2 formed during the
potential cycling would decrease the amount of carbon support, leading to Pt particles
fall off the carbon support and thus a decrease of the ECA in PEMFC. The rate of
carbon corrosion is influenced by many factors, such as catalyst loading, potential and
temperature. Stevens et al. [30] have demonstrated that under PEMFC conditions, the
rate of carbon corrosion increases with increasing Pt loading in the cathode, which is
due to more interfacial area between Pt and the carbon support, as well as the fact that
Pt nanoparticles also catalyzes carbon corrosion and ORR. Moreover, they also
reported that as the temperature increases, the rate of carbon corrosion increases [30].
Besides Pt loading and temperature, Stevens et al. [31] have also shown that the
carbon corrosion is also related to the surface chemistry of the carbon support. They
reported that graphitized carbon support with the same surface area and Pt loadings
showed better stability than ungraphitized carbon support.

2.3 Effect of Pt initial particle size on durability of PEMFC

There are many factors which influence the durability of the Pt or Pt-based
catalysts, such as operation temperature, potential limits, etc. Among these, the initial
particle size is an important aspect in balancing performance and durability. As
mentioned above, the ECA is inversely proportional to particle size. However, smaller
initial particle sizes would lead to more severe degradation during fuel cell life, which
will be discussed below.

Most of the previous studies have focus on particle sizes ranging from 2nm to
5nm and most studies concluded that initial particle sizes larger than 5nm would lead
to better durability but worse initial performance. However, it is unclear to which
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particle size should suffer substantial increase in durability and how much initial
performance should be loss for a certain particle size. The work of Holby et al. [19]
proposed that the ECA loss among small particles is due to an increase in Pt
dissolution with decreasing particle size. They also used a mathematical model to
demonstrate that there is a critical increase in stability in the ranges from ~2-3nm and
~4-5nm due to the rapid changes in the Gibbs-Thomson energy. Due to this critical
range, a slightly increase in particle size from 2-3nm could provide substantial
durability. Moreover, they demonstrated that a slightly increase in particle size above
5nm further substantially increase their stability. However, although there are many
simulations and experimental data on initial particle sizes ranging from 2-5nm, there
is no experimental evidence discussing the performance and possible degradation
mechanisms above this range.

2.4 Pt-alloy nanocatalysts
Pt transition-metal alloy catalysts for ORR were first introduced in phosphoric
acid fuel cells (PAFCs) [32]. For the Pt transition-metal alloy catalysts, a two to
threefold gain in specific activity and mass activity was found over pure Pt catalysts
[32].

Jalan et al. [33] have attributed the gain in mass activity and specific activity

of the Pt-alloy catalysts to transition-metal-induced variations of the Pt-Pt bond
length. Later, Mukerjee et al. [34] have reported that Pt binary alloy (Pt-Ni, Pt-Cr)
nanocatalysts have better ORR activity than pure Pt nanocatalysts in PEMFC. They
attributed the enhanced electrochemical performance of the Pt-alloy nanoparticles to
changes in lattice structure due to alloying. Initially, most active catalysts for the
ORR were carbon supported alloys of Pt with either Fe, Mn or Cr, leading to two to
threefold higher specific activities over the Pt catalysts [35]. Recently, P. Yu [36] has
found threefold specific activity gains over pure Pt nanocatalysts in Pt-Co alloy
nanocatalysts, while mass activity gains remains approximately a factor of 2. In a
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recent study, Stamenkovic et al. [37] compared the electrochemical performance of
several types of Pt-alloy nanocatalysts and claimed that the Pt3Co nanocatalysts have
the highest specific activity. In the same paper, the authors also claimed that the
specific activity of Pt 3Co nanocatalysts could be further enhanced by high
temperature annealing, which would produce a Pt monolayer surface. It is believed
that the large variation in specific activity between Pt 3Co and pure Pt nanocatalysts is
due to surface Pt d-band center shifts relative to the Fermi level, which could result
from changes in Pt-Pt bond distance and ligand effects associated with alloying.

Recently, Koh el al. [38] have claimed that Pt alloy nanocatalysts could
achieve higher ORR activities after they are electrochemically de-alloyed, when
compared to Pt alloy nanocatalysts without de-alloying. They used fast voltammetric
cycles up to 1.2V vs RHE to the Pt alloy nanocatalysts, and found that the majority of
transition metals were dissolved into electrolyte, and multimonolayer thick Pt-shell
structures on alloy cores were produced. Neyerlin et.al [39] found that in the PEMFC,
the de-alloyed Pt-Co alloys showed approximately fourfold gain in mass activity, as
well as approximately fivefold gain in specific activities over pure Pt nanocatalysts.
Schlapka et al. [40] have claimed that high activities may result from the
lattice-strain-induced Pt d-band center shifts.

2.5 ECA Degradation Mechanisms in Pt Alloy Nanocatalysts

For the degradation of ECA in the Pt 3Co nanocatalysts, the four degradation
mechanisms previously discussed for Pt nanocatalysts are still applicable. Next, the
difference between Pt and Pt alloy nanocatalysts are discussed in terms of these four
degradation mechanisms.
First, consider MEOR. In Pt alloy nanoparticles, the dissolution for both
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elements in the Pt alloy nanocatalysts occurs during potential cycling [32].
Stamenkovic et al. [42] have demonstrated that in dilute acidic electrolytes, transition
metals are dissolved more easily when compared to Pt, in Pt alloys nanoparticles.
However, dissolved Pt ions re-deposit through Ostwald ripening in the cathode area,
while for the dissolved transition metals, such as Co 2+, they cannot be reduced by
crossover H2 from the anode since the Co/Co 2+ redox potential at the PEMFC
environment is below that of H2/H+, and the enthalpy of mixing of Pt-Co alloys is too
low to change the Co/Co2+ potential. The same trend could also be observed for other
transition metals.

