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long term stability of Pt-alloys as cathode catalystsin low temperature fuel cells. Using density
functional theory calculations, we show that there is a correlation between the alloying energy

of an alloy, and the diffusion barriers of the minority component. Alloys with a negative alloying
energy may show improved long term stability, despite the fact that there is typically a greate:
thermodynamic driving force towards dissolution of the solute metal over alloying. In addition tc
Pt, we find that this trend also appears to hold for alloys based on Aland Pd.

1 Introduction

Intermetallics with good resistance against diffusion have a num-
ber of important technological applications. An almost classical
example is the use of NizAl based “superalloys” in the aviation
industry, for instance for turbine blades in jet engines, where the
high diffusion barrier in the material, combined with ingenious
design of the microstructure, reduce creep deformation®. Creep
is the mechanism by which a material slowly changes shape under
load, a problem that is strongly aggravated in jet engine turbines
due to the high temperature combined with a very high mechan-
ical tension due to centrifugal forces. A characteristic feature of
these superalloys is that they have very negative alloying ener-
gies.

Similar design principles have been used for designing alloys in
other harsh environments, one such example being the Oxygen
Reduction Reaction (ORR) catalyst in low-temperature Polymer
Electrolyte Membrane Fuel Cells (PEMFCs). For instance, alloys
of Pt and late transition metals such as Ni, Cu, Co and Fe are often
employed as cathode catalysts in Polymer Electrolyte Membrane
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Fuel cells. The catalysts are typically in nanoparticulate form,
and need to withstand a very chemically aggressive environmen’,
with a high oxidation potential and low pH. This class of catalysts
was first implemented in PEMFCs over two decades ago 2.

When commercial catalysts based on these alloys are imple-
mented in fuel cells, they tend to degrade over time. The solute
metal will tend to diffuse to the surface and dissolve into the elec-
trolyte. This process is known as dealloying, and results in the
catalytic activity decreasing towards that of pure Pt&9,

Such degradation limits the lifetime of PEMFCswith Pt alloys
as cathode catalysts. Even so, there are numerous recent reports
of novel forms of Pt-Ni based catalysts which show exception-
ally high activity and stability, at least in accelerated degradatior:
tests 10-13 | Nevertheless, it remains to be seen whether these cai-
alysts will be able to maintain their superior performance ovei
long periods of time 1.

In the search for new Pt-alloys for oxygen reduction, an ear-
lier paper 1, co-authored by some of us, proposed that the a-
loying energy, or the enthalpy of formation, could also be used
as a descriptor for stability for Pt alloys under PEMFC conditions
Some Pt rare earth alloys have exceptionally negative alloying en-
ergies, which could make them less susceptible to dealloying un-
der PEMFC conditions. We discovered numerous ORR catalysts
with negative alloying energies; in particular PtyY and Pt,Gd ex:
hibit activity amongst the highest ever reported, both in the bul’<
polycrystalline and nanoparticulate form 1519,

We note that although compounds such as Pt3Y have a highly

This journal is © The Royal Society of Chemistry [year)l.], 1-7 |1
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negative alloying energy, they are thermodynamically more un-
stable than alloys such as Pt3Ni under operating conditions. In-
deed, the alloying energy tends to scale linearly with the dissolu-
tion potential of the transition metal 2°. However,_ while_thete are

whether it is the dissolution potential or the alloying energy that
is more important in controlling the long term stability of Pt alloy
catalysts in fuel cells.

In order to explore this notion experimentally, the catalysts
would need to be tested over the long term in a PEMFC 4. How-
ever, thus far, no synthesis method has been devised for alloys of
Pt and rare earths that would yield a sufficient quantity of the
catalyst for it to be tested in PEMFCs. The fact that similar com-
pounds have already been produced leads us to take the view that
this should eventually be possible 22724 .

On the contrary, in the current paper, we explore the notion

with theoretical methods. We show that the alloying energy cor-
relates strongly with the diffusion barrier of the alloying element.
This implies that the high stability of the alloy would work as a
kinetic barrier towards the dissolution of the highly reactive sec-
ond component of the Pt alloy. We validate this assumption by
showing that the diffusion barriers for vacancy diffusion scales
with the alloying energy of the alloy.

2 Methods

We assume that solute metals transport from a Pt-alloy particle to
the shell via diffusion. Interactions with adsorbed oxygen, either
as a 2D adsorbate or as a 3D oxide phase, will only induce solute
metal segregation between neighbouring atoms 2°. For example,
it is unlikely that in a 3 nm particle adsorbed O or OH at the
surface of the particle would interact directly with a solute metal
atom in the core.

