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ABSTRACT: To enable the development of low temperature

tuel cells, significant improvements are required to the efficiency

of the Pt electrocatalysts at the cathode, where oxygen reduction
takes place. Herein, we study the effect of subsurface solute
metals on the reactivity of Pt, using a Cu/Pt(111) near-surface
alloy. Our investigations incorporate electrochemical measure-
ments, ultrahigh vacuum experiments, and density functional
theory. Changes to the OH binding energy, AEoy, were
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monitored in situ and adjusted continuously through the subsurface Cu coverage. The incorporation of submonolayer quantities
of Cu into Pt(111) resulted in an 8-fold improvement in oxygen reduction activity. The most optimal catalyst for oxygen reduction
has an AEqy A~ 0.1 €V weaker than that of pure Pt, validating earlier theoretical predictions.

B INTRODUCTION

The widespread deployment of electric vehicles would reduce
our dependence on fossil fuels and decrease our emissions of
greenhouse gases. Polymer electrolyte membrane fuel cells
(PEMECs) are an attractive source of power for such vehicles.”
However, at present, PEMFCs are prohibitively expensive.
Further technological advances are needed to decrease the cost
and improve the efficiency of the Pt catalysts at the cathode,
where the oxygen reduction reaction (ORR) takes place:

0, +4H" +4e~ — 2H,0 (1)

Such breakthroughs would require (a) the replacement of Pt with
active and abundant alternatives, or (b) i 1mprov1ng the activity of
Pt, for instance by alloying it with other metals.”

To meet this key challenge, a framework was developed to
describe and predict the overall trends in ORR actnnty, using
density functional theory (DFT) calculations.>® There are at
least two to three adsorbed intermediates in the ORR, OHY,
OOH*, and O* (where * denotes an adsorbed species). To
catalyze the reaction, the binding to all these intermediates needs
to be optimized.

On the Pt nanoparticles which catalyze oxygen reduction in
PEMEGC:s, it is widely believed that the active sites are located
upon the terraces, in particular the (111) facets.”'® More under-
coordinated sites bind the intermediates too strongly and would
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tend to get poisoned. On (111) facets, the overpotential is either
due to the hydrogenation of oxygen:”*""

0, +H" +e +* — OOH* (2)
or the electroreduction of OH* to form water:
OH* +H" +e” — H,O +* (3)

On Pt(111), the overpotential needed for OH* electrodesorp-
tion is marginally higher than that of OOH* formatlon, which
means that step (3) is potential determining.*® It follows that a
catalyst which binds to OH* more weakly than Pt(111) would
result in a decrease in the overpotential required for OH*
reduction. However, it turns out that a surface that binds to
OH* more weakly would also bind to OOH* more weakly, in
which case OOH* formation, (2), would become potential
determining. This is because the stability of O* OHY, and
OOH* all scale linearly.'>'® Therefore, knowledge of the OH
adsorption energy, AEqy allows us to describe AEg oy and AEq.
This is essentially a modern day version of the “Sabatier
principle”, which states that the most active catalyst for a given
reaction should not bmd too strongly or too weakly to the
reaction intermediates.'* There are numerous other examples in
the recent literature where this principle, corroborated by
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electronic structure theory, has led to the development of
quantitative models that describe important trends in gas phase
heterogeneous catalysis and electrocatalysis.””">~** According
to a simple “Sabatier analysis”, the most optimal metal catalyst for
the ORR has an OH adsorption energy, AEqy, ~ 0.1 eV weaker
than Pt(111).°

Several strategies have been employed to improve the ORR
activity of Pt. These include (a) the utilization of bulk alloys such
as Pt,Y, Pt,Sc, Pt,Co, Pt,Ni, and Pt,Fe;>”** ** (b) dealloyed
PtCu,,” " and (c) the “Pt monolayer” approach, whereby
monolayer quantities of Pt are deposited onto a core composed
of another, less expensive metal.*>>* All of these catalysts have a
surface overlayer composed entirely of Pt. DFT calculations
support the notion that the Pt surface atoms on these catalysts
exhibit mildly weaker binding to O* or OH* than pure Pt.”*’
Indeed, the discovery of Pt;Y and Pt;Sc as stable and active
catalysts for the ORR was a direct output of the theoretical
model, demonstrating its practical application.”