Two kinds of structures of are widely reported caused by MEOR in the
Pt-alloy nanocatalysts. These are the Pt-rich shell structure and the Pt-rich percolated
structure. First, consider the Pt-rich shell structure. Watanabe et al. [43] have
demonstrated that once the dissolution of Co in the first surface layer occurs, both Pt
and Co would dissolve simultaneously from Pt-Co alloy nanoparticles, and Pt would
redeposit on the surfaces of larger alloy particles, forming a Pt-rich shell or skeleton,
while the Con+ ions remain in cationic form in the cathode. Chen et al. [44] have also
showed Pt-rich shell or skeleton in Pt3Co nanocatalysts by using aberration-corrected
scanning transmission electron microscopy (STEM). Recently, Xin et al. [45] have
traced hundreds of Pt-Co alloy nanoparticles to show their atomic scale elemental
distributions across different stages of potential cycling. Pt-rich shells among these
particles after cycling were quite common after potential cycling, which was
attributed to the formation of these particles by MEOR. Moreover, Carlton et al. [46]
have used aberration-corrected STEM imaging and associated EDS mapping to show
that for Pt-Co nanoparticles with sizes less than 10nm, the thickness of the Pt-shell is
commonly 1 to 2nm and the shell thickness could be as large as 6nm in particles
larger than 50nm. They also reported that the formation of the Pt-rich shell structures
in the cathode is due to MEOR. Besides Pt-shell structures, Pt-rich percolated
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structures were also detected for the Pt alloy nanocatalysts after potential cycling
under PEMFC environment. Bonakdarpour et al. [47] have demonstrated that in
Pt1-xCox alloys (x=0-1), the loss of Co elements is constrained to the top surface
layers if the bulk concentration of Co is less than 60 at%, while the loss would
proceed into the bulk with higher Co element concentration, and forming Pt-rich
percolated nanoparticles. Chen et al. [48] have used HREM and HAADF STEM to
reveal the surface atomic structure and chemical compositional variations in Pt-rich
percolated structures. Moreover, they also reported that the formation of a Pt-shell
structure or a Pt-rich percolated structure after potential cycling is mainly determined
by the initial composition of the catalysts. Carlton et al. [46] have also reported the
presence of Pt-rich percolated structures in the cathode for Pt-Co alloy nanocatalysts.
They reported that the average pore sizes in Pt-rich percolated particles were
approximately 7nm and showed large intensity variations in the STEM images for the
Pt-rich percolated structures.

Consider now the dissolution and reprecipitation (D&R) in the ion conductor
for the Pt alloy nanocatalysts. In the Pt alloy nanocatalysts after potential cycling,
Co2+ or cationic form of other elements remains ion-exchanged in the ionomer phase
in the PEMFC, while Pt particles in the ionomer or membrane could be formed by
re-precipitation of dissolved Pt ions from the cathode [49]. S. Chen et al. [50] have
demonstrated by EDS that the re-precipitated Pt particles in the membrane are nearly
pure Pt (with Pt atomic weight > 99%), and reported that the re-precipitated particles
are single crystals according to electron diffraction. Dubau et al. [5] have also shown
the presence of re-precipitated Pt particles in the membrane, for Pt-Co alloy
nanocatalysts. They reported that the density and size distribution of the
re-precipitated particles are based on the distance from the cathode. They found that
small re-precipitated particles are homogeneously dispersed across the membrane,
while large re-precipitated particles exhibit a Gaussian distribution centered on the
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re-precipitation band. The works of Chen et al. [50] showed that most of the Pt mass
of the re-precipitated particles arises from the area close to the membrane in the
cathode and the areal density for Pt close to membrane in much less than in the area
far away from the membrane.

Consider now the PMC model for the Pt alloy nanocatalysts. As discussed
above, for the Pt nanocatalysts, the PMC model includes migration of particles
followed by sintering of two or more particles to form one larger particle. Popov et al.
[6] have investigated the durability of Pt3Ni nanocatalysts and compared the
morphologies of Pt 3Ni to that of pure Pt nanocatalysts after potential cycling. They
found that Pt nanocatalysts showed larger extent of agglomeration and coalescence on
the carbon support when comparing to Pt3Ni nanocatalysts. They attributed the less
extent of agglomeration of Pt 3Ni nanocatalysts to the anchoring effect of Ni to Pt on
the carbon support. In Pt-Ni alloy nanoparticles, the mobility of Pt on the carbon
support surface is resisted due to the presence of Ni, and thus sintering and
coalescence of Pt 3Ni particles is suppressed. The same trend was observed by Wei et
al.[7]. They found that less agglomerated particles could be detected in Pt-Fe alloy
nanocatalysts when comparing to the pure Pt nanocatalysts. They claimed that Fe has
a strong tendency to alloy with carbon and thus Pt is bonded more strongly to carbon
through bridges of Fe, inhibiting the migration and coalescence of Pt-Fe alloy
nanocatalysts. For the Pt-Co alloy nanoparticles, Popov et al. [8] have reported the
same anchoring effect by comparing the particle sizes of Pt-Co alloy nanocatalysts to
that of pure Pt nanocatalysts after potential cycling.

Yu et al. [9] reported for the first time direct three dimensional visualization of
nanoparticle trajectories before and after potential cycling on a TEM grid. Coalesced
particles with Pt-rich shell were observed in their research. They also rule out many
factors that could lead to ECA loss of the catalysts and claimed that migration and
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coalescence mechanism should be responsible for the Pt-Co alloy degradation.
Furthermore, they reported that most of the coalescence events should be due to
migration and coalescence, instead of Ostwald ripening, by studying the sintering
process with atomic-scale chemical mapping and 3-D tomography.

2.6 Protocol for Measuring Nanoparticle Size and Shape

Transmission Electron Microscopy (TEM) is a powerful tool to characterize
the size and shape of nanoparticles. However, there are many factors which may lead
to errors in measuring particle sizes, such as too low resolution to identify the edges
of the particles and various kinds of astigmatism due to the operation of the TEM.
Herein, the standard protocol to measure the particle sizes is introduced, which was
developed by D. Groom [41].

First, consider the criteria to select particles in the TEM images. As shown in
Figure 2.4a-b, overlapping particles and agglomerated particles with unclear edges
are common in research. These two kinds of particles were both excluded in this work.
Moreover, particles partially locate on the edges of the TEM images are also excluded,
as shown in Figure 2.4 c.

