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The high cost of low temperature fuel cells is to a large part dictated by the high loading of Pt required
to catalyse the oxygen reduction reaction (ORR). Arguably the most viable route to decrease the Pt
loading, and to hence commercialise these devices, is to improve the ORR activity of Pt by alloying it
with other metals. In this perspective paper we provide an overview of the fundamentals underlying the
reduction of oxygen on platinum and its alloys. We also report the ORR activity of PtsLa for the first
time, which shows a 3.5- to 4.5-fold improvement in activity over Pt in the range 0.9 to 0.87 V,
respectively. We employ angle resolved X-ray photoelectron spectroscopy and density functional

theory calculations to understand the activity of PtsLa.

Introduction

At present, the production of polymer electrolyte membrane fuel
cells (PEMFCs) requires relatively high loadings of platinum,
which is both expensive and scarce. A state-of-the-art fuel cell
requires 0.5 mg Pt per cm? electrode area.' This results in ~0.5 g
Pt per kW of power, or 50 g Pt per 100 kW vehicle. At present,
around 200 tons of Pt are being produced each year, globally.?
Should the total annual production of Pt be dedicated entirely to
the production of PEMFC-powered automotives, using current
technology, only 4 million cars could be produced. The current
output of the automobile industry is at least an order of
magnitude larger than this. Therefore, for PEMFCs to become
economically viable, catalyst costs need to be reduced to a similar
level as those of the platinum group metals used in catalytic

converters for internal combustion engines.T The anode loading
could be dropped to 0.05 mg cm~? without measurable kinetic
losses.® However, 0.4 mg cm™? is currently needed at the
cathode,%” where the oxygen reduction reaction (ORR) takes
place:

0, + 4H" + 4e~ — 2H,0 (1)

The measured polarisation of a state-of-the-art Pt-based
PEMFC is shown in the red curve in Fig. 1.7 At the highest
current density, 1.5 A cm~2, the working potential is 0.57 V,
constituting a significant drop, or overpotential, n, from the
theoretical thermodynamic limit, Uy, of 1.17 V. The blue squares
represent the contribution to the overpotential from the
ORR, 7ogr, i.e eliminating the overpotential from transport
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T We estimate the average autocatalyst loading in motor vehicles to
be ~3.4 g, obtained by dividing the total amount of platinum
group metals used for autocatalysts by the global production of
motor vehicles in 2010, ie. (2.66 x 10%)/(77.9 x 10°).>* The loading
is dependent on the type of vehicle, and can vary between 1 g and
15 g#

Broader context

Low temperature fuel cells hold promise as an emission-free source of power, particularly attractive for automotives. In order for
them to replace the internal combustion engines currently used today, significant decrease in their cost is required. A large part of
their current high cost can be traced back to the platinum catalysts used to drive the oxygen reduction reaction. Consequently, a large
body of academic and industrial research has been devoted towards improving the sluggish kinetics of this reaction. Arguably, the
most viable means to achieve this would be to improve the oxygen reduction activity of platinum by alloying it with other metals.
Such an alloy would need to be both active and stable. In this perspective, we review the fundamental challenges in relation to the
electrocatalysis of the oxygen reduction reaction on platinum and its alloys.
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limitations or hydrogen oxidation. It is clear that the ORR is the
main obstacle, as it is responsible for roughly two thirds of the
overpotential. Naturally, substantial efforts are being devoted
towards improving the performance of ORR catalysts beyond
the current state of the art.*® A more active catalyst would have
a higher current density at a given potential. It follows that such
a catalyst could be used to reduce the energy losses or decrease
the precious metal loading. Ideally, one could do away with Pt
altogether, and use catalysts made from more abundant
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elements. However, the acidic and oxidising environment of
a PEMFC places severe constraints upon the choice of materials
that can be deployed: even Pt corrodes at ~1 V.!'2 Apart from
Pt, only Au and Ir are thermodynamically stable in the bulk
metallic form at potentials greater than 0.9 V.'3 There are notable
examples whereby non-precious metals have been stabilised in
non-metallic forms, such as metalorganic complexes,'*!s
enzymes,'®'7 oxides'®' or N-functionalised graphene-based
materials.?*? Although they can exhibit activity close to or even
better than that of Pt, they often suffer from poor stability
(especially in acidic solutions), or a low density of active sites.
Given the above challenges, most research efforts in relation to
ORR catalysis are focussed upon improving the activity of
Pt.7233% This is achieved by forming a structure with a Pt over-
layer on a core with a different composition. Typically, the core
consists of Pt alloyed with a less noble late transition 3d metal
such as Fe, Co, Ni, and Cu, although it might contain other
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platinum group metals such as Pd or Au. The Pt overlayer
provides kinetic stability against the dissolution of the less noble
solute component. At the same time, the electronic structure of
the Pt surface is modified by the underlying alloy, resulting in
improved ORR activity.?

Most often, catalysts for fuel cells are supported on a high-
surface area carbon based support. This is shown in the tomo-
graphic reconstruction of transmission electron microscopy
(TEM) images in Fig. 2a of PtCr alloy nanoparticles supported
on C, denoted as PtCr/C. Fig. 2b is also based on a reconstruc-
tion of TEM images, and depicts an atomically resolved indi-
vidual Pt nanoparticle, showing ordered facets, including
terraces, steps and kink sites.

The use of Pt alloys as ORR catalysts is not particularly new;
alloys such as Pt,Ti or Pt,Cr were used in the cathodes of
phosphoric acid fuel cells over 30 years ago.3'-** Building upon
this, in the 1990s, researchers started to implement Pt Ni, Pt,Co
and Pt,Cr in PEMFCs, reporting significant improvement in
activity over pure Pt catalysts.3*34-3¢ During the 2000s, research
in the field increased,”” as governments and industry showed
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Fig. 1 Polarisation curve of a state-of-the art fuel cell. Operated at 80
°C, at a total pressure of 150 kPa H,/O,, adapted from Gasteiger et al.”
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Fig.2 (a) Tomographic reconstruction of PtCr/C, catalyst nanoparticles
based on a series of high-angle annular dark-field scanning transmission
electron microscopy (TEM) images. The carbon support is shown in grey,
whereas the nanoparticles are shown in yellow. Copyright 2008 Wiley,
reproduced with permission from Gontard et al.® (b) Atomically resolved,
fitted model of a 6 nm Pt nanoparticle, based on a series of spherical-
aberration-corrected TEM images. Copyright 2007 Wiley, reproduced
with permission from Gontard et al.*

increased interest in the development of PEMFCs for powering
automotives.®

In their widely cited review paper from 2005, Gasteiger et al.
quantified the improvements required to the activity of Pt to
enable the commercialisation of automotives running on
PEMFCs.” According to their measurements, state-of-the-art
carbon-supported pure Pt nanoparticles exhibited a mass activity
of 0.16 A mgp, " at U= 0.9 V with respect to a reversible hydrogen
electrode (RHE).i They predicted that a two- to four-fold
improvement in mass activity over pure Pt would be sufficient.
However, their estimation did not take into account the effect of
increased Pt consumption from PEMFC production on the supply
of Pt.§ Making provisions for supply constraints, the same authors
have revised this quantity and suggest that a 4-10-fold improve-
ment in ORR activity over pure Pt would be necessary.'*2*

In this perspective article, we review the current understanding
of the ORR on Pt and its alloys, providing selected examples
from the literature. We focus specifically on the factors governing
the stability and activity of these materials, and make several
suggestions for future directions in the field.

We also discuss the recent progress at our own laboratory
related to the development of alloys of Pt and early transition
metals as oxygen reduction catalysts.?®*" Pt;Y is particularly
promising: it has a very high activity, and its negative alloying
energy could stabilise it sufficiently to minimise catalyst degra-
dation under the operating conditions of a PEMFC.?®

Theoretical trends in activity for Pt and its alloys

The ORR consists of four proton transfers and four electron
transfers to each O, molecule (O, + 4H" + 4¢- — 2H,0) and
several different intermediates, including O*, HO* and HOO*
(where O*, HO* and HOO¥* are oxygen, hydroxyl, and super-
hydroxyl groups adsorbed onto active sites). The experimental
elucidation of the reaction mechanism is challenging (and often
controversial), in particular as the intermediates cannot be easily
probed in situ.***

The theoretical modelling of electrochemical reactions is
equally complex, as it needs to account for the effect of the
solvent on the adsorbed intermediates, the highly charged electric
field in the double layer, the free energy of the electrons in the
solid and the free energy of the solvated reactants as a function of
potential.*>* However, it turns out that the overall trends can be

1 We note that a fuel cell would probably be operated at potentials lower
than 0.9 V, to maximise the power output. However, catalysts are
typically benchmarked at 0.9 V to minimise artefacts from the
measurements.” At lower potentials there would be a significant
influence from the Ohmic drop or the transport of O,, whereas at
higher potentials there would be a significant effect from capacitative
currents (in rotating disk experiments) or H, crossover (in a fuel cell
stack).

