a9y United States
a2y Patent Application Publication (o) Pub. No.: US 2011/0077147 Al

Stamenkovic et al.

43) Pub. Date:

US 20110077147A1

Mar. 31, 2011

(54)

(75)

(73)

(21)
(22)

(63)

(60)

NANOSEGREGATED SURFACES AS
CATALYSTS FOR FUEL CELLS

Inventors: Vojislav Stamenkovic, Naperville,
IL (US); Nenad M. Markovic,
Hinsdale, IL (US)

Assignee: UCHICAGO ARGONNE LLC

Appl. No.: 12/961,870

Filed: Dec. 7, 2010

Related U.S. Application Data

Continuation of application No. 12/338,736, filed on
Dec. 18, 2008, now Pat. No. 7,871,738.

Provisional application No. 61/008,603, filed on Dec.
20, 2007.

>

P58

Intensity (arb. units)

Pios1

Plos7

(51)

(52)

(57)

Publication Classification

Int. ClL.

HOIM 4/88 (2006.01)

bB01J 23/42 (2006.01)

US.CL ... 502/101; 502/339; 502/326; 502/313
ABSTRACT

A method of preparing a nanosegregated Pt alloy having
enhanced catalytic properties. The method includes provid-
ing a sample of Pt and one or more of a transition metal 1n a
substantially 1nert environment, and annealing the sample 1n
such an environment for a period of time and at a temperature
profile to form a nanosegregated Pt alloy having a Pt-skin on
a surface. The resulting alloy 1s characterized by a plurality of
compositionally oscillatory atomic layers resulting in an
advantageous electronic structure with enhanced catalytic
properties.
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NANOSEGREGATED SURFACES AS
CATALYSTS FOR FUEL CELLS

CROSS REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application 1s a continuation application and
claims priority to U.S. patent application Ser. No. 12/338,
736, filed Dec. 18, 2008. U.S. patent application Ser. No.
12/338,736 claims the benefit under 35 USE 119(3) of U.S.

Application No. 61/008,605, filed Dec. 20, 2007, both of
which are incorporated herein by reference in their entirety.

STATEMENT OF GOVERNMENT INTEREST

[0002] The United States Government claims certain rights
in this mnvention pursuant to Contract No. W-31-109-ENG-38
between the United States Government and the Umiversity of

Chicago and/or pursuant to DE-AC02-06CH11357 between
the Unmited States Government and UChicago Argonne, LLC
representing Argonne National Laboratory.

FIELD OF THE INVENTION

[0003] The present mvention relates generally towards a
new class of Platinum (Pt) multi-metallic catalysts. More
particularly, the mvention 1s directed to a catalyst having
surface layers of a Pt based catalyst modified by annealing,
which induces unique near-surface formations termed as
nanosegregated surfaces. This catalyst 1s particularly advan-
tageous for use 1n conjunction with fuel cells, such as polymer
clectrolyte fuel cells.

BACKGROUND OF THE INVENTION

[0004] This section 1s intended to provide a background or
context to the invention that 1s, inter alia, recited 1n the claims.
The description herein may include concepts that could be
pursued, but are not necessarily ones that have been previ-
ously conceived or pursued. Therefore, unless otherwise indi-
cated herein, what 1s described 1n this section 1s not prior art
to the description and claims 1n this application and 1s not
admuitted to be prior art by inclusion 1n this section.

[0005] Fuel cells are rapidly becoming an important com-
ponent in the energy industry; but currently costly Pt catalyst
1s typically a required component of the fuel cell. To make
tuel cells commercial competitive at reasonable cost, the
amount of Ptused in the fuel cell should be reduced by a factor
of 4 to 5. Further, catalyst stability should be improved for
longer term operation of the fuel cell. Pt based alloys embed-
ded 1n high surface area carbon substrates have been devel-
oped that improve catalyst performance by a factor of two.
However, these etforts have not increased catalyst stability,
and have not reduced the total loading of Pt in the fuel cell
stacks to acceptable levels. Additionally, the substantial over-
potential for oxygen reduction reaction (“ORR”) at practical
operating current densities still causes a reduction of thermal
elliciency. These efforts have resulted 1n systems that are well
below thermodynamic limits (typically to about 43% at 0.7V
versus the theoretical thermal efficiency of 83% at the revers-
ible potential for the ORR). Also, the dissolution and/or loss
of the Pt surface area in the fuel cell cathode should be
reduced for practical application of fuel cells.
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SUMMARY OF THE INVENTION