Thus far, it has not been possible to probe the descriptor,
AEoy, experimentally on a number of different surfaces with the
same crystal orientation. However, Markovic and co-workers
demonstrated that it was possible to estimate the d-band center,
ex-situ on a series of polycrystalline Pt;M alloys, where M = Nj,
Co, Fe, Ti, V, using ultraviolet photoemission spectroscopy.23
The d-band center is a general measure of surface reactivity.”> A
volcano relationship was demonstrated between the d-band
center and ORR activity, thus supporting the theoretical model.

On a given crystal facet, the binding of Pt to OH*, OOH¥, or
O* can be adjusted by two different effects: ligand effects and
strain effects.”® >’ Ligand effects occur when the electronic
structure of the atoms sitting at the active sites are modified by
neighboring atoms of a dissimilar atomic number.*® For catalysts
with a Pt overlayer, ligand effects will be more pronounced when
the solute atoms are in the second layer; they are already
negligible when the solute atoms are embedded in the fourth
atomic layer.*>*

Strain effects occur when the catalyst is strained parallel to its
surface.””***! The lattice parameter at the surface will tend
toward that of the bulk. Therefore, a change in the bulk
composition will result in a corresponding change in the intera-
tomic Pt—Pt distance at the surface. Compressive lattice strain
weakens the binding of the Pt surface atoms to adsorbed
intermediates, whereas tensile strain will have the opposite effect.

On Pt monolayer catalysts, ligand and strain effects are
inseparable.>* >* This is also the case for bulk Pt alloy catalysts
such as Pt3Y, Pt3Ni, and Pt;Co. Their surfaces should alwa_?rs be
strained, as their bulk lattice parameters are dissimilar to Pt.”*>*
However, the most active forms of Pt;Co and Pt;Ni are those
with an enrichment of the solute in the subsurface region,
suggesting that ligand effects are also important for these
catalysts.”>*’

Strasser and co-workers demonstrated that the high ORR
activity of dealloyed PtCu, could be attributed entirely to strain
effects.”*! Ex-situ analysis suggested that the catalysts have a
thick Pt skin and a Cu-rich core. The smaller lattice parameter of
Cu, with respect to Pt, effects a lateral strain to the Pt surface
atoms. This, in turn, weakens the binding of the Pt surface atoms
to OH*, OOH*, and O, resulting in a 4—6 fold enhancement in
activity over pure Pt.” Their study confirmed that bulk lattice
strain can be used as a tool to control the ORR activity of Pt. On
the contrary, equivalent evidence to demonstrate the role of
subsurface alloying has remained elusive.

In the current investigation, we study near-surface alloys
(NSAs) of Cu/Pt(111). NSAs have unique catalytic properties,
distinct from bulk .’11110375.21’3“5’44_47 In a NSA, the solute atoms are
only located in the subsurface region, as shown in Figure la.
Therefore, in a Pt-based NSA, both the surface and the bulk are
essentially composed of pure Pt. NSAs have been the focus of
several fundamental surface science investi%ations, conducted
under ultrahigh vacuum (UHV) conditions.”*~** To the best
of our knowledge, they have not previously been studied for
continuous catalytic reactions (ie., involving turnover) under
ambient conditions.

As noted above, there are several reports in the literature
where similar, albeit distinct structures have been tested for the
ORR. These include (a) well-defined Pt overlayer structures on
single crystal substrates, including segregated skin structures and
monolayer core—shell structures,”**>** and (b) bulk Pt—Cu
alloys in the form of nanoparticles or polycrystalline extended
surfaces, where there is always a significant Cu content in the
catalyst bulk.”*~>"*’ The commonality between these earlier studies
is that they were all concerning structures whose core was not
composed of pure Pt. This indicates that their activity could at least
be partially attributable to bulk lattice strain. Using the Cu/Pt(111)
NSA, we aim to elucidate how the catalytic activity of a well-defined
single crystal Pt surface can be tuned by the presence of subsurface
metals, in the absence of bulk lattice strain.

