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ABSTRACT: The design of electrocatalysts for polymer
electrolyte membrane fuel cells must satsify two equally
important fundamental principles: optimization of electro-
catalytic activity and long-term stability in acid media (pH
<1) at high potential (0.8 V). We report here a solution-
based approach to the preparation of Pt-based alloy with
early transition metals and realistic parameters for the
stability and activity of Pt3M (M = Y, Zr, Ti, Ni, and Co)
nanocatalysts for oxygen reduction reaction (ORR). The
enhanced stability and activity of Pt-based alloy nano-
catalysts in ORR and the relationship between electronic
structure modification and stability were studied by
experiment and DFT calculations. Stability correlates
with the d-band fillings and the heat of alloy formation
of Pt3M alloys, which in turn depends on the degree of the
electronic perturbation due to alloying. This concept
provides realistic parameters for rational catalyst design in
Pt-based alloy systems.

As interest in a hydrogen economy grows, research on
hydrogen storage, hydrogen production, and fuel cells is

expanding.1 Polymer electrolyte membrane fuel cells (PEMFCs)
are promising alternative devices for reducing our reliance on
fossil fuels; however, several problems must be overcome to
make them more economically attractive.1 A pivotal issue is the
large overpotential associated with the slow reaction rate of the
oxygen reduction reaction (ORR) at the cathode.2 This points to
the need for better catalysts with decreased Pt content.
Considerable efforts have been devoted to understanding the
kinetics and mechanisms of the ORR in order to identify
inexpensive and catalytically active electrocatalysts, such as bi-
and multimetallic alloys.2−5 Recent studies have looked for a
correlation between electronic structure and the catalytic activity
of metallic alloys for the ORR.6 The adsorption energy of oxygen
is proportional to the oxygen−metal bond strength and the
position of the d-band center relative to the Fermi level. Another
great challenge is the stability of electrochemical reactions, such
as metal dissolution and surface oxide formation, which occur

intensively in acid media (pH <1) at high potentials (>0.8 V).4−7

Recently, the groups of Nørskov, Chorkendorff, and Yoo
reported stable cathode catalysts of Pt alloyed with early
transition metals, such as Hf, La, Sc, or Y.7b−e Markovic and
Adzic et al. respectively demonstrated stable cathode catalysts of
Pt alloyed with a 3d transition metal (especially, Pt-skin surface
alloys) and of Pt modified with a Au cluster; in this manner, they
emphasized the significance of stability considerations.6a,8

Despite significant technological interest in finding active and
stable catalysts for the ORR, direct experimental investigations
into the contributions of the activities involving stability have
rarely been performed on electrochemical reduction of oxygen.
We report realistic parameters elucidating stability and activity

of Pt3M (M = Y, Zr, Ti, Ni, and Co) alloy nanocatalysts prepared
by high-pressure sputtering (see Supporting Information for
experimental details). We focus on the electronic structure
modification of the Pt3M alloy nanocatalysts to identify the more
active and stable electrocatalytic cathode materials. The results
suggest that this concept has distinct merit, since significant
changes in catalytic behavior and stability of Pt are observed for
Pt-based alloy nanocatalysts made with early transition metals.
Our results are an important step toward resolving serious
problems and making PEMFCs economically viable.
To investigate and compare catalytic activities of ORRs with

Pt3M alloy nanocatalysts and pure Pt electrodes, we conducted
hydrodynamic measurements in an O2-saturated 0.1 M HClO4
solution. Figure 1 shows the ORR polarization curves obtained
for Pt3M alloy nanocatalysts formed as thin-film rotating disk
electrodes (RDEs). The catalysts activities, expressed as half-
wave potential E1/2, increased in the order Pt3Ti < Pt < Pt3Zr <
Pt3Co < Pt3Ni < Pt3Y. The Pt3Y electrocatalyst had an extremely
high activity, indicated by E1/2 = 0.94 V, while its specific activity
was 1.5 mA cm(real)

−2 at 0.9 V; note that these values are similar to
those of single-crystal Pt3Ni(111).