[0006] New catalysts have been prepared based on the
modification of Pt based alloys that can be 1n the form of bulk,
thin films over various substrates, and/or nanoparticles mate-
rials. Nanosegregated surface layers of Pt alloyed with tran-
sition metals, such as Co, Ni, Fe, T1, Cr, V, Zr and Mn, for
example, have been constructed with selected compositions
to establish advantageous electronic structures which greatly
enhance the catalytic properties, particularly as used for fuel
cells. The composition of the nanosegregated surfaces 1is
highly oscillatory in the first few atomic layers for all crys-
tallographic orientations imncluding polycrystalline materials.
However, nanosegregated surface structures with a {111}
crystallographic orientation have yielded catalytic enhance-
ment by a factor of about ninety, versus conventional Pt-
carbon catalysts and about ten times that of a corresponding
pure Pt {111} surface for a cathodic fuel cell reaction. The
prepared catalysts are thus particularly useful 1 polymer
clectrolyte membrane fuel cells for applications such as 1n the
automotive industry, by overcoming kinetic limitations for
the oxygen reduction reaction (“ORR”). The prepared mate-
rials may also have application 1n energy storage devices,
including batteries, and magnetic storage devices due to
unique surface properties.

[0007] Inone set of embodiments, a method of preparing a
nanosegregated Pt alloy having enhanced catalytic proper-
ties, comprises providing a sample comprising an alloy of Pt
and one or more of a transition metal. The sample 1s subse-
quently annealed in an substantially inert and/or reductive
environment for a period and at a temperature profile to form
a nanosegregated Pt alloy having a Pt-skin on a surface of the
sample.

[0008] In another set of embodiments, a nanosegregated Pt
alloy having enhanced catalytic properties, comprises an
alloy of Pt with one or more of a transition metal, the alloy
includes one or more layers proximate to a surface of the
alloy. Each of the one or more layers have a concentration of
Pt varying from the bulk concentration of Pt 1n the alloy and
wherein the surface layer of the alloy comprises a Pt-skin.

[0009] Advantages and features of the mnvention, together
with the organization and manner of operation thereof, will
become apparent from the following detailed description
when taken 1n conjunction with the accompanying drawings,
wherein like elements have like numerals throughout the
several drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1A shows Auger spectroscopy of a surface of a
Pt;N1 single crystal in ultra high vacuum; FIG. 1B shows
low-energy 10on scattering spectra in terms of E/E_ for the
Pt,Ni crystal where E 1s energy of the scattered electrons and
E_1n the incident 1on beam energy; F1G. 1C show ultra-violet
photoemission spectroscopy spectra of the Pt,Ni crystal;

[0011] FIG. 2A shows a low-energy electron diffraction
(LEED) pattern for Pt;Ni{111} and a corresponding model in
FIG. 2B; FIG. 2C shows a LEED pattern for Pt;Ni{100} and
a correspondmg model 1 FIG. 2D; FIG. 2E shows another
LEED pattern for Pt;Ni{110} and a corresponding model in
FIG. 2F;
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[0012] FIG.3A shows cyclic voltammetry for the specimen
in HC1O, (0.1M) compared to the voltammetry output for the
corresponding Pt;Ni{111} single crystal and Pt{111}; FIG.
3B shows similar plots as for FIG. 3A but for {100} crystal-
lographic orientation of the surface; and FIG. 3C shows cyclic
voltammetry output for the reversible hydrogen electrode of
the fuel cell and for both Pt;Ni{110} and Pt{110};

[0013] FIG. 4A shows 1n situ characterization of Pt Ni
{111} surface in HC1O, (0.1M) at 333K for surface X-ray
scattering; and FIG. 4B shows the concentration profile from
the data of FIG. 4A 1n atomic percent as a function of atomic
layer;

[0014] FIG. 5 show cyclic voltammetry output 1n a desig-
nated potential area (solid line) compared to voltammetry
output obtained from a Pt{111} surface (dashed line);
[0015] FIG. 6 shows surface coverage calculated from
cyclic voltammetry polarization plots for Pt;Ni{111} (solid
curve) and Pt{111} (dashed curve) obtained from rotating
ring disk electrode (RRDE) measurements with 0__, . surface
coverage by absorbed spectator oxygenated species;

