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Lone Bech, Francisco J. Perez-Alonso, Jan Rossmeisl, Ifan E. L. Stephens, and Ib Chorkendorff*

Electrochemical devices hold promise as a sustainable route
for energy conversion to meet the requirements of future
generations. Their development is contingent upon improve-
ments to the functionality of their electrodes.!! The catalytic
performance of these materials is controlled by the atomic
and electronic structure of their active sites.'>? Therefore, the
design of the appropriate active site is crucial to obtain high
catalytic activity, especially where multi-functionality is
needed. However, the control of a given surface on an
atom-by-atom basis is particularly challenging.

The electrochemical oxidation of CO is the prototypical
bifunctional reaction.”! The active site needs to be reactive
towards both oxygen and carbon atoms. Because Pt is reactive
towards carbon atoms and Cu is reactive towards oxygen

structure in an electrochemical environment. We employ
electrochemical measurements, angle-resolved X-ray photo-
electron spectroscopy (AR-XPS), and density functional
theory (DFT) calculations. This has allowed us to make
a detailed comparison between experimental results and
theoretical simulations on identical systems.

The Cu/Pt(111) OL, SA, and NSA were prepared
according to the general method shown in Figure 1. The
resulting AR-XPS depth profiles in Figure 1 confirm that the

desired structures were formed.[
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Fundamental studies have shown that overlayers (OLs), Overlayer NSA SA

near-surface alloys (NSAs), and surface alloys (SAs) of Cu/Pt
show markedly different characteristics from pure Cu or Pt
surfaces.”) Herein, we present a study of how to control the
reactivity of the Cu/Pt(111) system by modifying the atomic
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Figure 1. General scheme used to prepare Cu/Pt(111) OL, NSA, and
SA. The corresponding depth profiles, obtained using AR-XPS, are
shown at the top.

There are considerable differences between the voltam-
mograms of the surfaces in 0.1m HCIO,, as shown in Figure 2.
On Pt(111), from 0.05 V to 0.4 V there is a reversible peak
arising from the adsorption/desorption of *H (herein *
denotes a free site and *X an adsorbed species, X); from
0.6V to 0.9V there is a reversible peak arising from the
adsorption of *OH.) On the NSA, the *H peak is shifted
negatively and the *OH peak is shifted positively, suggesting
that both *H and *OH are destabilized, consistent with our
DFT calculations, described in the Supporting Information.
On the other hand, the Cu/Pt(111) overlayer exhibits
a featureless voltammogram between 0.05 V and 0.38 V (the
potential was limited to this range because above 0.38 V there
was a small oxidation current, prior to the main peak at 0.7 V,
as shown in the inset in Figure S5a of the Supporting
Information; this could be attributed to Cu dissolution).
According to our *CO-displacement measurements (see
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Figure 2. Cyclic voltammograms in 0.1 m HCIO, of: Pt(111), Cu OL on
Pt(111), Cu/Pt(111) NSA, and Cu/Pt(111) SA. dU/dt =50 mVs~.

Supporting Information), the surface is covered with anionic
species in this potential range, which our DFT calculations
suggest should be *OH. Within the short time required for
a voltammogram, no further anion adsorption takes place,
explaining the absence of any peaks. On the other hand, the
Cu/Pt(111) SA voltammogram has a reversible peak centered
at 0.3 V. The DFT calculations would suggest that this is due
to the adsorption of *OH on the Cu sites: *OH binds the SA
0.6 eV stronger than Pt(111), in good agreement with the
approximate shift of 0.5 V between the peak on the SA and
that of *OH adsorption on Pt(111).

Our results confirm that the trends observed previously
for the gas-phase adsorption of *COP*"! also persist for the
electrochemical adsorption of *H and *OH (consistent with
similar investigations by others,””! there is a linear correlation
between the binding energies of *CO and *H, as shown in
Figure S4). Placing Cu in the first atomic layer, as in the SA,
results in stronger interactions with *H and *OH, whereas
placing Cu in the second layer, as in the NSA, weakens the
interaction with the same adsorbates. Having established the
relationship between the position of Cu and the reactivity of
the surface, we will now use this relationship to control the
activity for an electrocatalytic reaction: CO adlayer oxida-
tion.

The *CO electro-oxidation voltammogram for Pt(111),
Cu/Pt(111) SA, and NSA is shown in Figure 3. The observed
area of the CO electro-oxidation peaks can be used to
estimate the CO coverage of each surface. For Pt(111), the
charge of 328 uCcm™ corresponds to a coverage of 0.68
monolayers (ML), consistent with 0.7 ML obtained by DFT
calculations (Supporting Information) and with previous
results.’! In contrast, the charge of 164 uCcm™ on the NSA
corresponds to a coverage of 0.34 ML, which is in good
agreement with the sharp change in CO differential free
energy of adsorption at a coverage of 0.33 ML predicted by
DFT (Figure S1b). Because both consist of pure Pt atoms in
the outer layer, the difference in *CO coverage can only be
attributed to the modified electronic properties of the Pt
surface atoms. It is interesting to compare the Cu/Pt(111)
NSA with Pt;Ni(111) and Pt;Co(111), both of which also have
first layers of pure Pt atoms.!”! On these bulk alloys, the
coverage of *CO approximates that of Pt(111). This is clearly
not the case for the NSA, suggesting that the CO electro-
oxidation charge may not always provide a one-to-one