Usually, the dominant diffusion mechanism in metals is by
vacancy diffusion along grain boundaries and dislocations, and
there is no reason to believe that this is different in the alloys in-
vestigated in this work. In this work we investigate vacancy diffu-
sion in defect-free, single-crystalline systems, as we take the view
that any trend found here applies equally well to more realistic
diffusion paths for larger systems. Furthermore, commercial Pt-
based catalysts are often single crystalline 28, in which case bulk
vacancy diffusion is likely to be the most relevant process.

Although most of the alloys under consideration have a rela-
tively simple L1, crystal structure, modelling the diffusion pro-
cess is computationally very demanding. For this reason, we only
calculate the full diffusion path for a small number of alloys, and
show that the diffusion barrier is well described by the energy
of a characteristic configuration along the diffusion path, an en-

2| ) 17

ergy that can be calculated with an order of magnitude lower
computational cost. In these very stable alloys a significant en-
ergy is gained when the two different elements are next to each
other, and conversely, a sizeable amount of energy is lost when
this atomic arrangement is broken during the diffusion process.

We look at a vacancy diffusion path by exchanging the position
of an atom of the aleying-minarity. element with a vacancy. The
simplest such diffusion path consists of six steps, involving a total
of three atoms changing their lattice site. When all 6 steps have
been completed, the crystal has regained its initial configuration,
when translational symmetry is taken into account. The proposed
diffusion path is shown in figure 1. It should be noted that the
path is symmetric, with the 6 steps being pairwise mirror images
of each other.

We have calculated the barrier for each step using the Nudged
Elastic Band method 27-2° | with the total barrier simply being
the energy difference between the initial state and the transi-
tion state with the highest energy along the path. Two exam-
ples of the energies along the path are shown alongside the dif-

The interatomic interactions are described within the Density
Functional Theoryso, using the PBE exchange-correlation func-
tional 31, The calculations were done using the GPAW DFT code 32
and the Atomic Simulation Environment (ASE)33. Due to the
size of the calculations, the Kohn-Sham wavefunctions were de-
scribed using a localized basis set within the Linear Combination
of Atomic Orbitals (LCAO) formalism 3, using a Double-Zeta Po-
larised (dzp) basis set, from GPAW setups version 0.9.9672. The
barriers were calculated in a 3 x 3 x 2 supercell, with the path
being in the xy-plane. We used a 5 x 5 x 5 Monkhost-Pack grid 3°
for sampling the k-space when doing calculations for the super-
cell used for calculating the barriers. The validity of the LCAO
approximation was tested by calculating a few key energy differ-
ences using a full grid-based basis set, using a grid spacing of 0.18
A. We calculated the total energy of the configurations A and B,
as well as the one in the middle between them, in the LCAO ge-
ometry for Pt3Y and Pt3Cu, and found the shift in the total energy
to be the same for the three configurations, within 140 meV for
Pt3Y and 14 meV for Pt3Cu, indicating that the error in the barrier
from using LCAO mode compared to FD, was on that order.

For all the alloys, we also calculated the alloying energy and
the equilibrium lattice constant. The alloying energy is calculated
with reference to bulk fcc Pt and the other metal in its most stable
crystalline form. Here the number of k-points used depended on
the element and its structural unit cell, but was never less than 6
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Fig. 1 The overall diffusion path. Here a top view of the computational unit cell is shown, which has a depth of two crystal unit cells. Here is shown
Pt3 Y specifically, but itis equivalent for all alloys. To the right, the energy along the diffusion path is shown for both Pt3Y in green and for Ptz Cu in blue.

X 6 x 6, and usually at least 8 x 8 x 8, for a unit cell with at least
2 atoms. In all cases it was a result of a convergence test. Any
calculation involving at least one of V, Cr, Mn, Fe, Co or Ni was
spin-polarised. This resulted in a shift of as much as 350 meV per
atom in the alloying energy compared to spin-paired calculations.

As the full diffusion path is demanding to calculate, we have
calculated the barrier for a handful of alloys, chosen to be diverse
with regard to alloying energy and lattice parameter. We expect
that these two most important parameters are influencing diffu-
sion: the alloying energy describes the strength of the interaction
between the atoms, whereas the lattice parameter describes the
space between the atoms along the diffusion path.