[0016] FIG. 7 shows hydrogen peroxide production in a
designated potential region;

[0017] FIG. 8 shows ORR currents measured on
Pt,Ni{111} (solid curve), Pt (dotted curve) and polycrystal-
line Pt (dashed curve); and

[0018] FIG. 9A shows the influence of crystallographic
surface morphology and electronic surface properties on
kinetics of ORR with RRDE measurements made for ORR in
HCIO, (0.1M) at 333 k with 1600 revolutions per minute on
a {111} surface for Pt,Ni versus Pt{111}; FIG. 9B show
results for a {100} surface and FIG. 9C show results for a
{110} surface.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

L1
Y

ERRED

[0019] To overcome the deficiencies of the conventional
catalysts and attain advantageous commercial catalysts, vari-
ous Pt based surface layers have been modified to achieve the
desired catalytic activity, such as for use in polymer electro-
lyte membrane fuel cells. Cathode materials with well-char-
acterized surfaces have been modified so that the mechanism
of action can be attributed to a specific property at the atomic
and molecular level of the surface. The materials are assessed
to determine (1) whether the kinetics of the ORR are structure-
sensitive, (11) the composition of the topmost surface atomic
layers (the segregation profile), and (111) how alloying, usually
described in the art in terms of the ligand effect or/and
ensemble effect, alters the chemical properties of the sur-
faces. Aqueous electrochemical interfaces are complex 1n that
they necessarily contain solvent and electronic/ionic charge,
and experimentally 1t can be challenging to use 1n situ sur-
face-sensitive methods to characterize potential-induced
changes 1n the surface properties and reactivity.

[0020] Ptalloyed with transition metals, such as Co, Nu, Fe,
T1, Cr, V, Zr and Mn, for example, have been constructed with
selected compositions to establish advantageous electronic
structures which greatly enhance the catalytic properties. The
resulting nanosegregated Pt based alloys are prepared
through an annealing of the alloy 1n a substantially inert
and/or reductive environment. For example, the environment
may be substantially N,, H,, or Ar gas, or mixtures thereof.
Alternatively, annealing may be conducted under vacuum
conditions. The annealing may be carried out for an appro-
priate time and an appropriate temperature profile for the
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alloy. In an embodiment, for example, an alloy of PtN1 1n the
form of bulk, thin film and/or nanoparticles, 1s annealed for a
period ranging from about 20 minutes to about 240 minutes at
a substantially controlled temperature of between about 350°
C. and 1000° C. In still other embodiments a non-constant
annealing temperature profile may be used to obtain the nano-
segregated Pt based alloy.

[0021] A combination of ex situ and 1n situ, for example,
surface-sensitive probes and density functional theory (DFT)
calculations 1s used to assess the ORR on Pt;Ni(hkl) single-
crystal surfaces. The surface properties that govern the varia-
tions 1n reactivity of Pt;N1 catalysts are 1dentified. The 1nflu-
ence of surface structures, surface segregation, and inter-
metallic bonding on ORR kinetics 1s determined. The results
described herein are applicable to any Pt-transition multi-
metallic alloy regardless of the crystalline nature of the mate-
rial, 1.e. nanosegregated surfaces with the Pt-skin topmost
layer have been successtully generated on polycrystalline as
well as on single crystalline catalysts.

[0022] Well-characterized PtNi single-crystal electrode
surfaces were formed and characterized with UHV methods
for surface preparation and surface analysis. These surfaces
were transierred 1nto the electrochemical environment with-
out airborne contamination, and the stability of the UHV-
prepared surface was determined with a combination of in
situ surface-sensitive probes with electrochemical methods to
obtain activity relationships in real time.

[0023] The results of the preparation and characterization
of Pt,N1(hkl) alloy surfaces in UHV are summarized in FIGS.
1A-3C. The various surface-sensitive techniques that were
used included low-energy electron diffraction (LEED),
Auger electron spectroscopy (AES), low-energy 1on scatter-
ing (LEIS), and synchrotron-based high-resolution ultravio-
let photoemission spectroscopy (UPS). Each of these meth-
ods has certain advantages, and each yield complementary
information. The surface symmetry obtained from LEED
analysis shows that, whereas the Pt;Ni {111} surface exhibits
a (1x1) pattern (FIG. 1D) (1.e, that ol the bulk termination),
the atomically less dense Pt3Ni{100} surface shows a (1x5)
reconstruction pattern (the so-called “hex” phase) 1n both the
1011} and {01-1} directions (FIG. 1E). Analysis of the Pt,Ni
{110} LEED data (FIG. 1F) indicates that this surface may
exhibit a mixture of (1x1) and (1x2) periodicities, the latter
being known as the (1x2) missing-row structure (22).