§ Since 1992, the demand for Pt has consistently outstripped the supply,
except in 2009 and 2011. This shortfall in supply has been offset by
consuming Pt stocks from inventories. This explains the increase in its
price from around $10 per g in 1992 to $60 per g today.>*
Approximately 75% of this Pt comes from the Bushveld Complex in
South Africa. This makes the price of Pt particularly volatile in the
event of any unexpected constraints to the supply, as evidenced by the
effects of a two week power outage in South Africa in 2008.>° An
annual production of 0.5 million fuel cell cars using present technology
would severely exacerbate the price of Pt.*
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a. Free Energy Diagram for Pt.Y (111)
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b. Cyclic voltammogram
in O, for polycrystalline Pt,Y
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Fig. 3 (a) Theoretical free energy diagram for Pt;Y(111) with 25% Y in the subsurface layer and 4 ML O pre-adsorbed, from DFT, (b) experimental
cyclic voltammogram in O,-saturated 0.1 M HCIO, for polycrystalline Pt;Y at 23 °C (anodic sweep only), and (c) an illustration of a Pt;Y nanoparticle.

All data are from Greeley et al.*®

obtained within a somewhat simpler framework by linking to the
gas phase.>® Catalytic reactions at the gas-solid interface are
more straightforward to calculate; density functional theory
(DFT) provides accurate values for the chemical potential of gas
phase species.>*>° By definition, when the electrode potential U =
0 V with respect to a standard hydrogen electrode (SHE), the
hydrogen evolution and oxidation reactions are at equilibrium:
2H* + 2e~ = H,. Therefore, at U= 0V (RHE), the free energies
of the solvated protons and the electrons in the solid are equal to
the free energy of gas phase hydrogen at atmospheric pressure.
Consequently, at 0 V, the adsorption energy of any species in
equilibrium with gas phase hydrogen is equal to that of an
electrochemically formed species in equilibrium with protons and

electrons, providing that a small correction is made (if necessary)
for the effect of the electric field and water. Changing the elec-
trode potential results in a 1 : 1 shift in the free energy of the
electrons.>>60-6!

By taking into consideration the adsorption energies of the
different intermediates in the ORR, including O*, HO*, and
HOO*, it then becomes possible to calculate the overall free
energy pathway for the reaction, as a function of potential. This
is shown schematically in Fig. 3a for Pt;Y(111), along with the
experimental measurement of the ORR on polycrystalline Pt;Y
in Fig. 3b.*® For any given surface, the ORR activity can be
related to the free energy diagram on the basis of two primary
assumptions: (a) all materials have the same maximum activity

This journal is © The Royal Society of Chemistry 2012
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per site at a very high overpotentialq and (b) any additional
barriers scale with the size of the potential determining step>%*
i.e. they exhibit a Brensted—Evans—Polanyi (BEP) relationship.®®
The latter assumption was confirmed by more detailed studies of
the ORR, which include the effect of reaction barriers.>%*
According to the simplified reaction scheme in Fig. 3, there are
four elementary stages in the reaction. In the case of Pt;Y, two
elementary steps are uphill in free energy at fuel cell relevant
potentials (i.e. U< 0.9 V), HOO* formation and HO* reduction,
denoted by AG; and AGy, respectively. The lack of a measurable
current above 1 V in Fig. 3b is due to the large magnitudes of AG;
and AG, in this potential range. However, by increasing the
overpotential, the driving force for each reaction step is increased
(i.e. AG, and AG, are decreased), until all the reaction steps are
downbhill in free energy. This brings about the exponential increase
in the current density in the experimental curve shown in Fig. 3b.
According to Fig. 3a, the potential required for all steps to be
downbhill in free energy on Pt3Y is 0.81 V. The last step to become
downhill is the “potential determining step”, in this case AGj.
Ideally, one could hope for a catalyst which exhibited high
current densities for the ORR within a few millivolts of the equi-
librium potential. This perfect catalyst would be characterised by
a flat free energy diagram at the equilibrium potential of 1.23 V,
with AG; = 0 and AG; = 0. Only an infinitesimal decrease in
electrode potential would be required to make all the reaction steps
downbhill in free energy. On the basis of Fig. 3, this perfect catalyst
would bind HOO* more strongly than Pt;Y and O* and HO*
more weakly. However, it turns out that it is not possible to vary
the adsorption energies of these intermediates, i.e. AGo*, AGuo*
and A Gyoo+, independently of each other by changing the catalyst
material. A surface that binds O* strongly can also be expected to
bind HO* or HOO* strongly, as each adsorbate binds to the
surface via the oxygen atom.>>¢*6% The adsorption energies are in
fact linearly dependent, as shown in Fig. 4. The figure also shows
that the difference between AGyo+ and AGyoo+ 1S constant at
~3.2¢eV. Evenin solution, there is a constant difference of ~3.4 eV
between the free energy of HO~ and HOO™ aqueous species.® This
would suggest that this relationship is universal, and independent
of the bond that oxygen forms. This difference in free energy
between the intermediates is obviously a function of potential.
Although AGoop+ — AGopu+ = 3.2eV,at 0V RHE, it is ~0.8
eV at the equilibrium potential of 1.23 V. This sets a minimum
value for AG; + AG, = 0.8 eV. For the optimal catalyst,
the overpotential for the two steps is shared equally, i.e. AG; =
AGy = 0.4 eV, as shown in Fig. 4. This is approximately the case
for the Pt3Y shown in Fig. 3. Consequently, the best that one
could hope for on a metal surface is that an ~0.4 V overpotential
is needed to make each reaction step downhill in free energy. ||

€ At this high overpotential, where the maximum activity would be
obtained, the reaction would be barrierless. This is difficult to probe
experimentally, as the current will become diffusion limited well before
it reaches this point.

|| This situation contrasts with a two-electron reaction, such as hydrogen
evolution or chlorine evolution, which only involves one intermediate.®®7°
As for the oxygen reduction reaction, the “perfect” catalyst would have
a flat free energy diagram at the equilibrium potential. Given that only
one intermediate needs to be taken into account, such a catalyst can be
found easily. In the case of the hydrogen evolution reaction, it is Pt,3¢%
and in the case of the chlorine evolution reaction, it is RuO,.%®

5 HQQ*
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Fig.4 Theoretical plot of free energies of adsorption of OOH*,OH* and
O*, AGoon*, AGou+ and AGo+, respectively, as a function of AGoy+, for
(111), (100) and (211) pure metal surfaces (shown with filled squares),***
as well as Pt overlayers on Pt-alloy surfaces (shown with open circles).*”

Less active catalysts provide a more unequal distribution
between the binding of the different intermediates, i.e. AG] <
AG4 or AG] > AG4

As a result of the scaling relations shown in Fig. 4, knowledge of
the binding energy of one intermediate provides us with an accurate
estimate of the binding energy of the other reaction intermediates.
As a consequence of this, we are able to predict the overpotential
required to drive the reaction at a high current density, i.e. the ORR
activity, as a function of the hydroxyl binding energy, AGyox. This
is shown by the dashed line on the volcano plot in Fig. 5.3** The
data points represent the experimental ORR activity of a number
of different catalysts, plotted as a function of the theoretical
hydroxyl binding energy, AGyox+.252%?%1"7* These surfaces incor-
porate the most active man-made metal catalysts ever reported.
Apart from bulk alloys, the plot also shows the “Pt-monolayer”
surfaces developed by Adzic and co-workers, whereby a monolayer
of Ptis deposited on a single crystal structure of another metal,”*"*
and the Cu/Pt(111) near-surface alloy (described in more detail
below).”® Since they were collected by different research groups, all
values have been normalised with respect to pure Pt. The data
roughly follow the theoretical predictions.*”** Due to the scaling
relations, we could equally have plotted the volcano as a function
of the O* or HOO* binding energies. On the left hand side of the
volcano, the overpotential is determined by AG4, HO* reduction,
whereas on the right hand side, HOO* formation, A G4 determines
the overpotential. According to the volcano plot, Pt binds HO*
~0.1 eV too strongly for optimal activity. However, the plot
demonstrates that the catalysts which show enhancements in
activity over Pt, such as Pt;Ni, Pt;Co and Pt3Y, have slightly
weaker bonds to HO* than pure Pt.

