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Highlights
Long-term stability of Catalysts
PI Thomas F. Fuller
PDF methods
Techniques to measure the surface energy of solid nanoparticles are needed to better understand better the
effects of this parameter on fuel- cell catalyst stability. Platinum nanoparticles are important in facilitating
the oxygen reduction reaction that takes place at the cathode of proton exchange membrane (PEM) fuel
cells. The marketability of PEM fuel cells for automotive applications is limited by the cost, which is
increased by use of a platinum catalyst. One approach to minimize cost, while maintaining an acceptable
level of performance, is the use of small, supported platinum nanoparticles ranging from 2 to 5 nm.
However, high potentials and acidic conditions present at the cathode result in platinum instability, and
electrochemically active surface area decreases over time. The loss of active catalyst area reduces fuelcell efficiency. Platinum area loss occurs through two processes, nano-scale Ostwald ripening and microscale platinum deposition in the membrane, both of which are accelerated by small particle sizes. Ostwald
ripening is a process driven by surface energy in which large particles grow at the expense of small
particles. Pair distribution methods (PDF) have been applied to catalysts for fuel cells. These efforts
resulted in new insights into the surface energy of
nanoparticles and their effect on platinum stability.
An in-situ method to measure changes in
catalyst particle size at the cathode of a proton exchange
membrane fuel cell was demonstrated. Synchrotron xrays, 58 keV, were used to measure the pair distribution
function on an operating fuel cell and observe the
growth of catalyst particles under accelerated
degradation conditions. The stability of Pt/C and PtCo/C
with different initial particle sizes was monitored over
3000 potential cycles. The increase in particle size was
fit to a linear trend as a function of cycles. The most
stable electrocatalyst was found to be the alloyed PtCo
with the larger initial particle size. This new method
provides another tool to investigate platinum stability.
Electro-osmotic drag
Under this portion of the project we continued to
explore the transport properties of novel ionomer
membranes. It is believed that these transport
properties are important for the challenge of
platinum stability. For the first time, we found that
for ionomer membranes other than Nafion, that the
electro-osmotic drag coefficient was not unity.
Because of the unique mechanisms for transport of
protons compared to other ions, these results offer
the possibility of tailoring the ionomers to maintain
proton conductivity and hinder mobility of
platinum ions.

Modeling of Pt stability
Previous models of platinum stability
have considered just two particle sizes.
This work developed a macrohomogeneous model of platinum
stability that included an arbitrary
initial particle distribution of sizes.
Using population balance methods, the
model provides insight into the
evolution of particles sizes during
potential cycling. Typical results are
shown in the figure to the right that
illustrate the growth in particle size as
well as the broadening of the
distribution.
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Particle Size Distribution Effects on Platinum Dissolution
The instability of Pt electrocatalysts under
operating fuel-cell conditions is one of the main
barriers towards commercialization of polymer
electrolyte fuel cells (PEFC). PEFCs operating
under potential cycling conditions gradually lose
the electrochemically active surface area (ECA) of
the cathode
due to nanoparticle dissolution and
growth.[1]
The loss of area is caused by Ostwald ripening at
potentials higher
than 0.8 V (vs standard hydrogen
electrode; SHE)[2] where large Pt particles grow at
the expense of small ones via interparticle transport
of single atoms[1b,2c,3] or carbon support corrosion
(at potentials greater than 1.1V (SHE)[4] leading to
the detachment
and agglomeration of Pt
nanoparticles. [3b]
Detailed numerical models on Pt oxidation were
reported by Darling and Meyers.[3f-g] Empirical
Butler-Volmer equations were used to calculate the
platinum/carbon oxide coverage without taking into
account the intermediate species of oxygen
reduction reaction (ORR) and water adsorption on
catalyst surface. It was reported that Pt dissolution
in PEFCs is large at potentials above 0.9 V
(SHE).[3g]
Shao-Horn and coworkers[5] constructed a
thermodynamic-kinetic model and simulated exsitu (assuming zero hydrogen crossover and Pt
diffusion from the cathode) and in-situ (assuming
Pt diffusion from the anode and presence of
hydrogen crossover) experimental conditions. It
was predicted that in the ex-situ experimental
environment, Pt surface area loss and particle size
distribution was dominated by coarsening. In the
simulated in-situ environment, crossover hydrogen
increased the Pt mass flow from the particle surface
resulting to an increase of Pt surface area loss.
Simulations have demonstrated that Pt stability was
improved once the Pt particle size was increased
from 2 to 5 nm (in-situ experimental conditions),
although the effect of particle size enhancement on
electrochemically active surface area or Pt activity
was not taken into account.
The effect of hydrogen crossover in Pt reduction
was demonstrated
in the models developed by
Fuller's group.[3e, 6] A Pt band is formed in the
ionomer during Pt precipitation reaction and a
model based on gas crossover rates (H2 and
O2 )
was constructed to predict its location.[3e] The
calculated band position was similar to the
experimental position detected
with scanning
electron microscopy (SEM).[3e] The effect of
reactant gas partial pressure and relative humidity
(RH) on Pt dissolution was also investigated.[6a]
Reactant gas partial pressure
did not alter the rate
of cathode degradation,[6a] whereas an increase in
RH resulted in higher Pt degradation rates leading
to an approximate two- and three-fold reduction of