[0024] The composition of the outermost atomic layer was
obtained with LEIS, and after a final anneal, the surface
atomic layer of all three Pt,N1(hkl) crystals were pure Pt (see
FIG. 1B), the so-called Pt-skin structures. Evaluation has
determined that segregation-driven near-surface composi-
tional changes induced by annealing result 1n distinctive elec-
tronic properties of PtN1(hkl) alloys, and unique segregation
profiles.

[0025] The surface electronic structures were obtained
from the background-corrected UPS spectra. As summarized
in FIG. 1C, the d-band density of states (DOS) 1s structure-
sensitive, and the position of the (d-band center shiits from
-2.70 eV_,_ Pt;Ni{110} to -3.10 eV_, Pt;Ni{111} to -3.14
eV on Pt;Ni{100}. Furthermore, the DOS of the alloy sur-
faces 1s quite different from that of corresponding pure Pt
single crystals; that is, on the {110}, {100}, and {111} alloy
surfaces, the d-band center 1s downshifted by about 0.16,
0.24, and 0.34 eV, respectively. Chemisorption energies were
evaluated to determine correlation with the average energy of
the d-state on the surface atoms to which the adsorbate binds
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(i.e., the ligand effect). Results on the {111} surfaces were
compared with the same composition and arrangement of
surface atoms but with a different d-band center position. In
this manner the difference between the electronic surface
structures of Pt{111} and Pt;Ni {111} affected the adsorption
ol spectator species and the kinetics of the ORR.

[0026] The stability of the surface after transter from UHV
into the electrochemical environment was also determined.
Surface X-ray scattering (SXS) was used to characterize both
the potential range of stability as well as the near-surface
composition of the alloy in situ. Only results for Pt;Ni {111}
are necessary because they provide the most useful informa-
tion about the annealing-induced changes 1n the surface struc-
ture and segregation profile. The Pt,Ni{111} has the face-
centered cubic (Icc) lattice with random occupation of sites
by Pt and Ni; and this lattice gives rise to SXS 1ndicia similar
to that obtained from a monocrystalline {cc lattice. Sensitivity
to atomic layer composition 1s enhanced by the use of anoma-
lous x-ray scattering techniques in which the incident X-ray
energy 1s tuned to an atomic adsorption edge of the matenal.
Thus, from SXS, information 1s obtained about the structure
and compositions, both 1n the surface and subsurface layers.

[0027] The termination of the Pt;Ni {111} lattice at the
surface 1n terms of elemental composition and surface relax-
ation was determined by measurement and analysis of the
crystal truncation rods (C'TRs). The CTR analysis shows that,
at 0.05 V, the first layer 1s composed entirely of Pt and,

whereas the second atomic layer has an elevated level of Ni
(about 52% of N1 as compared to 25% of N1 in the bulk), the

third layer has an elevated level of Pt (about 87%) (F1G. 2A).
Having determined the near-surface structure at 0.05 V, the
potential was cycled while the scattered X-ray intensity was
measured at a C'1TR position that 1s sensitive to surface relax-

ation and surface roughness (see FIG. 4A).

[0028] Boththe Pt;Ni {111} surface structure as well as the
segregation profile are completely stable over this potential
range because the changes in the X-ray scattering signal are
tully reversible, and the decrease in intensity at positive
potential 1s consistent with an inward relaxation (contraction)
ol the surface atomic layer (this result 1s confirmed by similar
measurements at other reciprocal lattice positions). The con-
traction of Pt surface atoms 1s induced by the adsorption of
oxygenated species, which 1s determined by the Ni-induced
modification of the Pt-skin electronic structure. A direct con-
sequence of contraction of the topmost layer of Pt-skin at the
potentials higher than 0.8 V 1s the increased stability of this
surface over corresponding pure Pt{111}, which was addi-
tionally confirmed by prolonged cycling in the designated
potential range. It 1s important to point out, that pure Pt
catalysts exhibit expansion of the topmost layer at the poten-
t1al higher than 0.8 V, which 1s considered to be precursor of
Pt dissolution and one of the major limitations 1n fuel cell
technology. This tundamental property of pure Pt catalysts
has been completely modified 1n case of Pt-skin surfaces.