Second, consider the size metrics. To measure the particle size, different
quantities could be used. The general method used for a size metric includes
measuring a value of y for a specific particle and to calculate the diameter of the
particle according to the measured value y. Common size metrics in the literature fall
into three categories based on the value y they measured. These are perimeter
diameter, line diameter and area diameter. The “perimeter diameter” measures the
perimeter S of a particle and calculates the diameter d p of the particle assuming that
the particle is a circle. A circle with diameter d has perimeter of πd,
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and thus the

perimeter diameter of a particle can be denoted as:
dp 

P

(2.1)



where P is the perimeter of the particle. The line diameter uses the concept of
minimum diameter and maximum diameter of one particle. The maximum diameter
and minimum diameter are obtained by measuring the maximum and minimum
distances across the particle, as illustrated in Figure 2.5 a-b. The line diameter equals
the average of the maximum and minimum diameter. Area diameter, which is also
known as equivalent diameter, uses the area A of the particle to get the diameter by
assuming that the particle is a circle, so the equivalent is calculated according to the
expression:

d ep  (

4A



)1/2

(2.2)

where A is the area of the particle. The area diameter is most widely referred in the
literature due to its comparatively high accuracy. Consider the example in Figure
2.5a-b [41]. Area measurements at a given magnification give different values for
these two particles only if they occupy different pixels in the TEM images. In Figure
3.1 a-b, the two particles have the same maximum distances and minimum distances
across the two particles, thus the same line diameter. However, large errors would be
introduced by using the line diameter when characterizing the particle. Under this
case, the accuracy in characterizing this particle could be improved when using the
area diameter since it considers particle’s shape. Moreover, the area diameter shows
other advantages over perimeter diameter since it is less sensitive to noise which
comes from the TEM images. Consider the example of a single extraneous pixel
added to a circle, as shown in Figure 2.5 c-d. By using the area diameter, the effect is
insignificant since the original image contains 52 pixels and adding one pixel would
not have significant effect on it. However, when using the perimeter diameter, the
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additional one pixel will add four edges in the perimeter, which leads to
approximately 11% increase in the perimeter diameter. As discussed above for the
two sets of particles in Figure 2.5, area diameter shows more accuracy than both line
diameter and perimeter. As a result, area diameter should be used for characterizing
the nanoparticles and it is employed in this work.

Third, consider the magnification of TEM when taking images. As mentioned
above, we are using area diameter to characterize the nanoparticles. The ideal
projection of a sphere in TEM images should be a circle, and errors would be
introduced in calculating the area of the particles in 2-D images since there is
uncertainty related with the two pixels at the endpoints of the line. For example,
consider the projected circle in Figure 2.6, where each square represents one pixel.
The circle occupies 4 by 4 pixel square, while its actual area is less than 4 by 4 pixels.
Thus, errors are introduced when we calculate the projected area in TEM images
based on the number of pixels counted. Herein, Groom et.al [41] used the equivalent
error  eq to express the errors arising from calculating the area of particles based on
the number of pixels, which can be expressed as:

 eq  [

2 p( M )
]  100%
deq

(2.3)

where deq is the area diameter, p is the pixel size which is a function of the
magnification M. This metric provides a standardized means to compare error
between samples under different magnification. The equivalent errors as a function of
TEM magnification for different sizes of particles is plotted (Figure 2.7a), as well as
particle sizes as a function of TEM magnification under different equivalent errors
(Figure 2.7b). In this work, we set the equivalent error to be under 5%, and chose the
proper magnification according to the particle size from Figure 2.7b. For example, if
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the particle size is approximately 5nm, using  eq <5%, the magnification used should
be between 120K and 250K (Figure 2.7b).
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Figure 2.1: Schematic of a proton exchange membrane fuel cell ([41]) .
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(a) Modified electrochemical Ostwald ripening (MEOR)
Transportation of

Pt particles dissolved into

Ptx+

Pt ions re-deposited
on larger particles

Pt ions
Carbon support

(b) Particles migrate and coalescence (PMC)

Particles migrate and
coalescence

(c) Dissolution and re-precipitation in the ion conductor
Pt ions re-precipitated by
Pt ions dissolved into Pt ions

crossover H2

H2 from the anode

Cathode
Membrane

(d) Detachment from the carbon support

Pt particles detach from carbon
support

Figure 2.2: Four different mechanisms of ECA loss in PEMFCs.
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Figure 2.3: Representative PSDs of single PMC model or Ostwald ripening model
([18]).
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Figure 2.4: (a) Overlapping particles, (b) agglomerated particles with unclear edges
and (c) particles located on the edges of the images, are excluded from PSDs.
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Figure 2.5: Particles with same dmax and dmin are shown in (a) and (b). (c) shows a
digital representation of a circle with 8 pixel in width and (d) shows an addition of
one pixel to (c)( [41]).
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Figure 2.6: A circle which occupies an area of 4X4 pixel square.
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(a)

(b)
(b)

Figure 2.7: (a) Equivalent error as a function of magnification for selected particle
sizes and (b) Particle sizes as a function of magnification for selected values of
equivalent errors ([41]).
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Chapter 3: Experimental Procedure
3.1 Materials

Powder preparation

Pt powders were prepared at 40%wt Pt loading on Akzo Nobel Ketjen EC300J
via proprietary method, with annealing at higher temperatures to produce
nanocatalysts with increasing initial particle sizes. Pt 3Co powders were prepared by
deposition of 40 wt% Pt and Co (3:1 atomic ratio) onto Akzo Nobel Ketjen ECJ300 J
via propriety methods, with annealing at specific temperatures to obtain specific
initial particle sizes.

Preparation of MEAs

In this study, MEAs were fabricated via a non-optimized process, with
identical anode Pt-C catalyst, 35.6% Pt on carbon, with an average Pt size of 2nm,
and 25µm thickness per-fluorinated sulfonic acid membrane. The materials of the
cathode are determined by the samples subjected to study.

Table Ⅰ shows the Pt

samples used to study the role of initial particle size in the degradation mechanisms,
while Table Ⅱ shows the Pt and Pt 3Co samples used to study the role of alloying.
For all the cathode materials in the study, the cathode loading is kept 0.2  0.02
mg-Pt/cm2.

3.2 Methods
TEM Preparation of Powders and MEA cross-sections

As received Pt or Pt-Co alloy powders were prepared for TEM
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characterization by immersing the samples in ethanol, followed by unltrasonication
for approximately 10s to ensure dispersion, and subsequently depositing the powder
on a carbon/copper grid. The nanoparticles were subsequently analyzed with a JEOL
2010F transmission electron microscope operated at 200kV.

In addition to the as-received powders, cycled samples were prepared from 5
mm  2 mm MEA sections cut from the 50 cm2 serpentine flow MEA test structures.
These sections were initially coated with a Gatan-J1 epoxy mixture to improve
stiffness, placed in a mold filled with a Araldite ® 6005, benzyl dimethylamine and
docenyl succinic anhydride mixture, out-gassed to remove air at the MEA/epoxy
interface, and cured in an oven at 60 °C for eight hours. The cured molds were
microtomed at room temperature and electron transparent MEA cross-sections less
than 100 nm thick were obtained. The nanoparticles present on the cathode side of
these electron transparent membranes, as well as in the membrane, were analyzed with
a JEOL 2010F transmission electron microscope operated at 200kV.