Our attention was particularly drawn to the Cu/Pt(111) NSA
by an investigation by Besenbacher and co-workers.*® Their DET
calculations suggested that OH* was significantly destabilized on
its surface, relative to Pt(111). In the light of the above discus-
sion, this led us to believe that it could have favorable activity for
the ORR.

B EXPERIMENTAL SECTION

Our experiments capitalize upon the detailed knowledge of the
Cu/Pt(111) NSA gained from earlier surface science investigations.46748
To prepare and characterize the Cu/Pt(111) NSA in situ, we designed
and built a custom setup (further details can be found in the Supporting
Information). Briefly, to prepare the desired NSA, up to 1 ML of Cu was
electrodeposited onto a Pt(111) single crystal.*® It was annealed in Ar and
H, at 400 °C, using an induction heater attached to the cell. On the basis of
the earlier studies of this system, the crystal surface should retain its (111)
orientation upon the incorporation of subsurface Cu.***” Once the crystal
was annealed, the electrode was then characterized in the same cell, using
cyclic voltammetry (CV) in 0.1 M HCIO,. To measure the ORR activity,
the crystal was transferred to a separate cell with a rotating ring disk
electrode (RRDE) assembly. The surface structures were independently
verified ex-situ, under UHV conditions, using angle resolved X-ray
photoelectron spectroscopy (AR-XPS). DFT calculations were used to
provide a microscopic interpretation of our experimental results. Full
details of the experimental and theoretical methods can be found in the
Supporting Information.

B RESULTS

Nondestructive depth profiles of the Cu/Pt(111) NSA were
obtained using AR-XPS, as shown in the right-hand side of
Figure 1. A profile of a Cu/Pt(111) NSA is compared with a
pseudomorphic Cu-overlayer on Pt(111)°"** and a Cu/Pt(111)
surface alloy (SA), where the first layer consists of both Cu and
Pt.*73 These data should be interpreted qualitatively rather than
quantitatively, due to inherent uncertainties in the XPS measure-
ments and the fitting procedures. Nonetheless, the profiles match
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Figure 1. Schematic illustrations (left) and AR-XPS nondestructive depth profiles (right), of (a) the Cu/Pt(111) NSA, with 0.45 ML Cu initially
deposited, in comparison to (b) the Cu overlayer on Pt(111), with 1 ML Cu initially deposited and (c) the Cu/Pt(111) surface alloy, with 1 ML Cu
initially deposited. In panel a the Cu/Pt NSA had been exposed to ~90 min cycling between 0 and 1 V at 60 °C in O,-saturated 0.1 M HCIO,. The
outermost ~S5 A comprised C and O, presumably accumulated from airborne contamination during the transfer from the electrochemical cell, through
the laboratory atmosphere to the UHV chamber. The C and O traces have been omitted for clarity.

closely with our expectations, shown in the left-hand side of
Figure 1, formed on the basis of previous surface science
studies.***”%' 753 Moreover, they provide a clear indication that
the desired structures are formed.

To quantify the amount of Cu in the near-surface region, in
Figure 2 we compare the Cu:Pt intensity ratio, as determined by
XPS, for different Cu/Pt(111) NSA samples. The dashed line
models the intensity ratio for the case where the amount of Cu
initially deposited is equal to the amount of Cu in the second
layer. When less than 0.5 ML Cu was initially deposited, there
appears to be a 1:1 correspondence between the amount of Cu
initially deposited and the final subsurface Cu coverage in the
NSA. However, when more than 0.5 ML Cu is initially deposited,
the data suggest that some of the Cu is lost from the near-surface

region, most likely into the bulk of the crystal. Our observations
are consistent with those of Knudsen et al.** Their DFT
calculations suggested that Cu was stabilized in the second layer
of the Cu/Pt(111) NSA, in comparison to deeper layers. On the
basis of their XPS results, they estimated that the coverage of Cu
in the second layer was 40%, when 1 ML Cu had been deposited
initially.