The notion that the optimal catalyst for a given reaction is
that which exhibits intermediate binding to its intermediates was
first proposed by Sabatier over 100 years ago.”” The volcano
plot is a quantitative manifestation of Sabatier’s principle and is
widely used in both gas-phase heterogeneous catalysis and
electrocatalysis,?3:55-:68.78-87

It is important to stress that the dashed line on the volcano plot
in Fig. 5 represents an upper limit to the activity that we would
expect for a metal surface. Full consideration of the reaction
kinetics would likely decrease the maximum enhancement over
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Fig. 5 Volcano plot for different catalysts with Pt-overlayers: experi-
mental ORR activity enhancement as a function of hydroxyl binding
energy, AGyox, both relative to pure Pt. All data are at U = 0.9 V, with
respect to a reversible hydrogen electrode (RHE). From: (diamonds) Pt
monolayers supported on single-crystal metal electrodes,””* with AGyo«
from ref. 46 and 72; (grey squares) vacuum-annealed polycrystalline
alloys of Pt with late transition metals,® with AGyo« estimated from
AGox, i.e. AGyox — AGHox = 0.5(AGox — AGH+);*+" (crosses) vacuum
annealed Pt3;Ni(111), also with AGyo+ estimated from AGg«; (blue
squares) sputter-cleaned polycrystalline alloys of Pt and early transition
metals, with A Gy~ calculated for 25% subsurface coverage, in the case of
Pt;Y with ¥4 ML O* preadsorbed;®® (inverted triangles) dealloyed PtCu
nanoparticles,” with AGyo+ for Pt(111) under —2.3% compressive
strain;*” (red circles) Cu/Pt(111) near-surface alloys, joined with a red line
to guide the eye, where the AGop+ — AGGy+ is estimated from the vol-
tammetric shift in the HO* adsorption peak in the base voltammogram;”
(open squares) sputter-cleaned polycrystalline PtsLa, from the current
work. The dashed lines are theoretical predictions, based on a simple
Sabatier analysis.>>*! All catalyst were tested in O,-saturated 0.1 M
HCIO,, using a rotating ring disk electrode (RRDE) assembly.

Pt at the peak of the volcano.®* Even so, the generally good
agreement between experiment and theory confirms the strength
of this model in describing trends in ORR activity.

How to reach the peak of the volcano?

Above, we established that the most active catalyst for the ORR
should exhibit slightly weaker binding than Pt to its intermedi-
ates, O*, HO* and HOO*. In principle, it should be possible to
find a number of different metal alloy surfaces that satisfy this
requirement.®® However, the cathodes of a PEM fuel cell operate
under very acidic (pH = 0) and oxidising conditions. This
renders almost all metals thermodynamically unstable at high
potentials. Consequently, the vast majority of research into ORR
catalysis has been focussed on Pt and its alloys, as they constitute
the only class of materials that are both active and stable.

In ORR catalysts based on Pt-alloys, the surface layer is
almost always composed of pure Pt.2527-73743% The less noble
solute metal, e.g. Co, Ni, Fe, Cu, or Y, would be unstable at the
surface under operating conditions.'®* The Pt overlayer provides

kinetic stability against the dissolution of the solute metal. The
overlayer can be formed in two different ways: either by acid
leaching, for example upon exposure to the fuel cell electrolyte,
or by vacuum annealing in an inert or reducing atmosphere.®

The leached structure was denoted by Stamenkovic et al. as
a “Pt-skeleton” surface.®® The Pt overlayer is typically 1-2 nm in
thickness, with a negligible amount of the solute metal. The
structure was first reported by Watanabe and co-workers, but
has since been reported by several other groups.?”*#74891 Elec-
trochemical scanning tunnelling microscopy (EC-STM) experi-
ments have shown that on a leached PtFe thin film, ordered (111)
facets form on the catalyst surface.”

The vacuum annealed structure was denoted by Stamenkovic
et al. as a “Pt-skin” surface.®* The Pt overlayer is typically 1
monolayer thick. The driving force for the formation of the
Pt-skin is the lower surface energy of Pt, relative to the solute
metal. In the case of Pt3Ni or Pt3Co, upon annealing, the Nior Co
in the initially bulk terminated surface will exchange with Pt in the
second layer. This results in an ordered surface with an oscillatory
concentration profile, with an enrichment of the solute metal in
the second layer.>>** Although this profile was first observed
under ultra-high vacuum (UHV) conditions, surface X-ray scat-
tering experiments showed that for Pt;Ni(111) the structure was
also stable in perchloric acid solution under an applied potential >
The outcome of Markovic and co-workers’ extensive study of
Pt3Ni(111) was a surface that exhibited record breaking ORR
activity, as shown in the volcano plot in Fig. 5.%5 For both Pt-skin
and Pt-skeleton surfaces, the effect of alloying is to modify the
electronic structure of the Pt overlayer to weaken the binding of
the surface to the ORR intermediates.>®** This can be brought
about by two effects, ligand effects and strain effects.®>*®

Ligand effects are brought about by subsurface alloying, i.e.
when the electronic structure of the Pt surface atoms is modified
by solute metal atoms of a different composition in the second
atomic layer.”® This also weakens the binding of the surface to the
oxygen-containing intermediates of the ORR. Strain effects
occur when the Pt overlayer is compressed laterally.”**¢ This
brings about a downshift in the d-band centre, resulting in
a surface which binds adsorbates such as O*, HO* and HOO*
weaker than unstrained Pt. This can be achieved by placing the Pt
overlayer on a core with a smaller lattice parameter than Pt.

In most Pt-alloy or Pt overlayer catalysts for the ORR, it is
difficult to deconvolute the interplay between strain and ligand
effects in weakening the binding to O* or OH* 2671728 For
instance, Pt3Ni and Pt;Co have a smaller lattice parameter than
pure Pt, suggesting that their higher activity can be rationalised
on the basis of strain effects.”>'° Nonetheless, the most active
forms of polycrystalline Pt;Ni and Pt;Co structures are the
vacuum annealed, Pt-skin structures, with an enrichment of the
solute atom in the second atomic layer, suggesting that ligand
effects are also important.?¢-%°

The effects of subsurface alloying and lattice strain on the
ORR were recently orthogonalised by two independent investi-
gations, both making use of the Pt-Cu system.”®’* In our own
study, we probed the effect of subsurface alloying upon the ORR
activity of a Pt(111) single crystal, in the absence of bulk lattice
strain. We achieved this using a Cu/Pt(111) near-surface alloy,
shown in the illustration and non-destructive depth profiles,
produced using angle resolved X-ray photoelectron spectroscopy

This journal is © The Royal Society of Chemistry 2012
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Adapted with permission from Stephens ez al.”

(XPS), in Fig. 6a.” This structure is formed by “underpotentially”
depositing up to a monolayer of Cu onto the surface of Pt(111),
and subsequently annealing the crystal. The Cu is stabilised in the
second layer.'®* We found that subsurface copper brought about
a positive shift in the position of the voltammetric peak for HO*
electrosorption between 0.6 V and 1 V, as shown in Fig. 6b. This
correlated with a significant increase in ORR activity, as shown in
Fig. 6c, with a peak 8-fold enhancement over pure Pt at ~50%
subsurface Cu concentration. The experimental shift in the HO*
adsorption peak in Fig. 6b as a function of subsurface Cu coverage
was in excellent agreement with the DFT calculated value of the
AGyo+- Since the bulk of the crystal was composed of Pt, there was
no bulk lattice strain. This suggests that the destabilisation of
HO* was largely due to the ligand effect. By plotting the activity
enhancement as a function of the shift in the position of the HO*
adsorption peak, we demonstrated that this maximum occurred
on the surface which bound HO* ~0.1 eV weaker than Pt(111), as
shown in Fig. 6d. To the best of our knowledge, our work
provided the strongest validation to date of the volcano model.
Strain, or the Pt-Pt interatomic distance, has long been recognised
as a key determinant of ORR activity in Pt-alloys.3*3!

Nonetheless, most early studies took a more phenomenological
approach, and made no attempts to separate strain effects from
ligand effects. Arguably, the most comprehensive study of strain
effects for the ORR is that of Strasser et al. upon dealloyed PtCu,.
These catalysts exhibited up to a 6-fold improvement in activity
over pure Pt nanoparticles.” Ex situ characterisation suggested
that the nanoparticles were encased with a ~1 nm thick overlayer
of strained pure Pt over a Cu-rich core (completely distinct from
the Cu/Pt(111) near-surface alloy shown in Fig. 6). Fig. 7
demonstrates that the ORR activity of dealloyed PtCu, is corre-
lated to the strain in the Pt shell. According to their DFT calcu-
lations, there should have been a maximum in the activity at
a compressive strain of around —2%, which would correspond to
the peak in the volcano in Fig. 5. They attributed the absence of
such a peak in their experimental data to strain relaxation at the
surface of the Pt overlayer. Finally, they used a series of spectro-
scopic experiments on Pt overlayers on Cu(111) to understand the
effect of compressive strain on the electronic structure of the Pt
overlayer. These measurements showed that the d-band centre
shifted downwards, resulting in an increased occupancy of the O
2p and Pt 5d anti-bonding states. This result, consistent with the
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reaction mechanism;> the symmetric version plotted here reflects the
outcome of more recent DFT calculations, which suggest that an asso-
ciative mechanism is more likely.’>* Copyright 2010, data reproduced
with permission from Macmillan Publishers Ltd.

d-band model,”® confirms why the Pt overlayer on dealloyed
PtCu, nanoparticles would bind O* or HO* more weakly than on
pure Pt nanoparticles.