Particle size analysis
To our knowledge, the protocol for determining particle size and morphologies
has not been yet standardized, which precludes statistically significant analysis. With
regard to TEM, image analysis is complicated due to particle orientation, presence of
agglomerates and overlapping particles. In contrast, particle size analysis by X-ray
diffraction provides statistically significant results but information about the shape of
particles is challenging. In this regard, we have used the standard protocol described
in Chapter 2 developed by Groom et al. [41] to characterize the particles, including
selecting particles for the PSDs, using area diameter to characterize the particles and
choosing proper magnification in the TEM.
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In the case of the as-received powder samples, two hundred particles were
analyzed from each sample, using the software Image J. In the powder samples, 200
nanoparticles are selected and characterized to obtain the particle size distributions
(PSDs). And the standard protocol in Chapter 2 is employed.
Image J’s outlining hand tool was used to highlight each particle that matched
the above criteria. Because each image contains a different number of distinguishable
platinum particles, a second protocol was needed to determine how many particles
should be collected from each representative image. The analysis represented in this
paper randomly selected one of the representative images and collected all the
distinguishable particles from this image. Once completed, another representative
image was randomly chosen and all of its distinguished particles were outlined. This
process continued until 200 particles were collected. If a total of 200 particles were
reached before analyzing all the distinguishable particles within an image, a random
generator picked out the number of particles which was needed to complete the set of
200 from all the distinguishable particles in that specific image.

In the case of MEA samples, the cathode region was divided into three areas,
each approximately 3 m wide and thereby, covering the cathode width of
approximately 10 m. Two hundred particles were analyzed from each of the regions
to give a total of six hundred particles for a cathode section in a used MEA. The
cathodes were intensively investigated relative to the anode side because previous
studies [10] have shown that cathodes undergo substantial change relative to the
anodes during fuel cell operation.
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Table Ⅰ. Pt samples used to illustrate the role of initial particle size in the
degradation mechanisms.
Initial sizes

Number of cycles

2.2nm

10,000

3.5nm

10,000

5.0nm

10,000

5.0nm

30,000

6.7nm

10,000

6.7nm

30,000

11.3nm

10,000
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Cycling conditions
•

•
•
•

Triangle wave potential
cycle:0.6 V to 1.0
V ,16s/cycle
Cell Temperature: 80 ⁰C
Humidity: A = C =
100% RH
Pressure: Atmospheric
pressure

Table Ⅱ. Pt and Pt3Co samples used to illustrate the alloying effect.
Sample

Testing protocol

5.0nm Pt



Triangle wave potential cycle:
0.6V-1.0V, (50mV/s ramp rate)

6.7nm Pt
4.9nm Pt3Co
8.1nm Pt3Co
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Cell Temperature: 80℃



Humidity： A=C=100% RH



Pressure:Atmospheric pressure



Number of cycles: 30,000

Chapter 4: Degradation mechanisms of platinum nanocatalysts in
PEMFC: The Role of Particle size

In this chapter, Figures 4.1, 4.3, 4.4 and 4.9 are adapted from Groom et al.
[41]. The remainder of the work was carried out by the present author.

Figure 4.1 shows the average equivalent diameter and particle size
distributions (PSDs) obtained from the TEM characterization of the as-received
powders used to fabricate the MEAs. Clearly, the PSDs become broader with
increasing particle size. A similar TEM analysis of the MEAs before electrochemical
cycling revealed no meaningful change in the PSDs associated with MEA fabrication.
In this paper, samples are nominally denoted as 2.2nm, 3.5nm, 5.0nm, 6.7nm and
11.3nm, which are related to the mean equivalent diameter of the powders.

Subsequently to this analysis, the samples were subjected to electrochemical
cycling. Figure 4.2 shows the results of the electrochemical tests for MEAs composed
by the powders depicted in Fig 4.1. According to decay rates of Pt electrochemical
surface area (ECA), the degradation of the MEAs as a function of number of cycles
was substantially greater for the 2.2 nm and 3.5 nm Pt nanocatalysts compared to the
5.0nm, 6.7 nm and 11.3 nm samples. While ECA losses proceeded at a significant
rate within 10,000 cycles for the 2.2nm and 3.5nm samples, the other samples
exhibited good stability up to 10,000 cycles. However, for the case of the 11.3 nm
sample, the initial performance was too low for cell feasibility.

As the ECA for the

5.0nm and 6.7nm samples showed a very good performance after 10,000 cycles, these
powders were subjected to a total of 30,000 cycles. As shown in Figure 4.2, the ECA
of the 6.7nm sample decreased only slightly from 10,000 cycles to 30,000 cycles,
while the 5.0 sample showed remarkable stability.
35

The TEM characterization of these cycled MEAs offered further insight into
the electrochemical data. Figures 4.3-4.9 contain the results of the TEM analysis of
the cycled cathodes. For MEAs with initial sizes of 2.2nm and 3.5nm after 10,000
cycles, the mean particle size in the three regions (A-C) has grown significantly and
the PSDs have broadened. On the other hand, for the MEAs with initial sizes of 5.0,
6.7nm and 11.3nm after 10,000 cycles, there is only a slight increase in the mean
particle size, for regions A-C. For the 5.0nm and 6.7nm MEAs after 30,000 cycles,
larger mean particle sizes and broader PSDs could be observed in the three regions
when compared to that of 10,000 cycles. In contrast to previous studies [14], the
particle size is found not to differ significantly throughout the cathode thickness for
each of the samples.

To explain the results shown in Figures 4.3-4.9, a first simple approach is to
consider the PSDs of the various samples. Granqvist and Buhrman have shown that
PSDs with tails to larger particle sizes are associated with particle growth via
migration and coalescence [18]. In contrast, a PSD indicative of growth through
Ostwald ripening involves a peak to large particle sizes with tailing to smaller sizes.
As Figures 4.3-4.9 show broadened PSDs with tails to large sizes, this seems to
suggest that the resultant ECA loss is due to a migration and coalescence mechanism.
However, the above models make several assumptions that do not apply to PEMFCs.
Most importantly, the models assume that only one growth mode occurs and that the
system is thermodynamically closed. However, the presence of Pt in the membrane of
each of these MEAs renders these models inapplicable to this study. Furthermore,
previous studies have demonstrated that other growth mechanisms can lead to PSDs
similar to this work. For example, the work of Ferreira et al., which showed a log
normal PSD with tailing to large particles in the ionomer phase, was found to be
related with dissolution and reprecipitation of Pt rather than migration and
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coalescence [10]. Hence, to fully understand the changes in particle size and related
PSDs shown in Figures 4.3-4.9, various possible mechanisms must be addressed.