6a,d To determine the various
competing influences on this result, it is necessary to understand
the ORR mechanism; however, there are numerous unresolved
questions about the rate-determining step of the electrochemical
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reduction of oxygen.9 The ORR mechanism is associated with a
reaction wherein the oxygen adsorbed on the catalyst binds with
an electron and a proton; along with the reactant oxygen and the
final product water, several intermediates (O, OH, and OOH)
are also involved.
When Pt3Y alloys are used, changes in the electronic structure

of Pt during the alloying facilitate the transition of the adsorbed
OH to water by modifying the binding energy of the oxygen-
containing species (OCS). Other parameters, such as the d-band
center, can be helpful in discussing the Pt electronic structure.
We measured the Pt3M alloy d-band centers by synchrotron-
based high-resolution X-ray photoelectron spectroscopy (XPS),
as described previously.10 The d-band center measurements
enable us to directly correlate the catalytic activity variations
during ORR with the variations in Pt3M alloys. Pt d-band centers
vs kinetic current density exhibit a volcano curve (Figure 2a),
indicating that ORR activity is given by the OCS−Pt bond
interaction strength, which depends on the Pt d-band states
position relative to the Fermi level. However, if the position of
the d-band centers of Pt becomes extremely high, the ORR
currents decrease because they are blocked due to the OCS’s
stronger adsorptive bond strength. In the weak binding regime,
barriers are high and limit the overall kinetics. In the strong
binding regime, the kinetics are limited by the removal of
products from the catalysts. These two regimes were seen in the
so-called volcano plots where both weak and strong binding have
low activity, and the active catalysts, providing a balance between
these competing factors, are at the peak of the activity volcano.
Using atomic oxygen binding as a reactivity descriptor for the
ORR, a peak in activity is predicted at a binding strength slightly
weaker than that on the surface of bulk Pt.
To reveal the nature of the stability of Pt3M alloy catalysts used

in electrocatalytic oxygen reduction, we compared with Pt3M
electrodes in an electrochemical environment (see Figure 2b).
The Pt3M stability effect was determined with an accelerated
stability test, continuously applying linear potential sweeps from
0.6 to 1.1 V, causing cycles of surface oxidation/reduction of Pt.
The accelerated stability measurements on a RDE were
estimated by applying a potential sweep at 50 mV s−1 in an
O2-saturated 0.1 M HClO4 solution at 25 °C. Metal dissolution
and surface oxide formation occur in this potential region. Pt3Y
alloy nanocatalyst showed little decrease in activity after 3000
cycles (Figure 2b).

Recently the ORR electrocatalytic stability was established as a
function of either the thermodynamically calculated heat of alloy
formation or the calculated oxygen binding energy.11−16

Although those results provided valuable information, it was
not possible to establish real systematic experimental trends. To
date, electronic structure variations are employed to determine
trends in the ORR electrocatalytic stability across the periodic
table. At this point, it is important to emphasize that the
relationships summarized in Figure 3 are unique in establishing a
correlation between the theoretically determined intrinsic heat of
alloy formation, stability, and the d-band vacancy on the Pt3M. In

Figure 1. ORR polarization curves using Pt3M (M = Y, Zr, Ti, Ni, and
Co) alloy nanocatalysts and pure Pt nanocatalyst electrodes in 0.1 M
HClO4 solution; sweep rate, 10 mV s−1; rotation rate, 1600 rpm. Inset:
specific activity of Pt3M electrodes expressed as kinetic current density
(jk) for ORR at 0.9 V.

Figure 2. (a) Kinetic current density (jk) at 0.9 V for ORR on Pt3M (M=
Y, Zr, Ti, Ni, and Co) alloy nanocatalysts and pure Pt nanocatalyst
electrodes in 0.1 M HClO4 solution, as a function of the measured d-
band centers. The d-band centers were measured by high-resolution
XPS (see Figure S6). (b) Histogram showing activity change of the
polarization curves for ORR on Pt3M alloy nanocatalysts on the RDE,
before and after 3000 potential cycles (taken from Figure S5). Sweep
rate, 10 mV s−1; rotating rate, 1600 rpm.