In summary, the Pt-Cu system has been particularly useful in
elucidating how alloying can be used to tune the reactivity of Pt
towards the peak of the ORR volcano.

Translating the knowledge from extended surfaces to
nanoparticles

Most of the experimental investigations described above were
performed on extended surfaces of Pt alloys, tested in perchloric
acid solutions, using a RDE or RRDE assembly. The elucidation
of surface composition and structure is more facile upon extended
surfaces, especially on single crystals. Moreover, their well-defined
surface area removes ambiguities in comparing ORR activities.**

** A word of caution is needed regarding the estimation of the
electrochemically active surface areas of Pt alloys. This is typically
determined in the same way as for Pt, either by integrating the charge
required for H* adsorption between 0.5 V and 0.05 V, or by measuring
the charge required to electro-oxidise a monolayer of CO*.'? The
implicit assumption is that the coverages of H* or CO* upon Pt alloys
are independent of surface structure and alloying. However, studies on
extended surfaces, in particular single crystals, have demonstrated that
the coverages of H* or CO* upon Pt alloys are significantly decreased
in comparison to pure Pt, due to weaker interaction with these
adsorbates.?>73101:103.104 Copsequently, not only could one anticipate
that a Pt-alloy surface would bind the intermediates of the ORR more
weakly, resulting in higher activity, but it would also appear to have
a lower surface area. The outcome of this is that the apparent activity
enhancement afforded by Pt alloys over Pt could be exaggerated on
nanoparticles, due to the inherent ambiguity in the measurement of the
surface area. Despite this, the ease at which the apparent
electrochemically active surface area can be measured in situ still makes
it a valuable diagnostic tool.

Nonetheless, the poor dispersion afforded by extended surfaces
means that they would never be used in a real fuel cell. Most
typically, the Pt-alloys used as ORR catalysts in a PEMFC
cathode would be in nanoparticulate form, on a high surface area
carbon support,® although nanostructured thin films are also
a possibility. 10106

In most of the published literature, the performance of carbon-
supported nanoparticulate catalysts for the ORR is evaluated
in a RDE assembly in HCIO4 using the “thin-film”
method.”10%107:1%8 Catalysts can be tested much more easily and
more reproducibly using this method than in a PEMFC. More-
over, it yields ORR activities which are remarkably close to those
measured in a PEMFC.”

Pt cathode catalysts

Activity. There are two primary means by which the mass
activity of Pt can be increased: (a) improving its intrinsic activity
and (b) increasing the number of active sites. Until recently, most
catalyst development was focussed on the latter approach, by
improving the Pt dispersion. This strategy yielded clear divi-
dends: raising the dispersion from ~5 to ~80 m* gp, ', equivalent
to a decrease in mean particle diameter from ~15 nm to ~3 nm,
respectively, results in a 5-fold improvement in Pt mass activity,
in A gp~'. However, it turns out that the mass activity cannot be
improved much further by improving the dispersion beyond
80 m? gp, ', as there is a peak in mass activity. This is because of
a pronounced decrease in specific activity as a function of the Pt
dispersion, i.e. small particles are less active for the ORR than
extended surfaces. This particle size effect has been reported by
a number of different research groups,”'*»!1%113 glthough there is
some controversy regarding the size range over which the effect is
most pronounced. Recent DFT calculations provide an
explanation for this phenomenon.®>'% A decrease in particle size
brings about an increased population of under-coordinated
facets of Pt, relative to the terraces, (111) and (100). As discussed
earlier, on Pt(111), the overpotential for the ORR is due to the
significant barrier for HO* removal,>**! hence its position on the
strong-binding side of the volcano plot in Fig. 5.

More open facets, such as steps, edges and kinks, will tend to
bind adsorbates such as HO* more strongly. Consequently, on
such facets there will be even greater barriers (or overpotential)
for HO* removal; as a consequence, the contribution to the ORR
activity from these under-coordinated sites would be negligible.
Thus a decrease in particle size should result in a decrease in
specific activity, as shown in Fig. 8b. According to this theoret-
ical model, the surface specific activity of particles greater than
~10 nm in diameter should approximate that of an extended
Pt(111) surface. Moreover, the model predicts a peak in mass
activity at around ~3 nm, Fig. 8c, consistent with the experi-
ments of Gasteiger et al. (ref. 7).7+

11 In the literature there is some controversy regarding the range over
which the particle size effect is most pronounced.’! This is partially
due to the experimental challenges in measuring the ORR activity of
industrial Pt catalysts, which are on high surface area supports. To this
end, we are currently carrying out model experiments of the ORR
activity of size-selected Pt nanoparticles''* on planar substrates. This
will allow us to verify with certainty the theoretical predictions
described in Fig. 8.
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Given the experimental and theoretical evidence that under-
coordinated sites should be inactive for the ORR on Pt,7102110-113
it is somewhat counter-intuitive that some stepped single crystals
show an enhanced activity for the ORR in comparison to
Pt(111)."'>'** The most active of these stepped surfaces, the
Pt(331) surface, shows a ~4-fold improvement in ORR activity
over Pt(111) at 0.9 V.1¢ According to our theoretical under-
standing of the ORR, this improvement in activity should be
related to the weaker binding of the surface to HO*. This notion
is supported by the voltammograms in Nj-saturated 0.1 M
HCIO, for Pt(111) and Pt(331)."” On Pt(331), there is a positive
shift, relative to Pt(111), in the peak that is usually assigned to
HO* adsorption; this confirms that there is an HO* or O* species
on Pt(331) that binds the surface slightly weaker than Pt(111) (we
discussed this type of voltammetric analysis in the section “How
to reach the peak of the volcano?”). Presumably, this HO*
species is on the terrace sites of (331); step sites bind HO* ~0.8
eV stronger than Pt(111),%56%1% which would suggest that HO*
would adsorb onto the steps of Pt(331) at very low potentials,
around its potential of zero total charge, 0.2 V.''® A recent study
suggested that strongly bound HO* at the step should have
a negligible effect to the binding of HO* on the adjacent
terraces.'” Consequently, we speculate that the weakened
binding of the terrace sites of Pt(331) could be related to the
reconstruction of Pt(331) in perchloric acid.'® Otherwise the
structure of the water layer might be perturbed by the steps,
which could decrease the extent to which HO* is stabilised by co-
adsorbed H,O* relative to Pt(111).2?° Clearly, further investiga-
tions are needed to explain this phenomenon. Nonetheless, in
contrast to experiments on single crystals, we find no evidence to
suggest that steps or other undercoordinated sites can increase
the ORR activity of Pt nanoparticles. 519114

Stability. Stabilising Pt nanoparticles in the cathode of a fuel
cell seems to be even more challenging than controlling their
activity. Cathode catalyst degradation limits the useful lifetime of
a PEMFC."12121.122 Thjg is due to (a) the corrosion of the carbon
support at high potentials, leading to Pt nanoparticle detachment
or loss of electrical contact (a topic which is beyond the scope of
the current article)!**!2* and (b) the dissolution of Pt itself. Both
effects manifest themselves as an effective loss of the Pt surface
area with time. This is monitored in situ by integrating the charge
required to adsorb H* or electro-oxidise CO* on the surface
(see the earlier footnote™*), or else ex situ by scanning electron
microscopy (SEM) or transmission electron microscopy (TEM).
Following its dissolution, Pt tends to redeposit elsewhere, either
on larger nanoparticles in the diffusion layer via the Ostwald
ripening mechanism or in the ionomer phase in the membrane.'*!