Consider first the dissolution and re-precipitation of Pt in the ionomer. This
mechanism is associated with the chemical reduction of Pt ions by crossover
hydrogen from the anode. Re-precipitated particles can be located either in the
membrane or off carbon support in the cathode area. Ferreira et al. have shown that
these re-precipitated particles exhibit specific shapes other than spherical [27]. After
careful observation of the TEM images shown in Figure 4.3-4.9, it is clear that no
particles re-precipitated in the ionomer phase of the cathode. However, a significant
amount of particles re-precipitated within the membrane. Figure 4.10a-g shows TEM
images of the cathode-membrane interface of all the samples. It is evident that for the
2.2nm sample there is a dense region of re-precipitated Pt particles at the
cathode-membrane interface and membrane (Fig. 4.10a), while for the 11.3nm sample
this phenomenon is practically absent (Fig 4.10e). In order to quantify the amount of
re-precipitated particles in the membrane, the ratio of the projected area of
re-precipitated particles in the membrane to the total area of particles in the cathode
were compared in each sample. This ratio is denoted as X and expressed as:


X 


n

i 1
m

P
Amembrane

AP
i 1 cathode

(4.1)

P
where Amemrane
is the projection area of each re-precipitated particles in the

membrane and

numerator indicates the total area of re-precipitated particles in each

P
sample, while Acathode
is the projected area each particle in the cathode and the

denominator indicates the total projected area of particles in the cathode. The X
values for samples with initial sizes of 2.2nm, 3.5nm, 5.0nm, 6.7nm and 11.3nm with
10,000 cycles are 2.5%, 2.3%, 0.28%, 0.67% and <0.1%, respectively. While the X
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values for 5.0nm and 6.7nm samples with 30,000 cycles are 5.9% and 3.5%,
respectively.

In general, the larger the initial particle size, the less is the amount of
re-reprecipitated particles in the membrane.

This is due to the dissolution rate of Pt,

as illustrated in Figure 4.11, which can be attributed to the Gibbs-Thomson effect
[14], Yet, as the area of re-precipitated particles in the membrane is not significant
when comparing to the total area of particles in the cathode, this indicates that this
mechanism alone should not play an important role in the degradation of MEAs. In
addition, when comparing the 5.0 nm and 6.7 nm samples after 10,000 and 30,000
cycles, it is clear that more re-precipitated particles with larger sizes were found in
the membrane for the case of 30,000 cycles as a higher amount of Pt dissolution
occurs.

Secondly, consider the modified Ostwald ripening mechanism. This involves
the dissolution of Pt, followed by the diffusion of Pt ions across the ionomer and
re-deposition of Pt ions on larger Pt particles. The re-deposition process does not
change the original morphology of larger particles, as Ostwald ripening is an isotropic
process. Therefore, since the as-received powder contains predominantly spherical
particles, a careful measurement of spherical particles on the carbon support in cycled
MEA should result from electrochemical modified Ostwald ripening. This is shown
in Figures 4.12 and 4.13. For the measurements of spherical particles, the cathode
area was divided into three regions and two hundred particles were selected from
each region, following the procedure described in the experimental procedure. The
particles were selected only if their roundness, R was larger than 0.9. The parameter
R is defined in terms of its projected area A and the major axis (a) of an ellipse fitted
to the particle outline, according to the expression
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R

4A
 a2

(4.2)

In digital images, the major axis (a) equals the equivalent diameter of a circle.
As shown in Figures 4.12 and 4.13, the mean size of spherical particles for the 2.2nm
and 3.5nm MEAs after 10,000 cycles exhibit significant growth, while for the 5.0nm,
6.7nm and 11.3nm MEAs, the growth is negligible. However, it is evident that for the
5.0nm and 6.7nm MEAs, after 30,000 cycles, spherical particles grow considerably.
This overall growth behavior indicates that electrochemical modified Ostwald
ripening is severe in 2.2nm and 3.5nm cycled MEAs and significant in the 6.7nm
MEA after 30,000 cycles. This is contradictory to the typical PSDs caused by
Ostwald ripening, which show a tail for small particle sizes and a maximum particle
size cutoff.

Yet, as discussed above, the cathode is not a closed system due to the

loss of Pt into re-precipitated particles in the membrane. To illustrate the impact of
the modified Ostwald ripening mechanism on the overall degradation process, Figure
4.14 shows the ratio rd/ra between the mean of cycled spherical particle sizes (rd) and
the mean of as-received particle sizes (ra), as well as the ratio rT/ra between the mean
of all particle sizes (rT), which comprise spherical and non-spherical particles, and the
mean of as-received particle sizes. It is evident that the ratio rd/ra increases drastically
for the samples with initial particle sizes of 2.2nm and 3.5nm. In addition, Figure 4.14
shows that as the initial particle size increases the difference between ratios rT/ra and
rd/ra decreases. These two results confirm that the modified Ostwald ripening is
predominant in most of the samples, except for the case of the 2.2nm sample, where
other mechanisms are playing an important role.

A third possible mechanism is the migration and coalescence of nanoparticles.
The presence of coalesced particles was present among all the cycled MEAs, as
shown in Figure 4.15. Morphologies resulting from aggregation-coalescence
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represent a form of ECA loss not directly quantified by the PSDs. The widespread
presence of necked nanoparticles and larger coalesced particles in each sample
provides a means to quantify the percentage of Pt that has experienced ECA loss due
to the aggregation and coalescence and thus compare the relative impact of this
mechanism as a function of initial particle size. To this end, the projected area (A) of
Pt in each image was separated into one of two categories: (1) Pt in the form of
individual

nanoparticles

(AIndividual)

and

(2)

Pt

exhibiting

clear

aggregation-coalescence (ACoalesced). Particle overlap was excluded from this analysis
but accounted for no more than 10% of Pt for each image. The area percentage of
coalesced particles was calculated from the ratio of the projected area of coalesced Pt
(ACoalesced ) to the total projected area of Pt (ATotal = ACoalesced + AIndividual). Figure 16
shows the results of this analysis. For the MEAs with 10,000 cycles, the coalesced
area for the 2.2nm and 3.5nm samples are much higher than other samples, while the
coalesced area for the 2.2nm is the highest of all samples.

