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The detailed structure and composition (surface and bulk) as well as catalytic activity for oxygen
reduction of electrochemically dealloyed PtCu3 thin films have been investigated. Synchrotron-based
anomalous X-ray diffraction (AXRD) reveals that a Pt enriched surface region (∼1.0 nm thick) and a
Cu depleted interior (atomic ratio different from that of PtCu3) are formed in the dealloyed film, and
we directly observe a compressive lattice strain in the Pt surface region. The dealloyed PtCu3 thin
films show a ∼2.4 fold increase in the specific oxygen reduction activity over pure Pt thin films as
measured by a rotating disk electrode (RDE). Our results show that the enhanced catalytic activity of
the dealloyed Pt-Cu film is primarily due to the compressive strain in the surface layer (ligand effect
is very weak). We compare our results on thin films to related results on nanoparticles. These studies
provide a better understanding of the structure- composition and structure- activity relationships in
Pt-skeleton structures prepared by dealloying base-metal-rich alloys.

Introduction

Polymer electrolyte membrane fuel cells (PEMFC) are
a promising technology for stationary and portable
power applications and have the potential to reduce fossil
fuel and greenhouse gas emissions by converting hydro-
gen and oxygen directly into electricity and water.1 How-
ever, slow kinetics of the oxygen reduction reaction
(ORR) on Pt-based catalysts at the cathode limits the
efficiency of these fuel cells.2,3 This low-efficiency cathode
and the requisite high Pt loading (high cost) hinders the
widespread application of PEMFCs.2,3 This has resulted in
research focusedon increasing theactivityofORRcatalysts4-9

and lowering the overall Pt loading needed to efficiently

perform the cathode reaction.10-14 For designing and con-
trolling active catalysts, a fundamental understanding of the
relationship between the activity and the surface electronic
structureandsurface chemistry is activelybeingpursued.15-20

Alloy catalysts with Pt overlayers formed at the surface
are of particular interest because of their high ORR
activity and their distinct chemical and electronic proper-
ties compared to pure Pt.18,21-28 Pt surface overlayers can
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be formed by Pt monolayers deposited on various metal
substrates10-14 or by surface segregation from high-
temperature annealing.29-33 Another pathway to Pt sur-
face overlayer formation is chemical/electrochemical dis-
solution/dealloying of non-noble elements from a
bimetallic (Pt-non noble metal) alloy.7,31-37 Depending
on the dealloying method and the composition of the
alloy before dealloying, the ORR activity enhancement
has been attributed to an increase in Pt surface area;34 an
increase in 5d electron vacancies in the “Pt-skin” surface
layer, which results in an increased O2 adsorption and
weakening of O-O bond;7 a lowered d band center
energy of the surface Pt in the “Pt-skeleton” structure
relative to the Fermi level of Pt alloy surfaces, which
weakens the adsorption strength between the surface Pt
and spectator species;31 and the formation of “percolated
structure” with Pt-rich and Pt-poor region within indivi-
dual nanoparticles.33

Recently, it has been shown that dealloyed Pt-Cu
nanoparticle electrocatalysts formed by electrochemi-
cally dealloying Cu-rich precursors (i.e., Pt25Cu75) show
uniquely high specific activities for the ORR,38-42 result-
ing in a factor of 4-6 improvement over pure Pt.We have
shown that these nanoparticles have a core-shell struc-
ture with a Pt-enriched shell43,44 and proposed that
compressive lattice strain was present in the Pt shell.44

Furthermore, through a combined experimental and
theoretical approach, the nanoparticle ORR activity en-
hancement was related to the Pt shell compressive strain
and the resulting downshift and broadening of the Pt
d-band that leads to a weaker oxygen bond strength.44

However, it was not possible to accurately characterize
the Pt-enriched shell structure in the dealloyed nanopar-
ticles, because no diffraction directly from the shell could

be observed, and the lattice strain in the dealloyed Pt-Cu
nanoparticles was evaluated only on the basis of a two-
phase core-shell model.44 Therefore, the detailed struc-
ture of these dealloyed nanoparticles and the resulting
mechanism of ORR enhancement remains incomple-
tely understood because of the relatively nonuniform,
multiphase structure, and polydispersity of the catalyst
nanoparticles, which makes accurate characterization
difficult.38,41,44