Pt dissolution seems to be more pronounced on small nano-
particles, particularly below 4 nm.'"'12125-12 Moreover, it is
enhanced at high potentials,?"13° especially during potential
cycling, for example during the start up and shut down of a fuel
Cell.121’128'129’131

There is no widespread consensus in the literature regarding
whether the dissolution of Pt occurs directly from the metallic
phase:12,130,132

Pt — Pt + 2e ©)

via the formation of oxidised Pt (in the form of a 2D adsorbate
phase or a 3D subsurface oxide) and its subsequent chemical
dissolution:

Pt + xH,O — PtO, + 2xH* + 2xe~ 3)
PtO, + 2xH* — Pt*** + xH,0 4)

or even the reduction of the oxide:'3*13*
PtO, + 4H* + 2¢~ — Pt** + 2H,0 %)

It is worth noting that the dissolution of bulk, metallic Pt is
thermodynamically favoured above ~1 V. However, the
average cohesive energy of a Pt atom in a nanoparticle is lower
than in the bulk, due to the contribution of the surface energy,
meaning that its chemical potential is higher.25-127:132.135 Consge-
quently, the dissolution potential of a nanoparticle will decrease
with a decrease in size, in accordance with the following

equation:%®

U = Ugils — Aupr™=/2e 6

where URiie® is the dissolution potential for the entire
nanoparticle, Uik is the dissolution potential for bulk Pt and
Aupict is the change in cohesive energy per Pt atom, relative to
bulk Pt, defined as follows:'3¢

Aupi = 30p Vpd/rSp (7

where op, is the surface energy of the particle, Vp is the volume of
a single Pt atom, Sp, is the surface area of a single Pt atom and r is
the particle radius. There are several variations of (6) and (7) in
the literature,'*127:132135 with the commonality between them
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that (US% — URiie oc 1/r. The differences depend on how the
dissolution is modelled: ie. via (2), (4) or (5), and whether
the surface energy of the dissolving phase is considered to be
isotropic or site dependent. Since the surface energy is largely
a function of coordination, undercoordinated Pt atoms are more
prone towards dissolution.”*** Models taking into account this
site dependency predict an even greater propensity of small
nanoparticles towards dissolution than those assuming an
isotropic surface energy.'*¢

The fact that Pt dissolution is enhanced under potential cycling
calls for more potentiodynamic studies of corrosion phenomena,
at a microscopic level. EC-STM studies on Pt(111) in acidic
solution have been particularly illuminating in this regard.'37-14°
Itaya and co-workers showed that after a few cycles between
0.05 V and 1.5 V, an initially ordered Pt terrace becomes corru-
gated, covered with monoatomic or diatomic pits and
islands.®"13% According to Wakisaka et al., the first step in this
roughening process occurs at anodic potentials, at high coverages
of O*, where the Pt(111) surface starts to mildly buckle, and
subsurface oxides form."*® Even so, the surface remains largely
intact until the reduction sweep, where at 0.5 V, the terraces
becomes abruptly more corrugated. This suggests that the reduc-
tion of adsorbed O* or subsurface oxides destabilises the Pt atoms,
causing them to be mobile and easily dissolved. Upon repeated
cycling between 0.1 and 1.3 V, the corrugation continues, and step
edges roughen and grow. Such roughening is likely to have an
autocatalytic effect upon the corrosion of Pt, due to the increased
susceptibility of undercoordinated sites towards dissolution.'*!

The STM experiments described above were conducted upon
single crystals in liquid electrolytes. Nonetheless, we anticipate
that the enhanced dissolution of Pt nanoparticles in a fuel cell
upon cycling could also be related to surface deformation at high
O* coverages and subsurface oxide formation. Evidence for
subsurface oxide formation on Pt was first provided by Conway
and co-workers on the basis of purely electrochemical measure-
ments.’*? X-Ray absorption spectroscopy (XAS) has provided
more direct evidence of this phenomenon on Pt nano-
particles.?>143-14¢ Friebel er al. recently reinterpreted these earlier
XAS experiments to suggest that subsurface oxides could form
on Pt nanoparticles as early as 0.8 V. In summary, surface
roughening and subsurface oxide formation are likely to be
detrimental to catalyst stability, and thus strategies are required
to mitigate these processes.

On the basis of the poor stability and lower activity of small Pt
nanoparticles, it should come as no surprise that some commercial
catalyst manufacturers have resorted towards lower degrees of
dispersion. For instance, the manufacturer, 3M, has developed
nanostructured thin film catalysts, constituting a Pt thin film
deposited on nanostructured non-conducting whiskers, as shown
in Fig. 9.1% These catalysts have a mass activity similar to
conventional commercial nanoparticulate catalysts, but exhibit
much higher stability and negligible corrosion of the support.
Even so, water management is more challenging on these thin
films than on conventional nanoparticulate Pt/C catalysts.!*®

Nanoparticulate Pt-alloy catalysts

Carbon supported Pt-alloy catalysts are often pre-annealed at
high temperatures in a reducing or inert atmosphere, before

P

G

812314 8.0 kV x18.86K 3.080»rm

Fig.9 Scanning electron microscopy images of nanostructured thin film
Pt PEMFC catalysts on a nonconducting support, shown in cross-
section. Reproduced with permission from Elsevier, copyright 2006.'°

being employed in a PEMFC.'?'% This homogenises their
composition. It can also bring about sintering and lower degrees
of dispersion. The Pt overlayer is formed by acid leaching.
Consequently, the surface resembles the Pt-skeleton structure
that we described earlier.’>"!5! The leaching can take place in situ,
although this can result in the metal cations poisoning the proton
channels in the membrane electrolyte. To avoid this undesired
effect, the catalyst can be pre-leached in a liquid electrolyte.”

Typically, in a PEMFC, carbon supported nanoparticulate
Pt-alloys such as Pt,Co/C provide a 2-fold gain in mass activity
and a 4-fold gain in surface specific activity over pure Pt cata-
lysts.”>**2 The lack of a 1 : 1 correlation between the enhancement
in mass activity and surface specific activity could be due to the
poorer dispersion of Pt alloy catalysts and artefacts in measuring
the electrochemically active surface area (see earlier footnote™*).
Even higher activities are possible, as demonstrated by dealloyed
PtCu,/C nanoparticles (described earlier), which exhibit a four-
fold enhancement in mass activity over Pt in a PEMFC.!33

It turns out that catalyst stability is also of critical importance
for Pt-alloy catalysts, as is the case for pure Pt. Fig. 10 compares
the performance of Pt/C and dealloyed PtCus/C after 30 000
cycles in a PEMFC between 0.5 and 1 V, from data by Straser
and co-workers." Notably, the Pt-alloy catalysts were pre-
annealed at different temperatures. The catalyst with the highest
initial mass activity, PtCus/C, annealed at 800 °C, loses over half
its mass activity by the end of the experiment. The figure also
shows that this is due to a ~55% loss of surface area and a ~30%
decrease in specific activity. On the other hand, the two Pt/C
catalysts only lose ~13% of their initial mass activity: the ~75%
loss of surface area is offset by a 2.7 to 3.8 fold increase in specific
activity (presumably due to an increase in the average particle
size). The most stable catalyst was PtCus/C, annealed at 950 °C,
which exhibited a stable mass activity. The loss of ~25% of its
initial surface area was offset by a ~30% increase in specific
activity.

Other investigators have made observations very similar to
those of Strasser and co-workers regarding the performance of
Pt-alloys/C in comparison to Pt/C over long time scales or under
potential cycling in a PEMFC, 152154157 namely that: (a) similar
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Fig. 10 Stability of dealloyed PtCu;/C and Pt/C catalysts in a PEMFC,
before and after 30 000 voltage cycles from 0.5to 1.0 Vat 100 mV s~ and
80 °C, adapted from data reported in Neyerlin ez al.'** (a) Mass activity,
(b) surface area normalised to the initial surface area of each catalyst and
(c) specific activity. For (b) and (c), the surface area was determined by
the voltammetric adsorption of hydrogen between 0.5 V and 0.05 V (see
footnote**). The dealloyed catalysts were based on an initial PtCu;
precursor, which were annealed prior to dealloying at the temperatures
indicated in the figure. Pt/Cyyjcan and Pt/Cysc denote two types of
commercial Pt catalysts supported on carbon, which were not annealed.

to Pt, the mass activity of Pt-alloys decreases slightly (b) whereas
the specific activity of Pt is stable or tends to increase the specific
activity of Pt-alloys changes little or sometimes decreases and (c)
there is a slight decrease in the electrochemically active surface
area upon the alloys, in contrast to the pronounced decrease
exhibited by Pt.

The improved retainment of the surface area of Pt-alloys/C
over Pt/C in a PEMFC may suggest that the presence of the less
noble solute metal actually stabilises the catalyst. However, it is
important to note that this phenomenon could be partially
attributed to the ambiguities in measuring the catalyst surface
area, as described in the earlier footnote**. With time, the solute
component tends to leach out (see below). As the particles
dealloy, the affinity of the Pt overlayer towards H* or CO*
should increase. Consequently, a slight loss of real surface area,
due to Pt dissolution, could be masked by an increased coverage
of H* or CO* on the Pt-alloy nanoparticles depleted of the solute
component.