The CVs taken in N,-saturated 0.1 M HCIO,, shown in
Figure 3 provide further evidence for the formation of a Pt-skin
on the NSA. In the case of the Cu overlayer, there is a sharp
anodic peak at ~0.75 V, where Cu dissolves irreversibly into the
solution as Cu”".>* In the case of the Cu/Pt(111) SA, the Cu
dissolution peak is shifted to more anodic potentials, and
centered around ~0.85 V. The higher potential required to strip
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Figure 2. Cu:Pt intensity ratio, from XPS, for the different NSA
structures. The analysis was based on the Pt,sand Cu,, photoelectrons
emitted at four different angles between 20° and 35° to the sample
normal. The Cu:Pt intensity ratio is corrected for the excitation cross
section, the mean free path, and the analyzer transmission (full details
can be found in the Supporting Information). The error bars show the
standard deviations from the data taken at different angles. The dashed
line shows the modeled ratio, assuming that the amount of Cu initially
deposited (as determined coulometrically), is equal to the subsurface Cu
coverage, and that all the Cu is confined to the second layer. The open
circle represents the Cu/Pt NSA sample with 0.45 ML Cu initially
deposited, after exposure to ~90 min cycling between 0 and 1V at 60 °C
in O,-saturated 0.1 M HClO,, (the corresponding depth profile is
shown in Figure 1a).
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Figure 3. Cyclic voltammograms of the structures shown in Figure 1, in
N,-saturated 0.1 M HCIO,, at room temperature, in the absence of
Cu" in solution, dU/dt = S0 mV s, anodic portion only; in each case
1 ML was deposited initially.

the Cu from the SA suggests that the Cu is stabilized, relative to
the overlayer.*>> The Cu electro-oxidation features are absent
from subsequent cycles; presumably this is because the Cu*" has
diffused into the solution. On the contrary, the NSA does not
show any features which would suggest that Cu is stripped from
the surface. Instead, there is a reversible oxidation feature,
unchanged with cycling. This is likely to be due to OH*
electrosorption, that is, the reverse of reaction 3.

Cyclic voltammetry in N,-saturated solution was also used to
probe the strength of the interaction of the Cu/Pt(111) NSA
with H* and OH¥, in situ. Typical CVs of the NSAs with 0—1 ML
Cu initially deposited are shown in Figure 4a (a complete set of
CVs is shown in the Supporting Information). The shifts in the

H* and OH* adsorption peaks show that the presence of Cu in
the subsurface destabilizes these adsorbates. Similar features were
observed on Pt;Ni(111) and Pt overlayers on Ru(0001).>**’
However, the novel feature of the Cu/Pt NSA (and presumably
all NSA structures) is the ability to continuously adjust the
interaction with H* and OH* through the subsurface solute
concentration.

The ORR activity was measured for the different NSA
surfaces, using CV, as shown in Figure 4b. The activity of Pt(111)
reported here compares well with the literature.>* For each of the
catalysts, the current initially shows an exponential increase as the
potential is lowered, due to decreasing activation barriers.
At higher current densities, the flux of O, consumed by the
ORR is greater than that which can be sustained by diffusion to
the surface. This causes a depletion of O, at the electrode, until
the current saturates at its diffusion limited value, ~ 6 mA cm 2.
The decrease in current below ~0.4 V reflects a change in the
reaction pathway, from the complete 4 electron reduction of O,
to H,O, to the 2 electron pathway to H,O, (evidence for this is
provided in the Supporting Information). In the region of mixed
kinetic-diffusion control, between 0.8 < U < 1.0 V (RHE), there is
a pronounced positive shift of up to ~45 mV for the NSAs in
comparison with Pt(111), revealing the significantly higher ORR
activity of the NSAs.