Figure 3. Correlation between stability (activity change of polarization
curves before and after 3000 potential cycles) and (a) heat of alloy
formation (from ref 19) and (b) absorption edge peaks of XANES
spectra for Pt3M (M = Y, Zr, Ti, Ni, and Co) catalysts.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja307951y | J. Am. Chem. Soc. 2012, 134, 19508−1951119509



particular, the relationship between stability and d-band vacancy
on Pt3M alloy catalysts is linear, implying that stability is
susceptible to the d-band filling nature of the Pt3M alloys.12 To
evaluate this, we measured X-ray absorption near-edge spectros-
copy (XANES) on Pt3M alloys as well as the Pt LIII edges.
XANES analysis provides important information on the Pt d-
band vacancy from an analysis of the Pt LIII white lines.
Previously the fractional changes in the number of d-band
vacancies relative to the reference material were estimated from
differences between amplitudes for the Pt LIII absorption edges of
the sample (pure Pt and Pt3M alloys) and a Pt reference foil.13

This technique represents a new method for examining the role
of the alloying element in Pt alloys in the d-band vacancy of Pt. As
shown in Figure 3b, the number of Pt 5d holes in the case of all
the Pt3Y alloy samples is the smallest among the Pt3M alloy
catalysts. The small vacancy in the Pt d-band is understood in
terms of charge transfer from Y to Pt, lowering the d-band center
of Pt (see Figures 2a and 5). Strong electronic interactions
related to the heterometallic Pt3Y bond formation with large (Pt)
and small (Y) electronegativities might substantially influence
the d-band vacancy shifts. Since the bulk electronegativity of Y
(1.22) is considerably smaller than that of Pt (2.28), the
formation of a metal−metal bond between Y and Pt induces the
electron density to flow from Y to Pt. While the precise
contributions of this effect to the experimentally observed lattice
parameter shifts are still not fully understood, the two effects
must be considered when analyzing d-band vacancy shifts.
Generally, dissolution of base metals, such as Co, Ni, or Fe, is

believed to be responsibile for deactivation of Pt-based alloy
systems.14 Alloy system dissolution potentials affected by
complicated parameters including surface segregation, atom
size, water splitting efficiency, and hydroxyl ion adsorption
energy.16b In terms of deactivation for Pt−early transition metal
(ETM) alloy systems, Pt dissolution is more important than that
of ETM because ETM in the Pt−ETM system has a more
negative dissolution potential than Pt and is regarded a major
deactivation factor. Indeed, different mechanisms may be
required to elucidate deactivations of Pt−base metal and Pt−
ETM systems. However, this trend in electron density flow from
transition metals to Pt could provides realistic parameters for
deactivation phenomena in Pt-based alloy system; more electron
density flows from the second metal to Pt, giving greater stability
under electrochemical reaction conditions.
Why do Pt−ETM alloys have exceptional stability and activity?

We calculated the formation energy (E0), cohesive energy (Ecoh),
and d-band center relative to Pt [(ε − εF)PtY − (ε − εF)Pt] on
tree-type Pt3Y and Pt-slab, using DFT implemented in the
Vienna ab initio simulation package code.15 The exchange-
correlation energy was evaluated within the generalized gradient
approximation with the Perdew−Burke−Ernzerhof parametriza-
tion.16 The electron relaxation was described by potentials with
the projector augmented wave method.17 Spin polarization and
dipole correction were not considered in this study, except for
individual atom cases, because several selected runs showed that
they do not have a significant effect on calculation results.
Geometries were considered to be optimized when the force on
each atom was <0.02 eV Å−1.
Before calculating and discussing Pt−ETM stability and

activity, it is important to analyze the Pt−ETM surface structure
in the electrochemical environment, a subject that is addressed in
engineering catalysts for practical applications. Pt3Y nanocatalyst
surface analysis relies on angle-resolved XPS data, taken after
soaking the sample in an electrochemical cell (0.1 M HClO4

electrolyte) for 4 h. Figure 4a shows clear evidence of a catalyst
surface skin composed of Pt with increasing depth and an
increase in Y concentration until both Y and Pt reach a constant
intensity, representative of the bulk composition. Figure 4b also
suggests that there is a 1.0−1.5 nm Pt overlayer with a negligible
amount of Y on the surface of Pt3Y, observed via high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM). On the basis of this experimental evidence,
we first examined the possibility that the Pt-skin on Pt3Y alloy
nanocatalysts may be responsible for improving ORR. As shown
in Figure 5 (inset table), Pt-skin structure is energetically