Neglecting such artefacts from the measurements, there are
several explanations available in the literature for the improved
ability of Pt alloys to maintain their surface area, relative to pure
Pt. Greeley and Nerskov calculated that the dissolution potential
of the Pt overlayer upon Pt;Co(111), Pt3Ni(111) and Pt3Fe(111)
would be increased by up to 0.16 V, relative to Pt(111)."*® This
stabilisation is related to the increased surface energy of a bulk-
terminated alloy surface, relative to the Pt-terminated surface.
Such considerations would only be valid for a surface with

a significant subsurface Co, Ni or Fe content, such as the “Pt-
skin” catalysts,>>® but not for a catalyst with a thick Pt over-
layer, such as dealloyed PtCu,.”* Lucas, Markovic and
coworkers have proposed that the Pt overlayer on Pt;Ni(111)
may be less susceptible to subsurface oxide formation than on
Pt(111), as result of the decreased coverage of O* and HO* on its
surfaces.” They implicitly assume that the interaction between
Ni and adsorbed O is insufficient to cause subsurface oxide
formation or Ni segregation to the surface.!**'¢°

Perhaps the most likely cause of the increased stability of Pt-
alloys is the high temperatures used to anneal them.'®'*° Under
these conditions, the particles would sinter, their average size
would increase and the facets would become more ordered. All
these effects would stabilise the catalysts. Indeed, this hypothesis
is borne out by the data shown in Fig. 11, adapted from
Makharia et al.,'®® where the progression of the normalised
surface area upon cycling is plotted for several different types of
Pt/C catalysts, in comparison to a PtCo/C catalyst. The ability of
the catalyst to retain its surface area increases in the following
order: unannealed, well dispersed Pt/C, 2-3 nm in diameter <
unannealed, poorly dispersed Pt/C, 4-5 nm in diameter < poorly
dispersed Pt/C, 4-5 nm in diameter, annealed at 900 °C =
annealed poorly dispersed PtCoC/C, 4-5 nm in diameter,
annealed at 900 °C. Clearly, subjecting the Pt/C catalyst to
a similar heat treatment as PtCo/C provides it with the same
degree of stability. It is also interesting to note that the annealed
Pt/C is much more stable than the unannealed catalyst with the
same degree of dispersion. This suggests that the increased
stability of the annealed sample cannot only be attributed to
a larger particle size. We speculate that the annealing procedure
smoothed out the surface of the catalyst to remove the defects or
the undercoordinated sites most prone to corrosion.

The loss of specific activity of Pt-alloys with time, as shown in
Fig. 10, is largely due to dealloying. The process of dealloying at
Pt-alloy nanoparticles in PEMFCs has been studied in detail by
several groups.'#-150:161-163 Ag described earlier, the solute metal
at the surface of the catalyst should dissolve at high potentials
into the acidic electrolyte. Any stabilisation of the solute metal
afforded by alloying would be insufficient to prevent dissolution
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Fig. 11 Normalised surface area for different Pt/C and PtCo/C catalysts,
upon cycling in a PEMFC between 0.6 and 1 V at 20 mV s~' and 80 °C,
adapted from Makharia er al.'?® The surface area was determined by the
voltammetric adsorption of hydrogen between 0.5 V and 0.05 V (see
earlier footnote**).
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under these conditions.”'*® This can be rationalised on the basis
that the PEMFC cathode operates at potentials far above the
dissolution potentials of the solute metals in their bulk form.!s?
With time, the more reactive solute metal would tend to segregate
to the surface.'®*'** This segregation is brought about by the
concentration gradient between the surface and the catalyst core.
Moreover, the segregation of the solute metal from the subsur-
face layer to the surface layer may be accelerated by direct
interactions between adsorbed O* or HO* and the subsurface
metal'®®165 (especially as O* is usually adsorbed in a hollow
site?®). Since the coverages of HO* and O* increase with poten-
tial, at high potentials, such direct interactions would be more
likely. Upon reaching the surface, the solute metal atoms will
dissolve into the electrolyte. Subsurface oxide formation is likely
to be more problematic in the case of Pt alloys than for Pt: solute
metal oxides such as CoO,, NiO, or CuO, cannot be reduced
back to the metallic form under reaction conditions.'* The solute
metal atoms could also reach the surface of the catalyst via
dissolution of the Pt overlayer at high potentials. In summary,
the propensity of a Pt-alloy nanoparticle towards solute metal
dissolution, or dealloying, is determined by (a) the diffusivity of
the solute metal, (b) the diffusion length of the solute metal
within the nanoparticle, (c) the extent of the direct interaction
between the subsurface solute metal and adsorbed O* and OH*,
and (d) the integrity of the Pt overlayer.

The other cause of degradation of the specific activity of
Pt-alloys with time is Ostwald ripening. Whereas Ostwald
ripening on Pt/C results in an increase in specific activity, the
converse effect can occur on Pt alloys. The dissolution of Pt from
small Pt-alloy nanoparticles will cause it to redeposit onto larger
nanoparticles, where it forms a thick shell on an alloy core.'**!>!
This reduces the solute metal content, resulting in a decrease in
specific activity. Presumably this is either due to strain relaxa-
tion™ or due to a decreased subsurface solute metal content.”

Strategies to improve the performance of Pt-alloy
nanoparticles

Studies performed on extended surfaces have suggested several
routes towards improving the performance of Pt by alloying.
However, the perspective of implementing these strategies upon
nanoparticles is often more challenging. For instance, one could
anticipate that “Pt-skin” nanoparticles should exhibit improved
activity over Pt in comparison to “Pt-skeleton” nanoparticles.
However, surface impurities, surface segregation of the solute
metal,'®® sintering,'®® and degradation of the carbon support*¢’
all complicate the annealing process on nanoparticles. None-
theless, several research groups have reported the synthesis of
“Pt-skin” structures upon carbon-supported Pt-alloy nano-
particles.?®151:168.169 They achieved this either through high-
temperature annealing in an inert or reducing atmosphere or by
electrochemical cycling in a CO-saturated electrolyte. Each of
these studies demonstrated a higher ORR activity than for
a standard leached “Pt-skeleton” catalyst. In the case of Wang
et al., they optimised their annealing procedure to the extent that
they were able to maintain the Pt dispersion and stabilise the
catalyst upon extended cycling in RDE experiments.'*®

Inspired by work on single crystals, some research groups have
aimed to improve the ORR activity of Pt and Pt-alloy

nanoparticles by controlling the catalyst shape.'”®'7* In general,
as long as the measurements are conducted in a nonadsorbing
electrolyte, it seems that octahedral alloy nanoparticles, domi-
nated by (111) facets, are more active than cubes of the same
composition, dominated by (100) facets.!”*'7® These results are in
qualitative agreement with the single crystal experiments on
Pt3Ni.?* Although some of these studies reported promising mass
activitites,'”® they were not amongst the highest reported in the
literature. %1175 Presumably this was due to the large particle
sizes tested. Moreover, we anticipate that the well defined
morphologies could be challenging to stabilise over long time
periods.’s!

An approach pioneered by the Adzic and co-workers, but also
adopted by other groups, is to form Pt overlayers onto a core
containing a significant proportion of another noble metal, such
as Ir, Au or Pd. These include Pt on Pd/C,'**17¢ Pt on PdFe/C, Pt
on PdCo/C,'"-17® Pt on AuFe/C,'” Pt on AuFeNi/C'®® and Pt on
AuPd/C.*® The most promising aspect of these catalysts is the
enhanced stability that some of them exhibit. Their nominally
high Pt mass activities are of lesser relevance: replacing the Pt
content with another platinum group metal has no significant
long term advantage in terms of cost: at the time of writing, Au
has a higher cost than that of Pt;'®? Pd is currently cheaper than
Pt but faces similar supply constraints.> Nonetheless, these
catalysts have shown exceptionally high stability. For instance,
Pt on FeAu/C only lost ~7% of its initial ORR activity when
cycled 60 000 times between 0.6 and 1.1 V in an RDE experi-
ment;'” Pt on AuPd/C only lost 37% of its initial ORR activity
when cycled 100 000 times between 0.6 and 1 V in a PEMFC.'3!
The high stability of these catalysts could be due to (a) the
decoration of steps or other defects on Pt with Au, preventing
their dissolution,™ (b) that subsurface oxide formation is
inhibited by the presence of Au or Ir in the subsurface layer!”!8
and (c) the dissolution of Pd from the core, causing a contraction
of the Pt overlayer and a decreased propensity towards dissolu-
tion.”® Future progress in the development of these novel
nanostructures would be to substantially increase their mass
activity, normalised to total platinum group metal content
(rather than the platinum metal content), and to prepare
them using a synthesis method amenable towards industrial
scale-up.'®*

It is worth considering what the ideal configuration would be
for a Pt-based ORR catalyst. The Pt overlayer would only be
a single layer thick, would be at least as active as pure Pt, and the
core would consist of a material that is abundant and inexpen-
sive. Chen and coworkers recently reported that such a catalyst
exists for the hydrogen evolution reaction.'®'# They found that
a monolayer of Pt on WC exhibited the same hydrogen evolution
activity as bulk Pt. Even so, the same catalyst exhibited poor
activity for the ORR, most likely because the WC formed a WO,
phase at high potentials.'® Whereas WC has a higher surface
energy than Pt,’*>1*° WO, has a lower surface energy.'®* Such
differences in surface energy between the core and the shell would
drive the dissolution of Pt under ORR conditions.'”* This
example shows how challenging it is to find a Pt core—shell
structure which is active for the ORR, stable and which contains
an inexpensive core.