Despite these results, the formation mechanisms associated with migration
and coalescence are ambiguous. Figure 4.17 shows several hypotheses. First,
coalesced particles may result from nanoparticles migrating and coalescing on the
carbon support (Fig. 4.17a). However, in situ TEM experiments performed on these
particles at 1000 C in the absence of current/voltage showed no particle migration
[28]. Yet, the lack of potential cycling could alter significantly the migration process.
Second, it is possible that coalesced particles are the result of growth of adjacent
particles into each other due to Pt re-deposition on the surface (Fig 4.17b). Third, it is
plausible for Pt atoms to re-precipitate between two spherical particles and form a
neck between pre-existing particles. Asoro et al. [21] have provided evidence for this
mechanism by performing in situ TEM experiments at high temperatures.

Moreover,

the coalesced particles could result from migration, followed by modified Ostwald
ripening.
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In general, as the Pt loading is the same for all samples, the mean separation
distance between particles decreases as the average particle size decreases. Thus,
assuming each particle is spherical, the number of particles per unit area can be
expressed as:
N

m
(4 / 3)  (d / 2)3  

(4.3)

where d is the mean equivalent diameter of the particles, m is the mass of Pt per unit
area, and ρ is the density of Pt. Assuming a unit area of sample, if we have N particles
uniformly distributed per unit area, then the number of particles per unit length is N 1/2,
which is also equal to 1/D, where D is the distance between the center of the particles.
As a result, D=N-1/2 and from equation (3), D is proportional to d 2/3.

Under the ideal conditions described above, the distances between particles in
samples with initial particle sizes of 2.2nm, 3.5nm, 5.0nm, 6.7nm and 11.3nm were
found to be 1.0nm, 3.0nm, 6.2nm, 10.6nm and 27.9nm, respectively. Thus, the
coalescence mechanisms described in Figure 17 should be enhanced by the shorter
distances between particles. This explains well the comparatively large difference
between rT/ra and rd/ra among samples with initial sizes of 2.2nm and 3.5nm. This also
means that there is a strong correlation between the modified Ostwald ripening
mechanism and the coalescence mechanism through growth of adjacent particles into
each other (Fig 4.17b). In fact, a higher dissolution rate of Pt and consequent
redeposition into larger particles will cause degradation of the MEAs through
Ostwald ripening and coalescence. Thus, prevention of the dissolution of Pt should be
one of the main factors to stop the MEAs from deteriorating.
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We are now left with the task of comparing the TEM observations with the
ECA degradation as a function of the number of cycles (Figure 4.2). To better
understand this correlation, we compare the geometric surface area (GSA), which is
the calculated surface area from the particles observed in the TEM images (in units of
m2/gPt) and the ECA.

Assuming each particle is spherical, the GSA can be

calculated from the expression

GSA  (

6000
)
  ds

where  is the density of Pt (21.4g/cm3) and
given by
ds





ds
n
i 1
n

(4.4)

is the surface averaged diameter,

d3

d2
i 1

(4.5)

where d refers to the equivalent diameter of each particle. To calculate the initial
GSA of each sample, 200 nanoparticles from the as-received powder were used thus n
is taken as 200 for the powder samples, while to calculate the cycled GSA of each
sample, 600 nanoparticles from the three regions were used and thus n is 600 for the
cycled MEAs.

Figure 4.18 shows the ECA and GSA before cycling as shown in Figure 4.19.
Surprisingly, the ECA/GSA value for each sample is below 1 except for the 11.3nm
sample, which is around 1. This means that not all the surface area of the
nanoparticles is contributing to the ORR process. One possible explanation for this is
that due to agglomeration, part of the surface area is not accounted for and thus the
GSA values are higher than they should be, which would lead to lower ECA/GSA
values. Another plausible reason has to do with the contact area between the
nanoparticles and the carbon support. Figure 4.19 shows tomographic TEM images of
the nanoparticles on the carbon support. Clearly, the carbon support exhibits a
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convoluted 3D structure. As a result, the larger particles are likely to have smaller
fractions of surface area in contact with the carbon support, than the smaller particles,
as illustrated in Figure 4.19. Thus, the smaller particles may not have readily access
to oxygen and would contribute less to the ORR. This is actually confirmed by Figure
4.18, which shows that the value of the initial ECA/GSA decreases with decreasing
initial particle size. This trend indicates that the utilization of surface area in the
catalysts increases with increasing initial particle size.

For the cycled MEAs, the relationship between ECA and GSA is shown in
Figure 4.20. It is evident that for the samples with initial sizes of 2.2nm, 3.5nm and
11.3nm, the cycled ECA/GSA values are larger than for samples with initial sizes of
5.0nm and 6.7nm. This may be attributed to the larger mean particle sizes after
cycling for the 2.2nm, 3.5nm and 11.3nm samples, and thus less surface area in
contact with the carbon support. Suprisingly, the values of cycled ECA/GSA for
cycled MEAs with initial sizes of 2.2nm, 3.5nm and 11.3nm are larger than 1, which
indicates that the surface area calculated from TEM images is underestimated. One
possible explanation for this data is the shape of particles. Spheres have the smallest
surface area to volume ratio and thus the smallest GSA. Herein, we have assumed the
particles to be spherical when calculating the GSA in the cycled MEAs and the
powders. However, while particles are spherical in the as-received powders, the
fraction of non-spherical particles increases in the cycled MEAs, especially for the
2.2nm and 3.5nm samples, which will lead to cycled ECA/GSA ratios >1.
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Figure 4.1. (a)-(e) PSDs and TEM images from the 2.2, 3.5, 5.0, 6.7 and 11.3 nm
powders, respectively (Adapted from Groom et al. [41]).
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Figure 4.2. Electrochemical characterization of MEAs based on the
electrochemically active surface area (ECA).
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Figure 4.3. Used MEA with 2.2 nm initial particle size after 10,000 cycles (Adapted
from Groom et al.[41]).
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Figure 4.4. Used MEA with 3.5 nm initial particle size after 10,000 cycles (Adapted
from Groom et al.[41]).
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Figure 4.5: Used MEA with 5.0 nm initial particle size after 10,000 cycles.
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Figure 4.6. Used MEA 6.7 nm initial particle size with 10,000 cycles.
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Figure 4.7. Used MEA with 11.3 nm initial particle size after 10,000 cycles.
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Figure 4.8. Used MEA with 5.0 nm initial particle size after 30,000 cycles.
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Figure 4.9. Used MEA 6.7 nm with initial particle size after 30,000 cycles (Adapted
from Groom et al.[41]).
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Figure 4.10. Cathode-membrane interface of MEAs of initial sizes of (a) 2.2nm,
(b)3.5nm, (c)5.0nm after 10,000 cycles, (d) 6.7nm after 10,000 cycles, (e)11.3nm, (f)
5.0nm after 30,000 cycles and (g) 6.7nm after 30,000 cycles.
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Figure 4.11. Pt dissolution rate as a function of initial particle size.
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Figure 4.12. PSDs of spherical particles in MEAs after 10,000 cycles.
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Figure 4.13. PSDs of spherical particles in MEAs after 30,000 cycles.
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Chapter 5: The Effect of Alloying in Pt Nanocatalysts

