Surface Chemistry

Angewandte

DOI: 10.1002/ange.201107668

Unique Electrochemical Adsorption Properties of Pt-Skin Surfaces**

Dennis E van der Vliet, Chao Wang, Dongguo Li, Arvydas P. Paulikas, Jeffrey Greeley,
Rees B. Rankin, Dusan Strmcnik, Dusan Tripkovic, Nenad M. Markovic, and

Vojislav R. Stamenkovic*

PtM alloys (M=Co, Ni, Fe, etc.) have been extensively
studied for their use in fuel cells, both in well-defined
extended surfaces,'l as well as in nanoparticles.”! After the
report about exceptional activity of Pt;Ni(111)-skin surfacel'*!
for the oxygen reduction reaction (ORR) a lot of efforts have
been made to mimic this catalytic behavior at the nanoscale.
It has been shown that a Pt;Ni(111) crystal annealed in ultra-
high vacuum (UHV) shows an oscillating segregation profile,
with the outermost layer consisting of pure platinum while the
second layer is enriched in nickel compared to the bulk
composition."% Such a surface we termed Pt skin, and owing
to the presence of the non-noble metal in the subsurface layer
it has altered electronic properties compared to the mono-
metallic Pt single crystal with the same orientation. Accord-
ingly, altered electronic properties induce a change in
adsorption behavior, specifically a shift of surface-oxide
formation to higher potentials.'* This adsorption behavior
is believed to be the origin of the high activity for the ORR.
On the opposite side of the potential scale, the adsorption of
hydrogenated species, denoted as underpotentially adsorbed
hydrogen (H,,q), is also largely affected on Pt-skin surfaces.™
Despite numerous efforts dedicated to synthesize nanocata-
lysts with Pt-skin-type surfaces,* it still remains a challenge
to claim their existence at the nanoscale. To systematically
resolve this issue, we attempt to provide fundamental insight
into the adsorption properties of well-defined Pt-skin surfaces
under relevant electrochemical conditions and to transfer that
knowledge to corresponding nanocatalysts.

For that reason, we first examine the formation and
composition of Pt-skin surfaces by low-energy ion scattering
(LEIS) and scanning tunneling microscopy (STM) in UHYV,
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and second we study the composition of the surfaces in an
electrochemical environment to establish their adsorption
properties. We demonstrate by cyclic voltammetry that the
surface coverage of H,,q on Pt skin is about half of that found
on Pt(111), whereas the surface coverage of a saturated
monolayer of carbon monoxide is similar for both surfaces.
This is an important finding, which provides a link towards
accurate determination of the electrochemically active sur-
face area of nanoscale catalysts. The developed methodology
provides additional evidence for the existence of Pt-skin
surfaces on Pt-bimetallic nanocatalysts and can substantially
diminish errors in the evaluation of the real surface area and
catalytic activity.

A thorough examination of the Pt-skin surfaces was
performed in view of their importance in electrocatalysis as
well as in response to recent questions and doubts in the
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Figure 1. Surface characterization of Pt;M(111) surfaces in UHV: STM
images of A) sputtered and B) annealed Pt;Ni(111) surfaces. The
brightness in colors is a measure of the depth profile, with each color
change marking a single atomic step. Low-energy ion scattering
spectra of C) sputtered (blue traces) versus annealed (red traces)
surfaces of Pt;Ni(111) and Pt;Co(111) crystals. D) Successive LEIS
spectra of Pt;Ni(111) surface during Ne-sputtering. The graphs in (C)
and (D) are shifted, and the scale bars indicate the intensities in
arbitrary units. E/Ej is the ratio of the energy of the scattered ion
beam (E) and the energy of the incident ion beam (E).
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literaturel® on if the state of the Pt-skin surface formed over
the Pt;M systems in UHV and in an electrochemical environ-
ment consists of pure Pt. Figure 1 C shows the LEIS results
obtained by a 1keV Ne' ion beam for the Pt;Ni(111) and
Pt;Co(111) crystals before and after thermal annealing in
UHYV. Based on these LEIS spectra it is obvious that after
consecutive annealing/sputtering cycles, both Pt and Ni (or
Co) are present on the surface, while the STM image in
Figure 1 A illustrates the roughness of the sputtered surface.
However, the LEIS signal for Ni and/or Co is diminished if
annealing is the final step, which is indicative for the
formation of a Ptskin. The morphology of this surface is
revealed by STM (Figure 1B), which displays the smooth and
ordered formation that is typical for single-crystalline sys-
tems. To investigate the stability of these surfaces in UHYV,
more energy was applied through the monochromatic Ne* ion
beam, causing a sputtering effect to take place on the topmost
Pt surface layer. Consequently, the subsurface nickel and/or
cobalt atoms become exposed in consecutive LEIS spectra
(shown for Pt;Ni(111) in Figure 1 D; the result for Pt;Co(111)
was identical), indicating a change in surface composition
from Pt-skin (100% Pt) into Pt-rich. These combined LEIS
and STM results unambiguously confirm that both crystals
exhibit substantial transition of surface composition/morphol-
ogy upon annealing in UHV owing to complete segregation of
Pt to the surface, thereby forming a full Pt skin.