ECA and cathode Pt mass respectively
at 100%RH
(compared to 50% RH).[6a] Cathode catalyst
degradation was modeled
using a bi-modal particle[6b]
refining
Darling-Meyers
size distribution
models[3f-g] and Pt particle growth was revealed
through mass exchange of Pt between small and
large particles.
Despite previous modeling efforts[3e-g,5,6a-b,7], the
effect of uniform particle size distribution (PSD) on
Pt stability under potential cycling is still unknown.
It is expected that Pt stability will be improved if
narrow PSDs are used, the high cost of these
distributions and the difficulty of their fabrication
notwithstanding. The present study aims to address
this effect by building a theoretical model based on
the chemical reactions of Pt oxidation and
precipitation in the membrane. The incorporation of
an arbitrary function
for the initial PSD and a
population balance[8] allows the investigation of the
effect of PSD on degradation. Both the evolution of
the PSD and the Pt ion concentration in the
ionomer can be monitored with time.

Pt Dissolution Model
The domain modeled (Fig. 1) consists of two
regions joined by an interface. The electrode region
represents the Pt/C electrocatalyst (thickness L1) on
the cathode side of the membrane electrode
assembly (MEA) while the membrane region
represents the part of the polymer electrolyte
(thickness L2) up until the point where the Pt band
is formed.[3e] The potential of the electrode is
cycled as a function of time between 0.5 and 1 V
(vs. SHE) and with a period of 30 s.

Figure 1. Pt dissolution model.
The main model assumptions are the following
1. One dimensional, macroscopic model. Since
the MEA thickness (6 μm anode/cathode
and 20μm PEM) is much smaller than the
1

in-plane dimensions (5-30 cm) of the MEA,
a 1D approach is valid. In-plane uniformity
is assumed.
2. Pt/C solid
phase is uniformly mixed with
Nafion® electrolyte and gas pore phase in
the cathode forming a porous electrode.
Polymer volume fractions (ε) are assumed
to be one in PEM separator and 0.30 in the
cathode based on the experimental porosity
values
reported
for
Nafion®-based
electrodes varying between ~ 0.2 and ~ 0.4
as a function of their solvent composition.[9]
3. Pt particles are initially uniformly
distributed through the thickness of the
cathode. A platinum loading of 0.5 mg cm-2
is considered for the calculation of the
number density of particles in the catalyst
layer, representing a typical value for an
MEA.
4. Pt ions are transported by diffusion into the
PEM, and they are reduced by crossover
hydrogen forming a Pt band in the
membrane. The width of Pt band is
neglected and Pt ion concentration at the
band is equal to zero.
The Platinum degradation mechanism is
described by two electrochemical reactions, namely
Pt electrochemical dissolution (~ 1.2V vs. SHE;
reaction R1) within the electrode (Fig. 1) and Pt
precipitation by hydrogen reduction at the Pt band
in the membrane (Fig. 1). Because our interest here
is to explore the effect of initial PSD on
degradation, and because the kinetics are unknown,
platinum oxide
chemical dissolution is not
considered.[3g]
A modified Butler-Volmer equation[3g,6b] is used
in the electrode region to describe the reaction rate.
A finite rate of mass transfer is assumed, and the
equilibrium potential is shifted with the Kelvin
equation to account for the dependence on particle
size and size distribution.
Pt ↔ Pt2+ + 2ei1
nF