To address the role of alloying in the degradation mechanisms of Pt
nanoparticles, two sets of samples are compared. The first set includes nanoparticles
of Pt of 5.0 and 6.7nm, while the second set includes nanoparticles of Pt 3Co with
sizes of 4.9 and 8.1nm. Figure 5.1 shows the average equivalent diameter and particle
size distributions (PSDs), obtained from TEM characterization, of the as-received Pt
and Pt3Co powders used to fabricate the MEAs.
Subsequently to this analysis, the MEA samples were subjected to
electrochemical cycling, following the conditions discussed in Chapter 3 (Table Ⅱ).
All samples were subjected to 30,000 cycles. Figure 5.2 shows the ECA values of the
MEAs composed by the powders shown in Fig 5.1. Clearly, the 5.0nm Pt and 4.9nm
Pt3Co have similar initial ECA, but the degradation rate for the 4.9nm Pt3Co is
considerably faster than that of 5.0nm Pt. On the other hand, the 6.7nm Pt sample has
higher initial performance than the 8.1nm Pt3Co and faster degradation rate.
Interestingly, the performance of the Pt 3Co samples go through a maximum during
the first two thousands of cycles, which can be attributed to an incomplete wet-up of
the ionomer. After 30,000 cycles, the Pt-based MEA with initial size of 5.0nm shows
the best performance, while the other three samples show a lower but similar
performance.
Figure 5.3-5.6 shows the TEM analysis for aforementioned four samples. It
can be observed that the 5.0nm Pt and 4.9nm Pt 3Co nanoparticles grow to
approximately 7nm in each region of the cathode. However, the 6.7nm Pt shows
significant growth in regions A-C to approximately 9nm, while the 8.1nm Pt3Co
showed little growth in all regions. To understand these results, consider the various
degradation mechanisms, discussed next.
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Let us start with the modified electrochemical Ostwald ripening. In pure Pt
samples, this process involves dissolution of Pt, followed by the diffusion of Pt ions
in the ionomer and re-deposition of Pt ions on larger particles. For Pt 3Co catalysts, the
dissolved Pt ions should follow the same process as in the pure Pt samples, while the
Co remains in cationic form in the ionomer and should not be reduced. In both the Pt
samples and Pt3Co samples, the as-received powders were predominantly composed
by spherical particles. The re-deposition process of Pt ions would not change the
original morphology of the spherical particles, as the Ostwald ripening process onto
spherical particles is isotropic. Figure 5.7 contains the PSDs of the spherical particles
of the four samples. The procedure for measuring and selecting spherical particles
was discussed in Chapter 4.
At this point, if we compare the mean particle size of spherical particles in the
cycled MEAs with that of the powders for these four samples, it is noted that the Pt
samples show larger extent of growth than the Pt3Co samples. This indicates a more
severe Ostwald ripening in the Pt samples when compared to the Pt3Co samples.
Morgan et al. used a Kinetic Monte Carlo (KMC) model for Pt-Co alloy nanoparticles
to indicate that in a PEMFC environment, Co is dissolved preferentially with respect
to Pt, and at the end stage of PEMFC life-time a core/shell structure or perforated
structure forms, depending on the initial composition of Pt and Co in the powder (D.
Morgan, personal communication, September 12, 2012).
Figure 5.8 shows the dissolution rate of the four samples after 50 cycles in
0.57 M HClO4 at room temperature. It is evident that the dissolution rates of Co in
both 4.9nm Pt3Co and 8.1nm Pt 3Co are much faster than the Pt dissolution rate. On
the other hand, the Pt dissolution rate in the Pt3Co samples is larger than in pure Pt
samples with similar initial size. This data is in contradiction with the fact that more
MEOR is occurring in pure Pt samples, as mentioned above.
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To explain this behavior, consider the structure of the Pt-Co alloy
nanoparticles after potential cycling. Morgan et al. proposed that if the Pt initial
composition is higher than 50%, the Co dissolves from the outmost surface and a
Pt-rich core forms on Pt-Co alloy nanoparticles (D. Morgan, personal communication,
September 12, 2012). The dissolution of Co into Co ions would first lead to a
decrease in size of the Pt3Co nanoparticles, while the re-deposition of Pt ions onto
particles would lead to an increased size. Fig 5.9 shows the initial structure of Pt-Co
alloy nanoparticles and the formation of Pt-rich shell structure after potential cycling
(D. Morgan, personal communication, September 12, 2012). As a result, it is possible
that for the Pt-Co alloy nanoparticles, spherical particles show comparatively small
growth over the powder samples, or even shrinkage due to a higher dissolution rate of
Co. On the other hand, for the case of pure Pt samples, Pt re-deposits on larger
particles or re-precipitates on the ionomer phase, which leads to growth of spherical
particles over powder samples.
Secondly, consider the dissolution and re-precipitation of Pt in the ionomer
phase. It has been shown that Pt ions can be reduced by crossover hydrogen from the
anode side, while the Co ions remain as cationic form in the cathode or membrane.
After the Pt ions are reduced, they could re-precipitate onto Pt particles. The
re-precipitated Pt particles could be located either in the membrane or off carbon
support in the cathode area. After careful observation of the cathode for all the four
samples, the amount of nanoparticles re-precipitated off carbon support in the cathode
is negligible, while the amount of re-precipitated particles in the membrane is
considerable. Figure 5.10 shows the cathode-membrane interface region for all the
four samples. The size of the re-precipitated particles in the membrane is much larger
than the particles in the cathode. Moreover, the X values, as described in equation 4.1,
are below 6% for all four samples, which indicates that the amount of re-precipitated
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particles in the membrane for all four samples is insignificant when compared to the
cathode.
Figure 5.11 includes two kinds of particles existing in the cathode-membrane
interface according to their shape. One type refers to “regular shaped” particles with
no branches (Fig 5.11a). The inlet of Fig 5.11a, which shows the diffraction pattern of
this kind of particles, indicates that these particles are single crystals. The second type
refers to dendritic particles (Fig 5.11b). The diffraction pattern of this kind of
particles shows that these dendritic particles are polycrystalline (Fig 5.11b inlet).
Although the particles in Figure 5.11 are from cycled Pt3Co MEAs with initial size of
8.1nm, all MEAs exhibited these two types of particles. A more careful observation of
these particles revealed that the dendritic particles showed typically larger sizes than
the regular-shaped particles. Moreover, Energy-dispersive X-ray spectroscopy (EDS)
showed that all particles in the membrane were made of Pt and no Co was found (Fig
5.11c-d).
These observations seem to indicate that during potential cycling, both Pt and
Co dissolved in the ionomer. However, the soluble Pt species are reduced while Co is
not. The Pt ions diffuse into the membrane and re-precipitate by the crossover
hydrogen molecules from the anode, thereby forming the Pt particles in the
membrane. At the beginning stages of cycling, soluble Pt species help nucleate small
regular shaped particles. As these particles are formed in the membrane, where there
is no electrochemical contact, soluble Pt species are more favorable to re-deposit on
the existing Pt nuclei other than re-precipitate due to a lower surface energy. As a
result, the branches grow due to more re-deposited soluble Pt species and dendritic
particles form as the number of cycles increases. On the other hand, the regular
shaped particles existing in the membrane form by re-precipitation of soluble species,
at a later stage of cycling.
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Third, consider the mechanism of migration and coalescence. According to
our knowledge, there is no direct observation concerning particle migration in
PEMFC environment. However, coalesced particles are widespread among all the
samples, as illustrated in Figure 5.12. The projected Area (A) of particle in each
image was separated into one of two categories: (1) particle in the form of an
individual