To build on our previous results and to better under-
stand the structure-activity relationships in dealloyedPt-
alloy electrocatalysts, we report the use of uniform, single
phase PtCu3 (Pt25Cu75) thin films as model for accurate
characterization of structure and the resulting ORR
activity enhancement. Synchrotron-based anomalous
X-ray diffraction (AXRD) is used to study the structure
of the dealloyed Pt-Cu thin film (lattice constant and
composition). Compositional inhomogeneity of the deal-
loyed films is observed with a Pt enriched surface region
and Cu depleted interior. The composition of the Cu
depleted interior is different from that of as-deposited
PtCu3 showing that dealloying of Cu occurs at the surface
and procceds into the interior, leaving a compressively
strained Pt-enriched surface region. Strain (the lattice
constant/bond lengths between the metal atoms of sur-
face layers are different from those of the parent metals)
and ligand effects (heterometallic bonding interactions
between the surface atoms and the substrate) are two
critical factors for modification of the electronic structure
and consequently chemical properties of the surface of
bimetallic catalysts.10,25,26,45 These two effects usually exist
simultaneously in the first several monolayers.10,25,26,45 In
this study, because the surface region of the dealloyed
Pt-Cu thin film is about 1 nm thick (4-5 monolayers),
the ligand effect (active for one to three monolayers45) is
very weak and the enhanced ORR activity of dealloyed
Pt-Cu is primarily due to the compressive strain in the
surface layer. We find good agreement between our mea-
sured ORR activity and Pt strain with that is predicted by
theory.44 The ORR activity enhancement factor (about 2.4
times that of Pt) in the dealloyed thin films is less than that
reported in dealloyed Pt-Cu nanoparticles (about 4-6
times that of Pt) using the same precursor composition (i.e.,
PtCu3). This activity difference is consistent with the ob-
servation that the compressive strain in the Pt surface layer
of the dealloyed films is smaller than that in the Pt shell of
the dealloyed nanoparticles. This is likely caused by differ-
ent thickness Pt surface layers formed in the films and
nanoparticles, whichmay be due tomore dissolution of Cu
in the rough or porous surface of films during dealloying as
compared to small diameter nanoparticles, which may not
support a porous surface.

Experimental Section

Sample Preparation. The PtCu3 and pure Pt thin films were

prepared by a Metallica magnetron sputter system at the
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Stanford Nanofabrication Facility, reaching a base pressure of

1 � 10-7 Torr prior to deposition. The PtCu3 and Pt sputtering

targets (1.00 in. diameter, 0.125 in. thick and 99.99% pure) were

obtained from Atlantic Metals & Alloys, Inc. (San Jose, CA).

Both targets were sputtered using a DC power supply under 5�
10-3 TorrAr and cleaned by sputtering for about 1min to remove

surface impurities prior to deposition. Films were deposited onto:

(1) glassy carbon (GC) diskswith a diameter of 5mm (Pine Instru-

ments) for electrochemical measurements, which were polished to

a mirror finish prior to use with 0.5 μm alumina suspension; and

(2) 10 mm � 10 mm one-sided polished highly doped n-Si (100)

wafers (P-doped, 4-6Ωcm; UniversityWafer.com) for structural

analysis and film thickness determination. Before deposition, the

Si(100) substrates were successively degreased in acetone, ethanol

and water for 15 min. Then the substrates were treated with fresh

H2SO4/H2O2 solution (3:1, v/v) for 1 min to remove any trace of

heavymetals andorganic species. Finally the substrateswere etched

for 1 min in 5% HF to remove the oxide layer and thoroughly

rinsed with ultrapure water. The electrical/ohmic contact, which

was important for electrochemical treatments, was formed by

sputtering a thin Au film on the back of the etched wafer. The

thickness of both PtCu3 and pure Pt films was 10 nm, which was

determined using aDektak 8AdvancedDevelopment Profilometer

(Veeco Instruments Inc.), and the estimated error is about 5%.