The ORR activity of the Cu/Pt(111) NSA is stable during the
course of the experiment. This observation is consistent with the
XPS data shown in Figure 2. The NSA with 0.45 ML Cu initially
deposited was analyzed using XPS before and after 90 min of the
ORR activity measurement. Within the limits of experimental
accuracy, the Cu/Pt ratio remained unchanged.

Over extended time periods, we anticipate that the Cu in the
NSA would dissolve into the solution. According to our DFT
calculations, the dissolution of the Cu would be thermodynami-
cally favored at potentials above ~0.47 V (as described in more
detail in the Supporting Information). We note, in passing, that
even the dissolution of bulk Pt is thermodynamically favored
above ~1 V.*® The stability of the Cu in the NSA would be
dependent upon the integrity of the Pt overlayer. Once the Cu
reaches the surface, it will dissolve easily at high potentials, as
shown in the voltammogram of the surface alloy in Figure 3. The
kinetics and time scale required for Cu dissolution are challen-
ging to predict. We anticipate that dissolution could either be
initiated by OH* or O* induced segregation of Cu to the
surface,””*® or otherwise due to the dissolution of Pt at steps
and other defects.>® Notably, the data shown in Figure 4 of the
Supporting Information show that upon cycling the Cu/Pt(111)
NSA to 1.25 'V, irreversible changes occur to its voltammogram,
suggesting that Cu dissolution may be taking place under these
conditions.

H DISCUSSION

The overall relationship between the amount of Cu deposited
and ORR activity can be deduced from Figure Sa. It is clear that
the ORR activity is highly sensitive to the presence of subsurface
Cu. Our results confirm that it is possible to optimize the activity
of a Pt(111) surface by varying the concentration of Cu in the
subsurface region. The curve forms a “volcano”, with a broad
maximum at ~0.5 ML Cu, representing an 8-fold increase in
activity over Pt(111) at 0.9 V. This enhancement is close to the
highest recorded to date, that of Pt;Ni(111).2*
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Figure 4. Electrochemical characterization of Cu/Pt(111) NSAs, in comparison with Pt(111), using cyclic voltammetry in 0.1 M HCIO,, at
dU/dt = 50 mV s~ ' (a) in Nj-saturated electrolyte; (b) RRDE-voltammograms (anodic scans only) in O,-saturated electrolyte, taken at
1600 rpm, 60 °C. O, denotes the amount of Cu initially deposited, in monolayers (determined coulometrically, as described in the Supporting

Information).

To understand our data in a broader context, it is perhaps
more meaningful to relate the activity enhancement to a more
universal descriptor, such as the OH binding energy, AEqy.
Changes to AEqyy, relative to Pt, that is, AAEqy = AEoy —
AEoy"", can be monitored in situ, through the base voltammo-
grams in N2, shown in Figure 3a. The shift in potential required
to reach '/¢ML coverage of OH*, AU, /6m1, ony corresponds to
the median value of AAEoy. On a complete ely homogeneous
Cu/Pt(111) NSA, AU, /6 ar. on = AAE o

On Figure Sb, AU, gm1 o is plotted (in black) as a function
of the initial amount of Cu electrodeposited onto the crystal.
Evidently, AU, /spm1 on increases with the Cu content. This trend
is reflected in the theoretical plot of AAEqy versus the Cu
coverage in the second layer, also shown (in blue) in Figure Sb.
Up to ~0.5 ML Cu, the agreement between experiment and
theory is good. However, at higher coverages, the large shift in
AAEqy that is predicted by DFT is not replicated through
AU, jen on- This is analogous to the trend conveyed by the XPS
data shown in Figure 2 and described earlier. Together, these
data suggest that it is not possible to obtain a high Cu coverage in
the subsurface layer.

It is difficult to ascertain conclusively whether the destabiliza-
tion of OH* in the NSA arises solely from ligand effects or strain
effects. The DFT calculations implicitly assume that the structure
is unstrained. The data shown in Figure Sb suggest that the
calculations model the experiments well. On that basis, the
observed modifications to the binding of the Pt surface could
be entirely due to the ligand effect. Even so, there is experimental
evidence to suggest that subsurface Cu could introduce some
compressive strain to a Pt(111) surface.*®

Combining the data from Figure Sa and Figure Sb allows us to plot
the activity enhancement of the NSA as a function of AU} jgnir oy, @8

shown in Figure Sc. The dashed blue line represents the earlier
theoretical prediction, based on a simple Sabatier analysis.>®
There is a clear maximum in activity for the surface that binds
OH* ~ 0.1 eV weaker than Pt(111), in agreement with earlier
theoretical predictions.’