[0029] The relationship between the surface electronic
properties and the potential-dependent surface coverage by
adsorbing species (the adsorption 1sotherms in FIG. 6) were
established by comparing the experimentally determined
position of the d-band centers to the fractional coverage of
adsorbed hydrogen (H"+e™=H, , where H,_ ; refers to the
underpotentially deposited hydrogen) between 0.05<E<0.4

V, where E 1s the applied potential, and the hydroxyl species
(2H,O=0OH__+H,0"+e¢~, where OH_, 1s the adsorbed

hydroxyl molecule) above 0.6 V (FIG. 2C). Inspection of the
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voltammograms in FIG. 5 revealed that on Pt{111 }-skin,
which consists of the same surface density of Pt atoms as
Pt{111}, a negative shift of about 0.15V in H,,, formation
and positive shift of about 0.1 V 1n OH_ , formation occurred
relative to Pt {111}. In agreement with the onset of adsorp-
tion, on Pt;Ni {111}, the fractional coverage by H,,, and
OH,, (®4,,,and O, ) were dramatically reduced by 50
percent relative to Pt{111}, which is in agreement with the
large downshiit (0.34 eV) of the d-band center position on the
Pt-skin structure. As shown in FIGS. 5 and 6, similar changes
occurred for the other two single-crystal surfaces. On the
Pt{100}-skin, ®,, ., was reduced by about 15 percent rela-
tive to Pt{100}, and ® ,,,, was reduced by about 25 percent.
On Pt,Ni {110}, small but clearly discernable decreases in
0,7, 01 about 10% and the fractional coverage by OH_,
(®,7..,) of about 20 percent were observed relative to
Pt{110}.

[0030] To quantitatively describe these effects, DFT calcu-
lations were pertormed using pseudopotentials and a plane-
wave basis set on the adsorption of OH and H,O at 0.25
monolayer coverage on modeled Pt{111} surfaces, with sec-
ond atomic layers containing 0 or S0 percent N1 atoms. In acid
solutions, OH_ , would react with H" and form H,O on the
catalyst surface. The change 1n the reversible potential AU® of
the above reaction on Pt{111} resulting from sublayer Ni
atoms 1S

AU” :[Eads(OH)PA‘_EHJS(OH)PINE_E&JS (OH)Pr+Eads
(HyO)povif /F (1)

[0031] Here, E,,(OH)p, E,;(H,0)p, B, u(OH) gy, and
E . (H,O), . are the adsorption energies of OH and H,O on
Pt{111} with or without sublayer Ni atoms, respectively, and
F 1s the Faraday constant. The DFT calculations show a
positive shift of AU°=0.10V when the sublayer has 50% Ni
atoms. The experiment and theory substantially correspond
and demonstrate an electronic effect of subsurface N1 on the

Pt—OH chemical bonding.

[0032] The ORR 1s a multielectron reaction (120,+2H™+
2¢"=H,0) that may include a number of elementary steps
involving different reaction intermediates. The rate of the
ORR can be expressed as:

i=nlKcy,(1-0 Yexp(-PFE/RT)exp(-AG_/RT) (2)

[0033] where 11s the measured current; n, F, K, E, x, 3, v,
and R are constants; ¢, 1s the concentration of O, in the
solution, ®_, 1s the total surface coverage by adsorbed spec-
tator species [hydroxyl and anions: for example, OH_ (0O )
and specifically adsorbed anions (® ,_)]; AG,_ ,1s the Gibbs
energy ol adsorption of reactive intermediates, and T 1s tem-
perature. In the dertvation of Equation. 2, 1t 1s assumed that (1)
the ORR takes place on electrodes that are modified by OH_ ,
anions, etc., and (11) the reactive intermediates (O, and H,O,)
are adsorbed to low coverage (1.¢., they are not a substantial
partof ©,,)