Cyclic voltammetry is used to examine electrochemical
adsorption properties of Pt-skin surfaces.”] As shown in
Figure 2 A, the onset of H,,4 adsorption on Pt;Ni(111) skin is
shifted towards lower potentials when compared to Pt(111).
The onset is approximately 150 mV lower and shows a rever-
sible pre-wave ahead of the main H,,q adsorption owing to
surface steps, which are inevitably present on Pt;Ni(111).
Moreover, the formation of surface oxides OH,, at potentials
greater than 0.6 V is delayed by 100 mV versus Pt(111).1%
Furthermore, from the integrated H,,,4 regions it was revealed
that charges are considerably different (see Table 1), i.e., in
the same potential range, Pt-skin surfaces have about half of
the value obtained for Pt(111).

It is important to emphasize that Pt(111) and Pt;M(111)-
skin surfaces have essentially identical geometric surface
areas, surface compositions, and surface structures, albeit the
interatomic distances may be altered by the composition of
the second layer. However, the electrochemical adsorption
properties between them are quite different. This is a con-
sequence of the electronically modified structure of Pt for Pt-
skin surfaces by Ni or Co subsurface atoms, which leads to

Table 1: Integrated charges for Pt(111), Pt;Ni(111), Pt;Co (111), and
polycrystalline-Pt (Pt(poly)) extended surfaces obtained from cyclic
voltammetry curves for H .4 (Qn), CO stripping (Qco), and the ratio
between measured charges. Analysis of the charges can be found in the
Supporting Information.

Catalyst (o Qco Qco/2Qu
[nCem™] [uCem™]

Pt(111) 152 315 1.04

PLNi(111) 98 304 1.55

Pt,Co(111) 91 283 1.55

Pt(poly) 190 386 1.02
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Figure 2. Electrochemical characterization of Pt(111) (black traces)
and Pt;Ni(111)-skin surfaces (red traces) by using a rotating disc
electrode (RDE) in 0.1 M HCIO,: A) cyclic voltammograms; B) electro-
oxidation of an adsorbed monolayer of CO on Pt(111) and on
Pt;Ni(111) skin. RHE =reversible hydrogen electrode.

weakened interactions between Pt and adsorbates such as
H,, and OH,. The H,, integrated charge is used as
conventional approach in the estimation of the electrochem-
ical surface area; however, the discrepancy that is coming
from altered electronic properties of Pt can substantially
affect the accurate estimation of the real surface area of Pt-
alloy catalysts.