Very recently, two groups have reported an unexpected result
by dealloying Pt-alloy or Pt core-shell catalysts: the formation of
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Fig. 12 TEM image of a hollow Pt nanoparticle. Reproduced with
permission from Wang er al'®® Copyright 2011 American Chemical
Society.

hollow Pt nanoparticles, as shown in Fig. 12.''% Dubau et al.
subjected Pt;Co nanoparticles to 654 hours of start up and shut
down cycles at a PEMFC cathode, each cycle lasting two hours.
The outcome of this was that that the Pt3Co/C precursors
transformed into hollow Pt nanoparticles, with no measurable
Co content.’®! Most notably, the ORR activity of these catalysts
was higher than the initial activity of the Pt-alloy, despite the lack
of Co. They attributed the formation of this structure to the
Kirkendall effect, whereby the outwards diffusion of Co is
countered by a flux of vacancies to the core of the nanoparticle.
In a parallel study, Adzic and co-workers also reported the
discovery of a remarkably similar catalyst, although they started
with a Pt-Ni/C core shell structure.'®® In RDE experiments, the
initial mass activity of their nanoparticles was 1.1 A mgp, ', 4.4
times higher than that of their conventional Pt/C catalyst. After
cycling the hollow catalysts 6000 times, only ~33% of the initial
mass activity was lost, in comparison to a ~60% loss for solid Pt
nanoparticles. They attributed the improved activity of the
hollow nanoparticles over solid Pt/C to the compressive strain
induced by a contraction of the nanoparticle surface. On the
other hand, they attributed the enhanced stability to a decreased
proportion of undercoordinated sites. These hollow structures
are particularly promising, and could represent a new direction
in ORR electrocatalysis.

Alloys of Pt and early transition metals

Given the challenges described above, we recently set about to
look for new Pt3 X or Pd; X alloys (where X is another transition
metal) that could be both active and stable, using a theoretical
screening study.?® Our criteria for selecting the alloys were that
(a) they should exhibit AGo+ = 0.2 eV weaker than pure Pt, (b)
they should form Pt or Pd overlayers, (c) the oxide or hydroxide
formation potential of the base metal, X, should be more positive
than its dissolution potential, and (d) the alloy should be as stable
as possible.

The main outcome of the theoretical screening study is sum-
marised in Fig. 13a, where the descriptor for activity, AGo+, is
plotted as a function of the descriptor for stability, AE,j6y, the
alloying energy. All the previously known alloys such as Pt;Co,
Pt3Ni have close to the ideal value of AGo+ for optimal activity
but have a negligible alloying energy. This could explain their
propensity towards dealloying. On the other hand, two candi-
dates in particular, Pt3Y and Pt;Sc, stand out as having both the
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Fig. 13 (a) Output of theoretical screening study, with the descriptor for
activity, AGo+ — AGQ~, plotted as a function of the descriptor for
stability, AEj,j0y, (b) verification of theoretical predictions, with cyclic
voltammogram of sputter-cleaned polycrystalline Pt, Pt3Sc and Pt3Y in
O,-saturated 0.1 M HCIO, at 23 °C (only the anodic sweep is shown) and
(c) a Tafel plot showing kinetic current density, ji, of sputter-cleaned
polycrystalline Pt, Pt3Sc and Pt3Y, as a function of U, based on data from
(b). Copyright 2009, data reproduced with permission from Macmillan
Publishers Ltd.>

optimal AGo+ and exceptionally negative alloying energies. In
fact, in a database of 60 000 face-centred cubic (FCC) alloys,
these compounds had the most negative values of AE,jqy."">"**
On that basis, we set about to test the promising candidates
alloys experimentally. Fig. 13b shows the RDE voltammograms
in O,-saturated 0.1 M HCIOy of sputter-cleaned, polycrystalline
extended surfaces of Pt;Y and Pt;Sc, in comparison to Pt. The
positive voltammetric shifts, relative to Pt represent significant
improvements in their ORR activity. Indeed, correcting for the
effects of diffusion (which are relatively insignificant in
a PEMFC), Pt;Y has a ~5 fold improvement in ORR activity at
0.9 V, and ~9 times improvement at 0.87 V. Such high activity
was unprecedented for a polycrystalline surface, especially for
a sputter-cleaned and acid leached “Pt-skeleton” catalyst.®
More recently, Jong Yoo et al. obtained even higher activity
upon sputter-deposited Pt-Y catalysts in an RDE assem-
bly.”*They also demonstrated that the catalyst activity was
unchanged after 3000 cycles between 0.6 and 1.1 V. Their results
confirm that this is a promising system, worthy of further
investigation. The high stability of Pt;Y and Pt;Sc is character-
istic of alloys of late and early transition metals. It can be
understood on the basis that the half-filled metal-metal d-band
in these alloys results in filled bonding states and empty
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anti-bonding states.'**'** Incidentally, this feature has resulted in
the widespread utilisation of Ni3Ti superalloys in aerospace
applications, due to their superior chemical and mechanical
resilience at high temperatures.® Despite the alloy stability,
under the operating conditions of a PEMFC, there would be
a strong thermodynamic driving force towards the dissolution of
Y or Sc from Pt3Y or Pt3Sc. For instance, the standard disso-
lution potential, Uy, for Y to Y** is —2.372 V with respect to
a normal hydrogen electrode (NHE)"® and the alloying energy of
Pt;Y stabilises each Y atom by 4 eV; this means that at
a potential of 1 V, there is a driving force of (—2.372 — 1) x 3 —
(—4) = —6.1 eV for the dissolution of each Y atom. Nonetheless,
the negative alloying energy would set a significantly higher
barrier for solute metal diffusion in these compounds than in
alloys of Pt with late transition metals, such as Pt,Ni, Pt,Co or
Pt.Cu. We hypothesise that this could provide alloys of Pt and
early transition metals with the kinetic stability to prevent deal-
loying and ensure their long term durability in a PEMFC
cathode.

Following on from our promising results with Pt;Y and Pt;Sc,
we set about to investigate other alloys of Pt with early transition
metals as ORR catalysts. We tested polycrystalline, sputter-
cleaned PtY, Pt;Zr, Pt,Y, PtsZr, Pt;Hf, PtsY and Pt3Y, using the
same methodology as for the experiments shown in Fig. 13b.*!
The activity of the different catalysts is ranked in Fig. 14at 0.9 V.
In the figure we also report, for the first time, the activity of
PtsLa. The overall ranking of catalyst activity is, in ascending
order: Pt;Y = Pt3Zr = Pt < Pt3Hf < Pt;Sc <« PtsLa = PtsY <
Pt;Y. We confirm that the most active catalyst within this class of
Pt alloys is Pt;Y that we previously reported. Our XPS results
suggested that HfO, and ZrO, formed on the surface of Pt;Hf
and Pt;Zr, respectively, explaining their lower activity.*! It is
curious to note that although PtsY and PtsLa exhibit lower
activity than Pt;Y, they are still up to 5 or 6 times as active in the
potential range 0.9 to 0.87 V, much higher than alloys such as
Pt;Co and Pt;Ni prepared in a similar manner.**”

In order to determine the composition of the active phase of
the PtsLa catalyst, we employed angle resolved XPS to obtain
a non-destructive depth profile, as shown in Fig. 15. The Pt
overlayer thickness is at least ~1 nm thick. The absence of La in
the subsurface layer suggests that the effect of alloying is to strain
the Pt overlayer. Since La is larger than Pt,'® one could

corroded

heavily corroded i

PtY PtY PtLaPtScPtHf Pt PtZr PtY PtY

Fig. 14 Overall ranking of ORR activity, expressed as ji for sputter-
cleaned polycrystalline alloys of Pt and early transition metals. All data
are taken in O,-saturated 0.1 M HCIO, at 23 °C and 1600 RPM, from the
anodic sweep, the same conditions as in Fig. 13b. Every catalyst was
reported previously,?®*! except for PtsLa, which is from the current study.
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Fig. 15 (a) Non-destructive depth profile of polycrystalline, sputter
cleaned, PtsLa, after cycling for 90 minutes between 0 and 1 V in O,-
saturated 0.1 M HCIO,4. The profile was constructed from an angle
resolved XPS measurement, taken ex situ under UHV conditions. The
adventitious C and O traces produced from airborne contamination have
been omitted for clarity. (b) Schematic illustration of the structure shown
in a, consisting of a multilayer-thick, compressed Pt overlayer covering
a bulk PtsLa alloy; the grey atoms are Pt and the large blue atoms are La.

intuitively expect the surface to be under tensile strain, which
would be the opposite of the desired effect to improve its activity.
Consequently, to understand the high activity of this catalyst, we
employed DFT calculations. Unlike Pt, Pt;Ni or Pt;Y, PtsLa
does not form a closely packed structure in the bulk.'® The bulk
structure is comprised of alternating layers of pure Pt and Pt and
La, parallel to the (001) plane, as shown schematically in
Fig. 15b. The pure Pt layers have vacancies at the positions where
La atoms lie below. However, our calculations indicate that
when a Pt overlayer covers the bulk alloy, the overlayer resem-
bles closely packed Pt, with extra Pt atoms at the equivalent
positions where vacancies exist in the bulk, as shown in Fig. 15b.
The overlayer would then be compressed, relative to pure Pt.
According to our simulations, when the thickness of the Pt
overlayer on PtsLa, is 3 monolayers thick, the adsorption ener-
gies of O* are converged (to within 0.04 eV) to those of strained
pure Pt(111), with the lateral Pt—Pt distance set by the bulk PtsLa
substrate, i.e. there is no ligand effect from La. This means that
the thick Pt overlayer can be modelled as a strained pure Pt
slab.?” On that basis, we calculate the adsorption energy of HO*
in a half dissociated water layer to be 0.14 eV weaker in
comparison to unstrained Pt. This explains the high ORR
activity of PtsLa, as demonstrated by its position on the volcano
in Fig. 5. To the best of our knowledge, this is the first time that
an alloy of Pt and La has been tested for the ORR. Our DFT
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calculations show that PtsLa has an alloying energy of —0.66 eV
atom™!, or —3.96 eV (La atom)~'. Moroever, it is only one out of
several alloys that Pt forms with lanthanides, forming stable
compounds. This suggests that these compounds could be
worthy of further investigation.