[0034] Based on these assumptions, the kinetics of O,
reduction are determined by the number of free Pt sites avail-
able for the adsorption of O, (the 1-®_ , term 1n Equation 2)
and by the AG_ , of O, and reaction intermediates (the AG_ ,
term 1n Equation 2) on metal surfaces precovered by OH_ ..
This reaction pathway and rate expression 1s used to first to
analyze the effects of electronic properties on the kinetics of
the ORR onPt;Ni{111} and Pt{111} and then, by comparing
activities on different Pt;Ni1(hkl) surfaces, to establish struc-
ture sensitivity.
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[0035] FIG. 7 shows a characteristic set of polarization
curves (the relation of 1 versus E) for the ORR on Pt-poly,
Pt{111}, and Pt,Ni {111} surfaces in HCIO, (0.1 M) at 333
K. For all three surfaces, the polarization curves exhibit two
distinguishable potential regions. By starting at 0.05 V and
scanning the electrode potential positively, well-defined dif-
tusion-limiting currents from 0.2 to 0.7 V are followed by a
mixed kinetic-diffusion control region between 0.8<E<1.0V,
FIG. 7 also reveals that the ORR kinetic 1s accelerated on the
Pt{111}-skin relative to Pt{111}, causing the positive shift of
100 mV 1n the half-wave potential. Given that ®,,, , 1s
attenuated on the Pt-skin surface, the key parameter that
determines the unexpectedly high catalytic activity of Pt;Ni
{111} is the low coverage by OH_, [i.e., the (1-0 ;) term
in the kinetic equation for the ORR]. Additional confirmation
that the fractional coverage by the spectator species are
indeed controlling the kinetics of the ORR was found by
analyzing the results in the potential region where the adsorp-
tion of hydrogen takes place (E<0.2 V). Because of the lower
coverage by H, ,;, the production ot peroxide 1s substantially
attenuated on the Pt-skin surface. At the fuel cell relevant
potentials (E>0.8 V), the observed catalytic activity for the
ORR on Pt,Ni {111} is the highest that has ever been

observed on cathode catalysts.

[0036] FIGS. 9A-9C 1llustrate the synergy between surface
geometry and surface electronic structure for the ORR. As
summarized, the different low-index surfaces have markedly
different activity for this reaction, that is, Pt,Ni {100}-
skin<Pt,Ni {110}-skin<<<Pt;Ni {111}-skin, with the
change in activity between the least active {100} and the most
active {111} surfaces being greater than an order of magni-
tude. Structure sensitivity of the ORR on the Pt low-index
single-crystal surfaces 1n perchloric acid is established, with
activities Increasing 1n the order
Pt{100}<<Pt{111}<Pt{110} (see FIGS. 9A-9C). These dif-
terences are attributable to the structure-sensitive adsorption
of OH _ ,on Pt(hkl) and 1ts inhibiting (site blocking) effect on
O, adsorption. In the potential region of OH adsorption, the
structure sensitivity of the Pt ;Ni(hkl)-skin surfaces has the
same origin.

[0037] To reveal the role of the electronic structure in ORR
kinetic, electrodes with the same surface morphology are
compared. The most pronounced effect was observed on the
{111} surfaces. For the same p(1x1) arrangement of the top-
most layer, the same surface atomic density, and the same
surface composition (100 percent Pt) but for a different elec-
tronic structure (IAdg,;;11=0.34 eV, where |Ady;,;.nl 1s the
d-band center shift), the ORR 1s enhanced by a factorof 10 on
Pt{111}-skin relative to that on Pt{111}. Given that extended
Pt surfaces have 5 to 10 times the activity per surface Pt atoms
than the state-of-the-art Pt/C catalysts that are currently used
in the PEMFC (about 0.2 mA/cm” at 0.9V), atotal ofa 90-fold
enhancement in Pt{111}-skin over Pt/C has been achieved.

[0038] Inapreferred embodiment because the Pt;Ni{111}-
skin surface exhibits the highest catalytic activity that pres-
ently known, this alloy configuration and crystallographic
orientation may be disposed on various substrates to obtain
the desired enhancements 1n a fuel cell such as improved
activity, stability and lower Pt content. This would reduce the
current value of specific power density in a PEMFC of about
1.0 g of Pt per kKW of Pt without loss 1n cell voltage, while
maintaining the maximum power density (W/cm®). Experi-
ments demonstrate the ability to create and control the Pt-skin
surface as well as nanosegregated near surface formations 1n
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a series of Pt-multi-metallic alloys with transition metals.
Multi-metallic tuel cell catalysts may employ annealing as a
key step 1n engineering ol nanosegregated surfaces with supe-
rior catalytic properties.