As a result, the reaction rate i1 / nF including a
mass-transfer resistance is
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where the thermodynamic potential U1 is given
by the following equation

J  MW
U r
(5)
The second term on the right side shows the
effect of the surface energy of the platinum
crystallite on the equilibrium potential; as the
platinum particle shrinks, the shift in chemical
potential of Pt increases.[3g]
A modified Butler-Volmer equation is also used
to describe the Pt oxidation reaction rate
U 1 U 10 

Pt + H2O ↔ PtO + 2H+ + 2e- (R2)
The anodic term represents the formation of
PtO, and the cathodic term describes the reduction
of PtO to Pt.
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where the thermodynamic potential U2 is given
by the following equation
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The initial number density of Pt particles, N, is
(R1) calculated to achieve the desired Pt loading. N
depends on the initial particle size distribution, f(r).
Assuming spherical particles,
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For a Gaussian distribution (V=0.3, ro=2nm)

(8)

For small, spherical particles the slip velocity is
(9)
N 6 10 22 m 3
assumed to be negligible and the Sherwood number
is two. Thus,
the
mass
transfer
coefficient
is
expressed as[3c]
A mass balance on platinum in a differential control
volume in the cathode is needed. Pt can either be in
the solution as platinum ions or deposited as Pt
D
(3) metal in the solid phase. This material balance is
kc
R
given by equation (10). The diffusion coefficient in
2

Pt2+ + H2 ↔ Pt + 2H+

the porous electrode
is corrected for porosity and
tortuosity (τ = ε-0.5).
wc
H
wt

(R3)

In the membrane region, there is no
homogeneous reaction, and equation (10) reduces
to Fick’s second law. The same initial and
boundary conditions following auxiliary conditions
are used.
The distribution of Pt concentration in the
cathode catalyst ®layer was determined numerically
with gPROMS . The model equations were
integrated in the software and solved using the
central finite difference equation.

H w 2c f
i
D
 ³ f (r )  1  N  4S  r 2  dr
2
W wx 0
nF

(10)
The term on the left represents the time rate of
change of Pt2+ in the electrolyte, the first term on
the right side is the net efflux of Pt ions from
diffusion. The last term on the right side is the rate
of change of the total amount of solid Pt present in
the control volume. This term can also be thought
of as a homogeneous reaction rate for dissolution or
precipitation.
Results and Discussion
Boundary and initial conditions for equation
(10) are
The superficial current density, I, is the sum of
wc
contributions
from all particle sizes, and the current
(11)
( x 0) 0
density
normal
to the surface of the porous
wx
electrode
integrated
over its thickness,
cx L 0
(12)
L1 f

(13)
A population balance is used to follow the
change of the PSD function f(r) over time[8]
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Selection of the initial particle distribution
f(r,t=0) is governed by the functional form that best
fits the experimentally measured PSD of the solids
being studied. Three distribution functions
commonly used for modeling ground solids are the
Gaussian, log normal, and Schulz distribution.[8,10]
The Gaussian distribution (Table 1) was chosen
because it allows for the most straightforward
analysis of the effect of PSD. With the Gaussian
distribution the initial particle radius (ro) and mean
standard deviation (σ; width of particle distribution)
can be varied independently, conversely it is
difficult to make the same comparisons using lognormal or Schulz distributions.
Table 1. Particle size distributions tested.
Distribution