Another surface-sensitive reaction that is commonly used
to probe surface properties is the electro-oxidation of
adsorbed carbon monoxide, well-known as CO stripping. In
this reaction, the surface is first saturated with a CO adlayer
at the negative potential limit. Owing to a strong Pt—-CO,q4
interaction, CO molecules stay adsorbed on Pt surface atoms,
while the electrolyte is purged with argon gas. The consec-
utive step is electro-oxidation of CO by sweeping the
potential towards the positive limit. The obtained CO
stripping voltammetric profiles of surfaces prepared in
UHYV are shown in Figure 2 B. The onset of CO stripping on
Pt;Ni(111) skin is 150 mV lower than that on Pt(111), while
the shape of the stripping peak is much broader, and the main
oxidation peak is also shifted by about 100 mV. The oxidation
of adsorbed CO,4 proceeds at lower potentials on Pt-skin
surfaces owing to a weaker interaction of the Pt surface atoms
with CO, caused by the modified electronic properties, but the
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similar charge of CO oxidation points to an equal coverage of
CO."! This hypothesis is supported by our density functional
theory calculations, which indicate that CO binding to
a Pt;Ni(111)-skin surface, with a 1:1 Pt/Ni ratio in the
subsurface layer, is approximately 0.27 eV weaker than the
corresponding binding on Pt(111).'% For that reason, the
reduced binding of surface oxides (OH,,) on Pt;Ni (111) skin
does not cause an increase in onset potential for CO
electrooxidation. In fact, since CO,, and OH, 4 are competing
for the same Pt adsorption sites, the reduced binding energy
between Pt;Ni (111) skin and CO,, leads to a lower onset
potential as the blocking effect of CO,, is diminished (see the
Supporting Information for additional computational details).
It is important to mention that it was demonstrated that CO,q
can modify the surface composition and/or morphology;®
such an effect would imply a stronger Pt—CO interaction,
whereas we clearly note a weakened adsorption, convincingly
disproving such an interaction in the Pt-skin case. This was
additionally confirmed by unchanged cyclic voltammetry
after CO electrooxidation.

Based on the results depicted in Figure 2B and Table 1 the
onset, shape, and main oxidation peak of the CO stripping
curves differ between Pt;M(111)-skin surfaces and Pt(111),
while the integrated charges are nearly equal. The similar CO
stripping charges add to the LEIS evidence that the outer
layer of the Pt;M(111) skin consists of only Pt atoms. More-
over, the ratio between the charges of CO stripping versus
H,,q was calculated to visualize the difference in adsorption
properties for all surfaces (see Table 1). Both H,,y and CO
stripping are surface-specific probes for Pt atoms, so in case of
pure Pt systems, such as Pt(111) and polycrystalline Pt, this
charge ratio is identical and close to one. However, the ratio
obtained for Pt;Ni(111)- and Pt;Co(111)-skin surfaces is 1.55,
which confirms that the surface coverage of CO,4 is not
affected by altered electronic properties of Pt-skin surfaces.
As a consequence of these results, it is obvious that the
integrated H,,q region cannot be solely used in estimation of
the electrochemical surface area in case of Pt-skin surfaces.
For that reason, special care must be taken when analyzing
annealed PtM alloys in the form of high-surface-area nano-
scale catalysts.

As a case in point, in Table 2 the charges for H,,q and CO
oxidation are compared for three different catalysts of equally
sized nanoparticles (NPs): monometallic Pt/C, PtNi/C, and
annealed PtNi/C NPs with a Pt skin. Detailed information on
the particles’ size distribution and composition is presented in
the Supporting Information. Transmission electron microsco-
py (TEM) results show that the particles’ size of about 5 nm
and shape are not affected by thermal annealing, while
energy-dispersive X-ray (EDX) line scan analyses revealed
the elemental distribution across the particles. In Figure S1 in
the Supporting Information, a uniform distribution of Pt and
Ni is confirmed for as-prepared particles. On the other hand,
after the acid leaching and annealing treatments, a Pt-over-
layer has emerged on PtNi nanoparticles. Representative
voltammetric curves for skin-type PtNi NPs compared to Pt/C
can be seen in Figure 3. The CO stripping curves in Figure 3B
closely match the results obtained on single crystals (Fig-
ure 2B). For the non-annealed NPs, the ratio between the

Angew. Chem. 2012, 124, 3193 -3196

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

Angewandte

Table 2: Integrated charges and calculated surface areas (ECSAs) for
H.ps (@) and CO stripping (Qco) obtained from cyclic voltammetries of
Pt/C, acid-treated PtNi/C, and annealed PtNi/C catalysts. The ratio
between the integrated charges for H,,s and CO stripping demonstrates
the discrepancy in ECSAs and the underestimation of the real surface
area if H,,q is used in case of Pt-skin surfaces.