[0039] The foregoing description of embodiments of the
present invention has been presented for purposes of illustra-
tion and description. It 1s not intended to be exhaustive or to
limit the present invention to the precise form disclosed, and
modifications and variations are possible 1in light of the above
teachings or may be acquired from practice of the present
invention. The embodiments were chosen and described 1n
order to explain the principles of the present invention and 1ts
practical application to enable one skilled 1n the art to utilize
the present invention in various embodiments, and with vari-
ous modifications, as are suited to the particular use contem-
plated.

What 1s claimed 1s:
1. A method of preparing a nanosegregated Pt alloy having
enhanced catalytic properties, comprising:
providing a sample comprising Pt and one or more of a
transition metal;

providing a substantially inert and/or reductive environ-
ment; and

annealing the sample 1n the substantially inert environment
for a period and at a temperature profile to form a nano-
segregated Pt alloy having a Pt-skin on a surface.

2. The method of claim 1, wherein the one or more transi-
tion metals are alloyed with Pt and selected from the group
consisting of: Co, N1, Fe, T1, Cr, V, Zr and Mn.

3. The method of claim 2, wherein the period 1s from about
120 minutes to about 1000 minutes

4. The method of claim 2, wherein the temperature profile

1s a substantially constant temperature between about 350° C.
to about 1000° C.

5. The method of claim 4, wherein the period 1s from about
20 minutes to about 360 minutes

6. The method of 2 wherein, the environment comprises an
atmosphere of N,, H,, or Ar gas and mixtures thereof or
vacuum conditions.

7. The method of claim 1, wherein the sample comprises a
Pt;N1 single crystal, and wherein the period and temperature
are selected to obtain the nanosegregated Pt alloy with a first
layer composed substantially of Pt, a second layer having an

clevated level of N1, and a third layer having an elevated level
ol Pt.

8. The method of claim 7, wherein the content of the second
layer 1s from about 30 percent to about 70 percent N1, and
wherein the content of the third layer 1s from about 75 percent
to about 935 percent Pt.

9. The method of claim 1, wherein the period and tempera-
ture are selected such that the nanosegregated Pt alloy 1s

characterized by a contraction of the first layer at a potential
of at least about 0.8 V.

10. The method of claim 1, wherein the period and tem-
perature are selected such that the nanosegregated Pt alloy 1s
characterized by a surface activity of at least about 2.0

mA/cm” at 0.9V.

11. The method of claim 1, further comprising: disposing
the nanosegregated Pt alloy on one or more substrates for use
in a fuel cell, wherein the substrates are selected from the
group consisting of: carbon, metal oxides, metals, carbon
nanotubes, and nanowires.
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12. A nanosegregated Pt alloy having enhanced catalytic
properties, comprising:

an alloy of Pt and one or more of a transition metal, the

alloy including one or more layers proximate to a surface

of the alloy, each of the one or more layers having a

concentration of Pt varying from the bulk concentration
of Pt 1n the alloy, wherein the surface layer comprises a

Pt-skin.

13. The nanosegregated Pt alloy of claim 12, wherein the
one or more transition metals 1s selected from the group
consisting of: Co, N1, Fe, T1, Cr, V, Zr and Mn.

14. The nanosegregated Pt alloy of claim 13, wherein the
alloy comprises PtN1 characterized by a crystallographic ori-

entation of one or more of a {100}, {110} and {111} orien-
tation.

15. The nanosegregated Pt alloy of claim 14, wherein the
alloy comprises PtNi characterized by a substantially {111}
crystallographic orientation.
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16. The nanosegregated Pt alloy of claim 12, wherein the
one or more layers include a first surface layer composed of
substantially pure Pt, a second layer having an elevated level
of N1, and a third layer having an elevated level of Pt.

17. The nanosegregated Pt alloy of claim 16, wherein the
content of the second layer 1s from about 30 percent to about

60 percent N1, and wherein the content of the third layer 1s
from about 75 percent to about 95 percent Pt.

18. The nanosegregated Pt alloy of claim 16, wherein the
first layer 1s characterized by a contraction at a potential of at
least about 0.8 V.

19. The nanosegregated Pt alloy of claim 12, wherein the
nanosegregated Pt alloy 1s 1n a form comprising a thin film or
a nano-cluster.

20. The nanosegregated Pt alloy of claim 12, wherein the
nanosegregated Pt alloy in the form of nanoparticles 1s dis-
posed 1n a high surface area carbon substrate.
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