I

³ ³ 4 S  r
0 0

2

 N  f (r )  i1  i2 dx  dr

(15)

Figure 2 shows the simulated and measured
fuel-cell cathode cyclic voltammetry (CV) curves at
60 °C and fully humidified
conditions with a sweep
rate of 50 mV s-1 from 0.6 to 1 V (vs. SHE).
Hydrogen adsorption and desorption (at potentials
lower than 0.4 V vs. SHE) were not simulated. The
shape of CV curve was not affected by Pt
dissolution currents as their value was always two
to three orders of magnitude lower than Pt
oxidation currents. The simulated CV does not
provide a good fit to the experimental curve since
the predicted and experimental reduction peaks
have different shapes, indicating that the particles
of the model discharge at a higher potential than
what it is observed experimentally. A revised
physical model is needed to improve the CV fit to
experimental data which is the subject of a future
work. Nevertheless, the effect of PSD can be
investigated with this model. Table 2 lists the
model parameters. The fitted Pt oxidation reaction
rate constant (k2) was higher than the values
reported in the literature due to the different PSDs,
experimental conditions and nature of Pt electrode.
The rest of the fitted parameters were close to the
literature values.
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At the boundary, a platinum band is formed via
hydrogen reduction (reaction R3).
3

Figure 2. Experimental and theoretical cyclic Figure 3. Pt2+ concentration as a function of
voltammograms.
distance away from cathode at E = 1 V vs. SHE (ro
= 2 nm, σ = 0.3).
Table 2. Fitted parameters.
Variables
D
k1
k2

Fitted values
1∙10-10 m2s-1
-5

-2 -1

1∙10 molm s
1∙10-6 molm-2s-1

Literature values
1∙10-10-1.5∙10-13 m2s-1
[3g,8b]

3.4∙10-9molm-2s-1 [3g]
1∙10-9-1∙10-14molm2 -1[13]
s

The initial testing of the model involved
potential sweep simulations (between 0.5 and 1 V
vs. standard hydrogen electrode (SHE), 30 sec
period). It was assumed that electrode and
membrane had the same thickness (6 μm each),
while the adopted
initial platinum concentration
value was 10-9 M. Figure 3 represents Pt2+
concentration as a function of the distance from the
back of the cathode during potential sweeps
between 0.5 and 1 V. As the particles2+grow in size,
the equilibrium concentration of Pt for a fixed
potential decreases. Therefore, concentration values
are slowly reduced with increasing cycles due to
the growth of average particle size. Different
porosity values have been used for the electrode
and membrane (ε=0.3 and 1 respectively) resulting
in different slopes in these two regions.

Figure 4 represents the evolution of the Pt PSD
in the electrode (x = 0) under potential cycling. An
initial Gaussian particle distribution was used
assuming that the geometric mean diameter (ro)
was 2 nm and the standard deviation (σ) was 0.3.
The area under these curves is equal to the fraction
of the total number of particles present at any time.
It is demonstrated that the distribution shifts
towards larger diameters and broadens as a function
of time; this phenomenon is a result of both a loss
in mass of the particles (preferentially for smaller
particles) and the growth of large particles at the
expense of small and medium particles (Ostwald
ripening).[1b,3a-c]
Furthermore, it was revealed that the size
distributions of spherical platinum particles were
similar across the cathode thickness. This
observation is consistent with previous reports in
the literature.[1b,11a] Cross-sectional analysis of aged
PEFC[1b] and PAFC[11a] cathodes demonstrated the
independence of particle size as a function of
cathode thickness. Thus, it can be stated that the
coarsening of spherical platinum particles on
carbon across the cycled MEA cathode thickness
proceeds under Ostwald ripening. As it is driven by
the reduction of the surface energy of platinum
particles, small particles disappear and the PSD
shifts towards larger values in the cycled cathode
compared to the pristine sample (Figure 4).