favorable via E0. A Pt atom in Pt3Y is segregated to the surface or
subsurface; the Y atom seldom exists as an isolated monomer on
the surface. This indicates that, although there is a strong
thermodynamic driving force toward dissolution of Y from Pt3Y
(Y→Y3+ =−2.72 V vs NHE), the Pt-skin formation energy sets a
significantly higher barrier for solute metal diffusion in this
compound than in pure Pt or alloys of Pt with late transition
metals. Recently, Greeley and Nørskov showed that the standard
dissolution potential was roughly correlated with metal surface
segregation energy.18a−c Jinnouchi et al.demonstrated that metal
atoms with lower cohesive energy are less stable in solution (i.e.,
easily dissolve).18g To understand the Pt3Y catalysts’ high
stability, we also calculated the cohesive energy via DFT
calculations. Figure 5 (inset table) shows that the Pt3Y cohesive

Figure 4. (a) Angle-resolved XPS profiles of Pt3Y nanoparticles. (b)
HAADF-STEM image and line profiles of Pt3Y nanoparticles.
Component distribution in line profiles clearly verifies the Pt-skin
structure formation.

Figure 5. Pt and Pt3Y with Pt-skin local density of state. Inset: properties
of E0, Ecoh, and the d-band center relative to Pt [(ε− εF)PtY− (ε− εF)Pt]
on Pt3Y with Pt-skin and Pt nanocatalysts.
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energy (6.226 eV/atom) is substantially higher than that of Pt
(5.530 eV/atom).18 Furthermore, the heat of Pt3Y alloy
formation is −1.2 eV/atom, sufficient to make these alloys
thermodynamically stable against oxidation or dissolution in acid
media. The Pt3Y alloy catalysts’ high stability can also be
understood in terms of metal−metal d-bands that are
approximately half-filled, implying that each of the two band
elements contributes half of the nine d electrons for Pt, and Y
contributes one d electron; moreover, the bonding states are
filled, while the antibonding states are empty. Results from the
study of the electrocatalytic trends of the Pt3M alloy catalysts’
stability can help explain the stability patterns as well as provide
fundamentals for realizing improvements in alloy cathode
catalysts.
We demonstrated that the relationship between kinetic

current density and d-band center Pt3M alloys exhibits a volcano
curve trend, and we examined the Pt3Y alloy structure and
stability toward the ORR using first-principles quantum
mechanical calculations. Our first-principles study shows that
the ORR can be considerably affected by a surface Y atom
surrounded by Pt atoms and the alloy formation of Pt3Y with Pt-
skin is energetically favorable. Further, the ORR stability is given
by the d-band vacancy of Pt on the Pt3M alloy electrodes as a
function of electronic perturbation. Our current research
suggests possibilities for stabilizing Pt-based alloy catalysts
while simultaneously increasing ORR activity in electrochemical
environments.
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(b) Blöchl, P. E. Phys. Rev. B 1994, 50, 17953.
(18) (a) Greeley, J.; Nørskov, J. K. J. Phys. Chem. C 2009, 113, 4932.
(b) Joh́annesson, G. H.; Bligaard, T.; Ruban, A. V.; Skriver, H. L.;
Jacobsen, K. W.; Nørskov, J. K. Phys. Rev. Lett. 2002, 88, 255506.
(c) Greeley, J.; Nørskov, J. K. Electrochim. Acta 2007, 52, 5829. (d) Ma,
Y.; Balbuena, P. B. J. Phys. Chem. C 2008, 112, 14520. (e) Shao, Y.; Yin,
G.; Gao, Y. J. Power Sources 2007, 171, 558. (f) Menning, C. A.; Hwu, H.
H.; Chen, J. G. J. Phys. Chem. B 2006, 110, 15471. (g) Jinnouchi, R.;
Toyoda, E.; Hatanaka, T.; Morimoto, Y. J. Phys. Chem. C 2010, 114,
17557.
(19) http://databases.fysik.dtu.dk/.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja307951y | J. Am. Chem. Soc. 2012, 134, 19508−1951119511

http://pubs.acs.org
mailto:ysj@kist.re.kr
http://databases.fysik.dtu.dk/