Catalyst On ECSA, Qco ECSAc Qco/2 Q1
[uC] [em?] [1q] [em]

Pt/C 279 1.47 545 1.41 0.98

PtNi/C 292 1.54 615 1.60 1.05

PtNi skin/C 210 1.10 595 1.54 1.42

charges for H,,y and CO stripping is similar to Pt/C (and
Pt(poly)), and thus the surface-area estimation based on the
H,,q charge is reasonable. However, the adsorption properties
of annealed PtNi particles with a Pt-skin-type surface
resemble those previously established on well-defined skin-
type bulk crystals of Pt;Ni(111) and Pt;Co(111), as judged by
the suppression of H,,4 adsorption (measured as charge).
This suppression of H,,q adsorption confirms that the
current focus in nanoparticle research on skin-type or core—
shell structures® can potentially suffer from substantial
underestimation of the electrochemically active surface area
if only the integrated H,,q region is used. To be certain that
the electrochemical surface area is not overlooked for skin-
type alloy catalysts, the estimated H,,q charge always has to be
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Figure 3. Electrochemical surface characterization of catalysts consist-
ing of Pt/C (black dashed traces) and PtNi/C with Pt skin (red traces)
by using a RDE in 0.1m HCIO,: A) cyclic voltammograms; B) CO
stripping curves.
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compared to the CO stripping charge. Furthermore, the
observed discrepancy between surface-area estimations based
on H,,y and CO stripping can give an indication of the
formation of a skin-type nanocatalyst alloy, because acid
leached skeleton-type surfaces and nanoparticles do not show
such behavior.

In summary, we have demonstrated that by alloying
platinum with a non-noble second metal and inducing a Pt-
skin-type structure, the adsorption properties of the resulting
PtM alloys are significantly altered. Specifically, the adsorp-
tion of hydrogen and oxide species is shifted in potential and
reduced in magnitude compared to monometallic Pt in the
same potential region. Added to LEIS evidence, the fact that
the charge of the oxidation of a complete monolayer of CO is
similar on annealed Pt;M surfaces as on monometallic Pt
confirms the surface consists of only platinum. The suppres-
sion of H,,q adsorptionon these surfaces is both a method to
confirm Pt-skin formation, but also prompts a difficulty in
determining the electrochemically active surface area on Pt-
skin-type nanoparticles. To avoid underestimation of the
surface area owing to suppression of H,,, adsorption, and
hence overrating of specific activity, we demonstrate that CO
stripping has to be used alongside the H,,4 charge for the
determination of the electrochemically active surface area of
Pt-alloy catalysts.

Experimental Section

Methods: After annealing cycles in UHYV, the Pt;Ni(111) crystal was
transferred to the electrochemical cell in hanging meniscus mode in
which only the (111) surface is exposed to the electrolyte. The crystal
was protected from the airborne impurities by a drop of hydrogen-
saturated Milli-Q water during transfer to the electrolyte, which was
deoxygenated 0.1m HCIO,. All gases are of research grade (SN5 or
higher).

After voltammetry confirmed a clean and stable surface, CO was
inserted into the cell for one minute, while the crystal was rotated at
1600 rpm. Consecutively, rotation was stopped and argon was
bubbled through the cell for 45 min to remove any trace of dissolved
CO. After CO was purged from the solution, two cycles were
recorded: the first one being the CO stripping voltammetry, the
second to verify the absence of residual CO in solution. All
electrochemical measurements were performed with a scan rate of
50 mVs~in 0.1m HCIO, at room temperature.

The electrochemical glass cell was a standard 3-electrode cell, as
used in previous experiments,'*"! with a Pt counter and a calomel
reference electrode. All potentials in this article are given versus the
reversible hydrogen electrode (RHE).

Nanoparticle RDE electrodes were prepared by the solvothermal
method described previously.” Ni(acetate),4H,0 and [Pt(acac),]
(acac=acetylacetonate) were the precursors for the PtNi nano-
particles and added in a proper ratio, to ensure a 1:1 PtNi alloy is
formed. PtNi acid-treated and PtNi acid-treated/annealed nano-
particles with the average particle size of 5 nm were supported on
high-surface-area carbon and their electrochemical properties were
compared to Tanaka Pt/C with similar particle size (total metal
content for all catalysts was 40 % ). The catalysts were deposited on
6 mm glassy carbon electrode and the loading in all cases was adjusted
to be 12 pgp/cmyg..
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