4

Figure 4. Particle size distribution in the electrode
(x = 0) during potential cycling (ro = 2 nm, σ = 0.3). Figure 5. Particle size growth in the electrode
(x=0) of narrower / wider distributions.
The nth moment of a distribution function is Table 3. Calculated ECA and Pt mass loss for
defined as
PSDs of varying width (ro = 2 nm, σ = 0.3).
f

n th moment

Mn

³ f (r)  r
0

n

 dr

(15)
.

σ = 0.2
σ = 0.3
σ = 0.4

ECA loss
9%
15%
19%

The first four moments have the following
physical significances [11b]: number of particles,
average particle size, area of particles or ECA, and
volume or amount of Pt mass.
Model validation
The reduction in ECA and loss of Pt mass
increased as the initial PSD was broadened. As
shown in Table 3, the ECA and Pt mass were
reduced by 19% and 17% for σ = 0.4. In contrast,
for a more narrow distribution (σ = 0.2) the
reductions were 9% and 7% respectively. In order
to keep the loading constant, the number density, N
changed with V. The effect of the width of the
initial PSD (V) on average particle size was also
investigated. Plots of average particle size versus
potential cycles were constructed (Figure 5), and it
was revealed that initial rapid increase in size is
caused by the rapid dissolution of the smallest
particles (tail of PSD). These small particles are
not stable even at low potentials. More important is
the slope of the particle growth after the rapid
early-stage growth; the slope becomes steeper
towards wider particle size distributions. The slope
of the curve can also be directly related to the
particle growth rate, demonstrating that the
narrower the distribution the more stable it is.

Mass loss
7%
13%
17%

Reasonable correlations exist between model
predictions and experimental ECA loss
studies
conducted at 0.95 and 0.75 V (vs. SHE).[1b] Table 4
shows the comparison between model calculations
and ECA loss experiments at constant potentials;
predicted and measured ECA loss at 0.95 V (vs.
SHE) are similar while there is a 15% variation in
the predicted ECA loss data at 0.75 V (vs. SHE),
which can be ascribed to the elimination of particle
agglomeration / redeposition processes in the
model.
Table 4. Comparison of predicted ECA
loss with
experimental data (ro = 2 nm, σ = 0.3).[1b]
Experiment[1b]
Model

ECA loss (0.95 V
vs. SHE)
80%
85%

ECA loss (0.75 V
vs. SHE)
40%
29%

Additionally, particle growth follows an almost
linear increase as a function of potential cycles,
which is in agreement
with in-situ high energy xray results (Figure 6).[12]
However, further refinements are needed to
describe more accurately the Pt degradation
behavior including: i) the incorporation of
additional catalyst degradation mechanisms to the
model such as Pt cluster formation on carbon
support as well as Pt agglomeration / redeposition;
ii) a detailed Pt oxide growth mechanism taking
into account the interfacial place exchange step of
5

PtO to OPt that
results in the creation of a surface
lattice with Pt2+ and O2- moieties[13]; and iii) the use
of an additional transport equation to better
describe the effect of Pt ions on catalyst pores as
well as the introduction of a surface energy term
that is dependent on particle radius. These
refinements are needed to describe more accurately
cathode degradation behavior over typical lifetimes
of PEFCs.
In conclusion, a theoretical model was built to
examine the effect of uniform Pt particle size
distribution on Pt stability. A modified ButlerVolmer equation was used in the electrode region
to describe the reaction rate taking into account the
size dependency of particle stability and particle
size distribution; a mass balance of platinum in the
cathode and a population balance to monitor the
change of particle size distribution function were
also used. Potential cycling simulation (0.5 to 1 V
vs. SHE;
30 sec period; 2000 cycles) demonstrated
that Pt2+ concentration was slowly reduced due to
the increase of average particle size while particle
size distribution shifted towards larger diameters as
a function of time. Calculation of the first four
moments of particle size distribution demonstrated
that as the PSD shifts towards wider distributions,
the ECA and Pt mass loss rates are increasing as
well, revealing that the uniformity of PSD plays an
important role on Pt stability. The proposed model
is one of the first physics based models that
quantified the effect of the uniformity of PSD on
catalyst degradation rate and this information can
be used for the design of new catalysts for fuel cell
applications.
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