We note, from Figure S, that the peak activity enhancement
from our experiments is around a factor of ~5 lower than that at
the peak of the theoretical volcano. This discrepancy could be
attributed to kinetic parameters which were not taken into
account by the Sabatier analysis.® Moreover, it seems likely that
the subsurface Cu concentration across the crystal is not
uniform. Consequently, AU, /sy o may not correspond ex-
actly to the AAEqy of the active sites. The most active sites,
with the value of AAEqy being closest to the optimum, will
dominate the ORR. Nevertheless, a clear trend persists between
theory and experiment, as evidenced by the volcano shown in
Figure Sc.

The current study complements Strasser and co-workers’
investigations of the effect of bulk lattice strain on ORR activity,
using dealloyed PtCu,.””" In comparison to dealloyed PtCu,,
the Cu/Pt(111) NSAs exhibited slightly higher activity enhance-
ments over pure Pt and also a clear maximum in activity as a
function of Cu concentration. It seems that the peak of the
volcano can be reached more easily when the solute metal is
present in the subsurface. This supports the notion that an
important goal in ORR catalysis is the preparation of stable Pt
alloy nanopartlcles Wlth a high subsurface concentration of the
solute component.*® Moreover, from the data shown in Figure 3,
it appears that subsurface Cu is more stable in the NSA than in
dealloyed PtCu,.*”*' One could speculate that our annealing
procedure stabilized the solute in the subsurface reglon, analo-
gous to the observations made for bulk Pt alloys.*°
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Figure 5. (a) Activity enhancement, relative to Pt(111) at U= 0.9 V as a function of the amount of Cu initially deposited, that is j. xsa/jipe(111), where ji,
Nsa is the kinetic current density of the Cu/Pt(111) NSA and jkpe(i11) is the kinetic current density of Pt(111). (b) Experimental and theoretical
weakening of OH binding, as a function of Cu content; the linear trendlines were produced using a least-squares fit. (c) Activity enhancement, relative to
Pt(111) and kinetic current density, j at U = 0.9 V versus RHE as a function of AU} /smpon and AAEgy. The circular data points represent
experimental data, produced by combining data from a and b. The data points shown are the mean values, taken from 30 independent measurements,
distributed across the entire composition range. The error bars show the standard deviation. The dashed blue line represents earlier theoretical
predictions, based upon a simple model using a Sabatier analysis.” The volcano here is plotted as a function of AAEqy instead of the oxygen adsorption
energy, AAEy; the two binding energies, relative to Pt (111), are related by the function AAEqy; ~ 0.SAAEQ."

Bl CONCLUSION

We have demonstrated that the presence of subsurface 3d
metals can weaken the binding of a Pt surface to OH*. This
corroborates previous theoretical studies of NSAs.***® We make
use of this phenomenon to engineer an ~8-fold enhancement in
ORR activity over Pt(111).

We have also shown that it is possible to (a) monitor in situ the
binding energy of a simple adsorbate, in this case OH*, on a single
crystal surface, (b) tune this binding energy continuously, and
(c) use this binding energy as an experimental descriptor for the
activity of the surface for a catalytic reaction. We confirm the
theoretical prediction that only a slight weakening of the
descriptor, AEqy, by ~0.1 eV, relative to Pt(111), will lead to
optimal activity for the oxygen reduction reaction. To the best of
our knowledge, this is the first time that the Sabatier principle has
been demonstrated in situ for a continuous catalytic reaction on a
well-defined single crystal surface. There is good reason to
believe that this principle will continue to be used for the design

of yet more active (and ideally abundant) catalysts to meet our
future energy requirements.
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