When atoms diffuse across surfaces, the lowest diffusion
barriers often occur during the concerted motion of several
atoms 3837 | It is possible that something similar could occur here,
i.e. that several of the fundamental steps in figure 1 occur simul-
taneously. To investigate this, we set up a large Nudged Elastic
Band calculation with configuration A and D as the starting and
ending point, and the three involved atoms moving simultane-
ously as the initial guess for the path. Since such a simulation
is exceedingly demanding, we could only perform two calcula-
tions; we chose Pt3Y and Pt3Cu as two extreme cases, both with
respect to alloying energy and size of the atoms. In both cases,
the NEB calculations automatically split the motion into the three
separate parts considered in this work, confirming that concerted
motion of the atoms does not occur. Unlike_at a_surface, _paths

Finally, we investigated the “direct” diffusion path, where the
alloying atom moves directly from configuration Ato G in figure
1 without a corresponding diffusive motion of the Pt atoms. For
geometric reasons, we would only expect this to be possible for

31

the smallest alloying atoms. Even in these cases, the barrier for
direct diffusion is prohibitive. For example in Pt3Cu, the direc:
diffusion barrier is 3.641 eV, whereas the barrier for the diffusior
path in figure 1 is only 2.067 eV. Using a 3 x 3 x 3 supercell dic
not change this.

3 Results

We plot the barrier as a function of alloying energy and of th:
lattice parameter in figure 2. It is clearly seen that there is a
significant correlation between the diffusion barrier and both the
alloying energy and the lattice constant. As both the alloying
energy and the size of the alloying atom and thus the lattice corn-
stant vary systematically through the periodic table, the two are
clearly correlated, and it is a priori difficult to distinguish if the
alloying energy or the lattice constant is the quantity that cor-
relates most strongly with the diffusion barrier, and is thus tke
best predictor. In principle, this could be more rigorously inves-
tigated by performing the full diffusion barrier calculation on &
large number of alloys: however, such an operation would bz
computationally too expensive. For this reason, on figure 3 we
plot the energy difference, Eaxp, between the initial configura:
tion and the middle of the diffusion path (labeled A and D in
figure 1). There is a strong correlation, suggesting that Eaxp is
a major contributor to the diffusion barrier. The remainder of the
diffusion barrier will then be the barrier between configurations C
and Din figure 1. Furthermore, it turns out that the barrier height
scales with the energy of the final state. This is commonly known

chemistry 3839

The strong correlation between Epxp and the barrier heigh:

allows us to estimate the barrier height on a much larger number
of alloys, using around an order of magnitude less computational
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Fig. 2 Plot of the total barrier height vs. the lattice parameter of the
alloy (left) and the alloying energy (right).

time than if we were to perform the full barrier height calculation
on each of the alloys. The correlations between this energy differ-
ence and the alloying energy and the lattice constant are shown
in figure 4(a) and 5, respectively.

Figure 4(a) shows that there is indeed a correlation between
the alloying energy for the alloy and the specified energy differ-
ence. There is a significant amount of scatter, indicating that the
alloying energy is not the only parameter determining the barrier
height, as expected. Nevertheless, the alloying energy correlates
with the diffusion barrier, making it a sensible predictor for the
stability of the alloy. The barriers of self-diffusion are included in
the figures as star-shaped points.

Figure 5 shows the relationship between Eapwxp and the lattice
parameter of the alloy; we see no clear correlation. This indicates
that the diffusion barrier is not significantly determined by the
size of the atoms and the space in the lattice.

To investigate if the trends observed here are specific to plat-
inum alloys or represent a more general tendency, we extended
the calculations to Pd3X and Al3X alloys, chosen because palla-
dium is chemically very similar to platinum whereas aluminium
is very different, and yet both form a significant number of 3:1 al-
loys. We selected alloys where the structure is either L1,, or very
similar to L1 (similar in the sense that the two kinds of atoms
have the same first coordination shell as in the L1, structure, but
in a different Bravais lattice, in much the same way that hcp and
fcc are similar, both being closed-packed structures). In all cases,
the calculations are done in the L1, structure. The results are
shown in figure 4. We indeed see the same trends in these fam-
ilies of alloys. In the palladium alloys the trend is slightly less
pronounced, whereas it is significantly stronger in the aluminium
alloys with the exception of Alzlr and AlsPt, which for reasons
unknown are complete outliers.