There are several challenges facing the implementation of Pt
alloys with early transition metals (or lanthanides) as oxygen
reduction catalysts in fuel cells. Thus far, they have only been
synthesised in bulk, polycrystalline form. We anticipate that they
would be particularly amenable towards sputter deposition onto
a nanostructured thin film, such as that used by 3M (described
earlier in this paper).'>1% However, large scale production
would be more economically feasible if they could be synthesised
in nanoparticulate form, using a chemical method.

Conclusions and outlook

In this perspective article we have reviewed the fundamentals
underlying the catalysis of oxygen reduction on Pt and Pt-alloys,
under conditions relevant for polymer electrolyte membrane fuel
cells.

Although the ORR activity of Pt can be substantially
enhanced by alloying, further improvements are required that
will allow for (a) the high activity achieved on extended surfaces
to be realised on the nanoparticulate catalysts used in a fuel cell
and (b) the activity of these catalysts being stabilised for long
periods of time and with extensive cycling. In summary: high
activity is a necessary but insufficient criterion for an effective
oxygen reduction catalyst; high dispersion and stability are also
essential.

We have demonstrated how the oxygen reduction activity of
Pt-alloys can be defined by the scaling relations between the
intermediates, as shown in Fig. 4. Unfortunately, it turns out that
the constant difference of ~3.2 eV between the binding energy of
the HO* and HOO* intermediates not only holds for metal
surfaces, but also for oxides and N-functionalised graphitic
materials.*"¥” Although these relations are useful in describing
known trends and can predict new metallic catalysts, they impose
a limit on the extent to which the ORR can be catalysed at low
overpotentials. Even so, the scaling relations might not be
universal if the two-dimensional limitations considered here
could be broken. Enzymes such as cytochrome c oxidase exhibit
flatter free energy landscapes at the reversible potential than even
the most active of man made catalysts, such as Pt3Ni.>*
Emulating these enzymes would lead to new, more efficient
classes of man-made catalysts for the ORR where the stabilities
of O*, HO* and HOO* are uncorrelated.”™

Experimental

The PtsLa sample was supplied by Mateck GmbH. XRD
measurements showed that it constituted a single phase, with
a CaCus crystal prototype structure, consistent with the litera-
ture.' Its lattice parameters are ¢« = 5.40 and ¢ = 4.35.

Ultra high vacuum measurements

In-depth surface composition information of PtsLa was extrac-
ted from angle resolved XPS spectra recorded using a Theta
Probe instrument from Thermo Scientific. The chamber has

a base pressure of 5 x 107" mbar. The instrument uses mono-
chromatised Al Ko (1486.7 eV) X-rays and the electron energy
analyzer has an acceptance angle of 60°. It facilitates XPS spectra
recorded from within a diameter of 15 um with a resolution
corresponding to a Ag 3ds, full width half maximum (FWHM)
smaller than 0.5 eV. The AR-XPS spectra were obtained in
parallel, without tilting the sample. In consideration of the count
statistics at the grazing angles, an X-ray beam size of 400 um and
an energy resolution corresponding to ~1.0 eV Ag 3ds, FWHM
was used.

The surface was sputter cleaned with a 1 keV beam of Ar* ions,
with a current of 1 pA, over a 7 x 7 mm area. This was typically
continued for around 20 minutes, until the XPS measurement
indicated that impurities were negligible. The XPS spectra were
taken at several different locations over the metal surfaces.

For the depth profiles, the electrons emitted at angles between
20° and 80° to the surface normal were analysed in parallel and
detected in 16 channels corresponding to 3.75° wide angle
intervals. After XPS identification of the elements present at the
surface, their main features were measured in detail with angle
resolved XPS. The depth concentration profiles were obtained
using the simulation tool, ARProcess of the Thermo Avantage
software, which uses a maximum entropy method combined with
a genetic algorithm. In all cases, the simulations were based on
the relative intensities between Pt 4f, O 1s and C 1s, and La 3ds).
Further details regarding the fitting procedure are described
elsewhere.*!

Electrochemical measurements

All glassware was cleaned for 24 hours in a “piranha” solution
consisting of a 3 :1 mixture of 96% H,SO4 and 30% H,O,,
followed by multiple heating and rinsing with ultrapure water
(18.2 MQ cm) to remove sulfates. The electrochemical experi-
ments were performed with Bio-Logic Instruments’ VMP2
potentiostat, controlled by a computer. The rotating ring disk
electrode (RRDE) assemblies were provided by Pine Instruments
Corporation. A standard two-compartment glass cell was used,
equipped with a water jacket attached to a hot water bath to
control the temperature.

The electrolyte, 0.1 M HCIO4 (Merck Suprapur), was prepared
with ultrapure water. The counter electrode was a high surface
area Pt mesh. The reference was a Hg/Hg,SOy electrode, sepa-
rated from the working electrode compartment using ceramic
frits. All potentials are quoted with respect to the reversible
hydrogen electrode (RHE), and are corrected for Ohmic losses.
Following each measurement, 0 V RHE was established by
carrying out the hydrogen oxidation and hydrogen evolution
reaction on Pt in the same electrolyte. The Ohmic drop was
measured by carrying out an impedance spectrum with a peak-to-
peak amplitude of 10 mV, typically from 500 kHz down to 100 Hz.
The target resistance was evaluated from the high frequency
intercept on the horizontal (real) axis of the Nyquist plot and
further checked by fitting the impedance spectra using EIS Spec-
trum Analyser software.?*! Typically the uncompensated resis-
tance came to ~25 Q. The RRDE was immersed into the cell under
potential control at 0.05 V into a N, (N5, Air Products) saturated
electrolyte. The ORR activity measurements were conducted in an
electrolyte saturated with O, (N55, Air Products).
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Theoretical calculations

The surface of the Pt/PtsLa was modelled by a Pt-slab with
a nearest-neighbour distance similar to what is found (calcu-
lated) in Pt-layers on top of PtsLa. This allowed us to model the
structure of water to approximate that on Pt(111). It is also
justified by the XPS results showing ~4 monolayers of Pt
covering the PtsLa alloy, as shown in Fig. 15a.

In the DFT calculations, the Pt (111) surface is modelled by
a slab with 6 close-packed layers, where the three topmost layers
and the adsorbates are allowed to relax. The ionic cores are
described by PAW setups,?? and the Kohn—Sham valence states
are described on a real-space grid with a spacing of 0.18 A.
Exchange and correlation effects are described by the RPBE
functional.?®®* The Kohn-Sham Hamiltonian is diagonalized
iteratively using Pulay mixing of the density and Fermi-Dirac
occupation of one-electron states with kg7 = 0.1 eV. Total
energies are extrapolated to kg7 = 0 eV. The periodic images of
the slab are separated by 20 A of vacuum. All calculations have
been carried out with the ASE and GPAW software
packages.?0+205

The adsorption energies are calculated in a (3 x 2) surface unit
cell, and the Brillouin zone is sampled by an 8 x 8§ x 1 k-point
grid. The slab is relaxed using the quasi-Newton scheme until the
maximum force component is less than 0.05 eV Al

The effect of solvation is included for HO* by incorporating
the adsorbate in an H,O*/H,O* superstructure with 2/3 ML total
coverage. The energy of HO* is calculated from the H,O*/HO*
configuration which minimizes the average OH energy. The
adsorption energy of H,O* is calculated in a similar super-
structure with 2/3 ML total coverage. In the H,O*/HO* super-
structure, half of the water molecules lie in a plane approximately
parallel to the surface, and the other water molecules lie in
a plane perpendicular to the surface with one hydrogen atom
pointing away from the surface.6-206-210
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