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

200 Pt(111)

150 N

100+

jluAcm? —

50+

02 04 06 08 1.0
Uvs.RHE /V —>

Figure 3. *CO stripping voltammograms for Pt(111), Cu/Pt(111) SA,
and Cu/Pt(111) NSA, in HCIO,, dU/dt=20 mVs™". The CO was
adsorbed at 0.05 V, whereas the voltammogram was carried out in

a CO-free solution.

correlation with the surface area of nanocatalysts with a Pt
overlayer.

For the SA, there is also an abrupt change in the
calculated CO differential free energy of adsorption when
the coverage reaches 1/3 ML, suggesting that this is the
equilibrium coverage (Figure Sla). This is consistent with
a CO molecule covering each platinum surface atom. How-
ever, the rigorous experimental determination of the *CO
coverage is challenging; the charge owing to CO electro-
oxidation is convoluted with the charge arising from *OH
adsorption and Cu dissolution (which starts above 0.7 V).

We compare the catalytic activity of the different surfaces
towards CO electro-oxidation by taking into account the
position of the main peak, corresponding to terrace-bound
*CO.®! The potential required to oxidize CO increases in the
following order: SA < NSA < Pt(111).

To understand this reaction, we consider the following
mechanism [Eq. (1)-(3)]:

CO(g) +* — *CO 1)
H,0(l) +* — *OH + H'(aq) + ¢ )
*OH + *CO — CO, + H'(aq) +e +2* (3)

Applying a Sabatier analysis,'”! the optimal catalyst for the
electrochemcial oxidation of CO must have an intermediate
binding energy towards both *CO and *OH."!

Figure 4 shows the 3D volcano plot for CO electro-
oxidation as a function of the free energies of adsorption of
*CO and *OH. In agreement with our experiments, the
overpotential required to oxidize CO increases in the follow-
ing order: SA <NSA <Pt(111). The SA exhibits a lower
overpotential for CO oxidation by virtue of its bifunctional
nature: *OH binds to Cu sites and *CO binds to Pt.

Strikingly, the volcano plot suggests that the Cu/Pt(111)
OL should exhibit optimal activity for *CO electro-oxidation.
However, this theoretical prediction could not be realized,
since the Cu overlayer is destabilized by the presence of
CO.M! This caused the oxidation of *CO to be accompanied
by the dissolution of the Cu (see Supporting Information).
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Figure 4. Volcano plot for CO electro-oxidation as a function of the
differential free energies of adsorption of CO and OH on different
surfaces: Pt(111), Cu(111), Cu/Pt(111) NSA, Cu/Pt(111) SA, and
Cu/Pt(111) OL. AG.o is the differential free energy of adsorption of
CO when the surfaces are pre-adsorbed with CO, near the correspond-
ing saturation coverage. AG.qy is the differential free energy of
adsorption of OH co-adsorbed with *CO. The coverage of CO is
depicted for each surface. The potential determining step for each
region is also defined. The dashed horizontal line denotes the
chemical potential of CO in the gas phase, above which CO does not
bind to the surface (yellow region).

This illustrates that optimal binding to the intermediates is
a necessary but insufficient criterion for an effective catalyst:
it must also be stable.['?

In the NSA, subsurface Cu is kinetically stable below
1.15 V. However, both the SA and the OL are unstable at
potentials more positive than 0.7 V, as shown in Figure S5;
this observation is consistent with the DFT-calculated dis-
solution potentials, which are roughly equal for the SA and
the OL, as documented in Table S1. Thus the position of the
solute metal determines its stability. Less noble metals, which
are often alloyed with Pt, such as Ni, Co, Fe, La, or Y, have
much lower dissolution potentials than Cu.!"* On the basis of
our results, we would not expect these reactive metals to be
stable at high potentials in the first surface layer, in contrast to
some reports in the literature.™ The kinetic stability of the
solute metal is contingent upon a protective Pt overlayer.

In conclusion, our results demonstrate an unprecedented
degree of agreement between electrochemical experiments
and first-principle calculations. The location of Cu atoms in
Pt(111) controls its interaction with *H, *OH, and *CO.
Weakening the binding of CO, by forming a subsurface alloy,
can decrease the saturation coverage of CO; thus the CO
oxidation charge may not always be a reliable method for the
determination of the surface area of nanocatalysts with Pt
overlayers. In contrast, Cu atoms in the first layer strengthen
the Pt binding energy towards *H, *OH, and *CO. Using this
knowledge, we tailored the configuration of Cu atoms in
Pt(111) for the electro-oxidation of CO. A large number of
electrochemical processes for sustainable fuel production and
utilization are controlled by the binding to these adsorba-
tes.Po1%151 Qur general approach, outlined here, could enable
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further progress to be made to the catalysis of these all-
important reactions.
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