4| ) 17
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Fig. 3 The barrier height as a function of the energy difference between
the initial and middle configurations on the diffusion path. These are
shown as Aand D in figure 1. The red line is a best linear fitwith a slope
of 0.75+0.04 and an intercept of 1.46+0.08 eV. Itis seen that the
correlation is very clear, indicating that this energy difference is a good
descriptor for the barrier.

4 Discussion and experimental evidence

These calculations have been performed for one of the simplest
possible crystal structures for ordered alloys. Nevertheless, we
conjecture that the correlation between alloying energy and dif-
fusion barrier is a general principle, also applicable to similar fam-
ilies of alloys with other crystal structures. This is analogous to
the experimentally observed strong correlation between the bar-
rier for autodiffusion of a pure metal and its melting point, where
the ratio between the activation energy and the melting point is
approximately the same for almost all simple metals 1.

Our results are consistent with the experimental work of Jo-
hansson et al.*! and Schumacher et al.*? They deposited metals
on a single crystalline Pt substrate under ultra-high vacuum con-
ditions, and investigated at which temperature the metal diffused
away from the surface. Y on Pt(111) went subsurface at 800 K*!
while Cu went subsurface already at 460 K on Pt(111)*2. In both
cases the bulk crystal was pure Pt instead of an alloy as in our
case, which could cause an additional geometric contribution to
the barrier of Y compared to Cu. A similar experiment was carried
out by Tang et al *® for Ce on Pt(111), a system with an equivalent
alloying energy as Y/Pt(111), where they found that Ce alloyed
with Pt at 770 K.

We illustrate the overall dissolution process of a Pt3X alloy in
figure 6. In order to be dissolved, the alloying element must
first reach the surface, that implies overcoming both the diffu-
sion barrier in the bulk alloy itself, and in the Pt overlayer. Once
the atom reaches the surface, it is oxidised in a complicated

Page 4 of 8
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Fig. 4 The energy difference describing the diffusion barrier correlated with the alloying energy for Pd; X (squares), Al3X (circles) and Ptz X (triangle)
alloys. The autodiffusion for each main element is shown as a star and is by definition zero in this plot. In all three cases, we see a clear correlation.
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Fig. 6 Schematic overview of the energetics of the dealloying process in
a PEM fuel cell with an electrode potential of 1 V vs. RHE. The focus of
this work is the diffusion energy barrier in the metal. The energy barriers
in the alloy, and the energy difference between the alloy and the
dissolved atom are shown to scale. The energies of intermediate
configurations relating to the dissolution process itself and passage
through the near-surface region are unknown, as indicated by the dotted
————All other parameters are under

process, the details of which are beyond the scope of this pa-

with the segregation of the solute metal to the surface and its sub-
sequent dissolution2>—TFhe-,_ as suppotted_hy Menning .and Chen

netic stability, in spite of the strong thermodynamic driving force
toward oxidation. This barrier correlates with the alloying energy
of the alloy; this causes the alloys of Pt and the early transition

51
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part of the lines. Everything else is _...__...._.......
standard conditions with the standard reduction potential from reftpge
CRC. Handhook of Chemistry_ and. Physics. 44.
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metals to be at-more stable toward diffusion-related degradation
than the alloys with the late transition metals. This opens the pos-
sibility that they may display at least comparable stability under
realistic operating conditions, in spite of the greater driving force
for oxidation.

A further _camplication in_fuel cell systems is the effect of the

5 Conclusion

We have shown that the barrier for vacancy diffusion of the mi-
nority element in Pt3X, Pd3X and Al3X alloys correlate with the
alloying energy of the alloy. This validates the use of the alloy-
ing energy as a key parameter when searching for alloys that are
stable against diffusion related degradation. A central example
is the discovery of Pt3Y and PtsY alloys as electrocatalysts for the
oxygen reduction reaction in fuel cells151® where Pt3Y was pre-
dicted to be active while having a large alloying energy, and sub-
sequently shown in electrochemical experiments to be both ac-
tive and stable. In this case a protective overlayer of pure Pt is
formed at the surface of the alloy. A high alloying energy turns
out to be more important than the thermodynamic driving force
for oxidative corrosion of the minority element. This is because
the diffusion of the alloying element to the surface is kinetically
hindered by the large diffusion barrier.

Experimental alloying energies are known for many com-
pounds, and can be calculated relatively easily and accurately for
new materials®2. Consequently, we confirm the notion that the
alloying energy will be useful as a key search parameter when

7 ' 17
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searching for new alloys for applications where the diffusive sta-
bility of the alloy is of importance.
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