nanoparticle

(AIndividual)

and

(2)

particle

exhibiting

clear

aggregation-coalescence (ACoalesced). Particle overlap was excluded from this analysis
but accounted for no more than 10% of Pt for each image. The area percentage of
coalesced particles was calculated by the ratio of the projected area of coalesced Pt
(ACoalesced) to the total area of particles in the cathode (ATotal = ACoalesced + AIndividual).
Herein, in each sample, an area of 1µm by 1µm was considered in calculating the
coalesced area. Figure 5.13 contains the results of this analysis. From Figure 5.12, the
area fraction of coalesced particles in the Pt 3Co samples is larger than that of pure Pt
samples with similar particle size, which indicates the coalescence in Pt3Co samples
is more severe than that of Pt samples. Although there could be several formation
mechanisms for the coalesced particles (Fig 4.17), migration and coalesce seems to be
most likely. The reason for this is that in the other two mechanisms (particles in
proximity making contact with each other and soluble Pt species re-depositing
between two particles), Ostwald ripening must occur. However, as discussed above,
particle growth due to MEOR in the Pt 3Co samples is less severe than for the Pt
samples. Thus, it is plausible that the higher degree of coalescence in Pt3Co than in
pure Pt is due to the particle migration. Moreover, the percentage of coalesced area to
the percentage of total area in the 8.1nm Pt 3Co is less than that of the 4.9nm Pt3Co,
which could be due to shorter inter-particle distances. However, this observation is in
contradiction to Popov et al. [8], which claimed that sintering and coalescence is
reduced in Pt-Co alloy nanoparticles due to an anchor effect. One possible
explanation is that the amount of Co vacancies produced by dissolution is higher than
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the amount of re-deposited Pt on the surface layer, leading to the existence of more
vacancies on the surface of the Pt-alloy nanoparticles after potential cycling. As a
result, the Pt-alloy nanoparticles have an overall reduced binding energy with the
carbon support after potential cycling and thus more likely to migrate.
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Figure 5.1. PSDs and TEM images from (a) 5.0nm Pt; (b) 4.9nm Pt 3Co; (c) 6.7nm Pt

and (d) 8.1nm Pt 3Co.
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Figure 5.3. Used Pt MEA with 5.0 nm initial particle size after 30,000 cycles.
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Figure 5.4. Used 4.9nm Pt3Co MEA after 30,000 cycles.
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Figure 5.5. Used 6.7nm Pt MEA after 30,000 cycles (Adapted from Groom et al.
[41]).
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Figure 5.6. Used 8.1 nm Pt3Co MEA after 30,000 cycles.
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Before cycling

After cycling

Figure 5.9. Pt re-deposit on the vacancies and forms Pt-rich shell during potential
cycling. (D. Morgan, personal communication, September 12, 2012) .
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Figure 5.10. Cathode-membrane interface for (a) 5.0nm Pt; (b) 4.9nm Pt 3Co; (c)
6.7nm Pt and (d) 8.1nm Pt 3Co.
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Figure 5.11. Re-precipitated particles in the membrane of (a) regular shape and (b)
dendritic shape, while (c) and (d) are the EDS results for (a) and (b), respectively.
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Figure 5.12. Coalesced particles in (a) 5.0nm Pt; (b) 4.9nm Pt 3Co; (c) 6.7nm Pt and
(d) 8.1nm Pt3Co.
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8.1nm Pt3Co

Chapter 6: Conclusions

In this work, it was found that the ECA loss for Pt nanocatalysts with initial
sizes of 2.2nm and 3.5nm, after 10,000 cycles, is more significant than for particles of
sizes ranging from 5.0 nm to 11.3 nm. In terms of mechanisms of degradation, this
research shows that by comparing the mean size of spherical particles of the powder
samples and cycled MEAs, it is evident that Ostwald ripening is more pronounced in
MEA samples with initial particles sizes of 2.2nm and 3.5nm. On the other hand, the
ECA loss due to dissolution and re-precipitation of nanoparticles is not relevant for
any of the samples. Finally, coalescence is evident among all the samples, although
this mechanism seems to be more active for the 2.2 nm particle size. In general, Pt
dissolution seems to be the controlling mechanism as it assists the MEOR process and
two plausible mechanisms of coalescence. Thus, to reduce the Pt dissolution is the
most important factor to prevent degradation. The correlation between the TEM data
and the experimentally-determined ECA data, where the initial ECA/GSA ratio
decreases with increased particle size, seems to indicate that the contact area between
the particles and the carbon support is affected by particle size due to the 3-D nature
of the carbon.

In the case of Pt3Co nanocatalysts, less growth is observed when compared to
the Pt particles with similar size. Although the dissolution rate for Pt and Co is higher
than the dissolution rate of Pt in pure Pt nanocatalysts, particle growth due to MEOR
mechanism is less apparent. One possible explanation is the formation of Pt-rich shell
structures after potential cycling. In addition, a higher number of coalesced particles
is observed for the case of Pt3Co nanocatalysts, when compared to pure Pt. This
seems to be driven by particle migration. As for the pure Pt nanocatalysts, the
dissolution and re-precipitation of Pt3Co nanocatalysts in the membrane is not
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relevant, although two kinds of particles with different structure are found among the
re-precipitated particles.
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