Electrochemical Measurements. The electrochemical mea-

surements were conducted in a standard three-electrode electro-

chemical cell at room temperature. A Pt-foil was used as the

counter electrode, and a Ag/AgCl (3 M Cl-, leak-free, Cypress)

reference electrode was used in a double-junction reference

chamber. The potential of the Ag/AgCl reference electrode was

calibrated versus the reversible hydrogen electrode (RHE). All

potentials reported in this study refer to that of RHE. The electro-

lyte was 0.1 M HClO4 solution prepared from double-distilled

HClO4 (70%, Sigma Aldrich) and ultrapure water (Millipore, 18.2

MΩ cm). The working electrodes were the thin film-deposited GC

disks mounted in a disk-interchangeable rotating disk electrode

(RDE, Pine Instruments) or the thin film-deposited Si wafers,

which were mounted to a custom-made stainless steel shaft using

a Teflon holder. The geometrical surface area of GC disk electrode

and Si (100) electrode exposed to the electrolyte was 0.196 cm2 and

0.503 cm2, respectively. The working electrode potential was con-

trolled with a potentiostat (Gamry Instruments, Reference 600).

Measurements of the electro-catalytic activity of the different

catalysts for Oxygen reduction reaction (ORR) were all performed

on the GC disk electrodes, while the PtCu3 films on Si after

dealloying were used for the structure analysis because of almost

zero background X-ray scattering of Si (100) substrates.

The electrolyte was deaerated by purging high-purity Ar gas

into the electrolyte for at least 30 min before each electroche-

mical measurement. The working electrode was immersed into

the Ar-saturated electrolyte under potential control and held at

0.05 V (RHE) until the measurements commenced. The initial

three cyclic voltammograms were recorded between 0.05 and

1.0 V at 100 mV/s in order to monitor the early stages of the

dealloying process. The dealloying was continued by 400 cyclic

voltammetry (CV) potential scans between 0.05 and 1.0 V at a

scan rate of 500 mV/s in Ar-saturated 0.1 M HClO4 solution,

which is similar to that described in ref 36. After steady state CVs

were obtained, one CVwith a scan rate of 50mV/s was collected

on the dealloyed Pt-Cu on GC disk to determine the platinum

electrochemical surface area (ECSA). We have dealloyed PtCu3
thin films at different upper potentials (0.7-1.0 V) and these

all show similar results. The platinum ECSAwas determined by

the mean integral charge of the hydrogen adsorption and

desorption regions after double-layer correction and using

210 μC cm-2
Pt as the conversion factor assuming 1 H atom is

adsorbed to 1 Pt atom. For the as-prepared pure Pt film onGC,

the ECSA was determined in the same manner after the surface

was electrochemically cleaned by sweeping the potential be-

tween 0.05 and 1.2 V (vs RHE) at 100 mV s-1. The roughness

factor (RF) was obtained from the ratio of ECSA to the

geometric surface area (0.196 cm2)

RF ¼ ECSA=SAgeo ð1Þ

Note that the ECSA/geometrical surface area ratio of the deal-

loyed Pt-Cu and pure Pt films on Si are comparable to those

obtained on the GC disks.

The ORR electrocatalytic activity of the dealloyed Pt-Cu

and pure Pt films on theGC disks was studied with RDE using a

rotator (AFMSRX, Pine Instruments). The electrolyte was

purged with high-purity O2 gas for at least 30 min to ensure

O2 saturation. Linear sweep voltammetry (LSV) measurements

during oxygen reduction were performed in O2-saturated 0.1 M

HClO4 by sweeping the potential from 0.05 V anodically to

1.0 V3,9,38,46 at 20 mV s-1 with the electrode rotated at 400, 900,

1600, and 2500 rpm andO2 gas purged into the solution at a rate

of 1 L min-1 through a 2 μm fritted tube (Ace Glass). The ORR

polarization curves recorded from LSV measurements on both

dealloyed Pt-Cu and pure Pt at different rotation speeds all

reached well-defined diffusion limiting currents (see the typical

ORR polarization curves for dealloyed Pt-Cu in Figure S1 in

the Supporting Information). The faradaic current density, i.e.,

the current due to the oxygen reduction alone, was obtained by

subtracting the capacitive current (the current measured from

the CV under Ar) from the ORR data and then normalized by

the geometric surface area,

j ¼ - ð jORR - jcapacitive,Ar-CVÞ=SAgeo ð2Þ

The kinetic current density for the ORR was derived from the

Koutecky-Levich equation:

1=j ¼ 1=jk þ 1=jd ¼ 1=jk þ 1=ðBω1=2Þ ð3Þ
where j is the measured disk current density; jk and jd are the

kinetic and diffusion limiting current densities, respectively; B is

a constant (see below); ω is the electrode rotation speed. The

kinetic current density (normalized by the geometric surface

area) was divided by the RF factor to obtain the ECSA normal-

ized kinetic current density

js, Pt ¼ jk=RF ð4Þ

The ohmic resistances in the electrode contacts and electrolyte

solution were assumed to be the same for dealloyed Pt-Cu and

pure Pt and were not included in the corrections. The Koutecky-
Levichplots for dealloyedPt-Cuat 0.65, 0.75, 0.80, and0.83V (1/

j vs 1/ω1/2) were linear and parallel (see Figure S1 in the Suppor-

ting Information). The experimental B values for dealloyed PtCu3
is 0.153mAcm-2ω-1/2, determined from the slope ofKoutecky-
Levich plots,which is in goodagreementwith the theoretical value

of 0.151 mA cm-2 ω-1/2 calculated for a four-electron-reduction

process from the equation:B=0.62nFDO2

2/3υ-1/6CO2
, whereDO2

is the diffusion coefficient of O2 (DO2
= 1.93� 10-5 cm2 s-1), υ is

the kinetic viscosity of the solution (υ = 1.009 � 10-2 cm2 s-1),

(46) Paulus, U. A.; Schmidt, T. J.; Gasteiger, H. A.; Behm, R. J.
J. Electroanal. Chem. 2001, 495, 134.
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CO2
is the concentration of O2 dissolved in electrolyte (CO2

=

1.26� 10-3 mol L-1),47,48 F is the Faraday constant, and n is the

apparent number of electrons transferred in the reaction. The

ORR reactions on the surface of dealloyed Pt-Cu thin film are

verified to proceed with n = 4 e- reaction pathway. The specific

activity was established from the ECSA normalized kinetic cur-

rent density measured at 0.9 V vs RHE.

Synchrotron X-ray Diffraction and Anomalous X-ray Diffrac-

tion. Synchrotron-based X-ray diffraction (XRD) of the as-

deposited PtCu3 and dealloyed Pt-Cu films on Si was per-

formed on beamline 7-2 at Stanford Synchrotron Radiation

Lightsource. The synchrotron radiation source provides a high

incident X-ray intensity and allows variation of the X-ray

energy, which enables compositional sensitive analysis. The film

samples were measured in a specular geometry with 1 millira-

dian analyzer collimation (Soller slit). The scattering intensity

was recorded as a function of the scattering vectorQ= (4π sin-

(2θ/2))/λ, where 2θ is the angle between the incident anddiffracted
X-rays and λ is the wavelength of the X-rays. The XRDdata were

first collected between Q of 2.0 and 6.5 Å-1 at 8800 eV. For the

anomalous X-ray diffraction (AXRD), profiles were measured in

a shorter Q range (2.3-3.6 Å-1) around the (111) peak at 22

energies between 8800 and 9160 eV, across the X-ray absorption

edge of Cu at 8980 eV. The (111) peak in the XRD profile was

fitted to either one or two peaks with Lorentzian function using

Origin 8.0 (Origin Lab Corporation). The integrated area (Aindiv)

of each individual fitted peak and the total integrated area (Atotal)

of (111) peakwere obtained at eachX-ray energy.Atotal orAindiv is

directly proportional to the structure factor |F|2(111) of the sample

at that X-ray energy. The compositional information (molar

fractions) of Pt and Cu, xPt and yCu = 1 - xPt, of the peaks are

obtained by modeling |F |2(111),expt using the relationship between

the structure factor and the X-ray energy E 49

jF j2ð111Þ ¼ jxPt½ fPt, 111ðQÞþ fPt
0ðEÞþ if

00
PtðEÞ� þ xCu½ fCu, 111ðQÞ

þ fCu
0ðEÞþ if

00
CuðEÞ�j2 ð5Þ

Here, f(Q) is the atomic scattering factor, f 0(E ) is the real part of

the anomalous scattering factor, and f 0 0(E ) is the imaginary part

of the anomalous scattering factor, which are all known and

tabulated.50The correspondingunit-cell parameterswerededuced

from the average fitted peak position obtained at each energy.

X-ray Photoelectron Spectroscopy (XPS) Analysis of the Sur-

face Composition. Surface analysis of the films on the GC disks

was performed with a SSI (Surface Science Instruments) X-ray

photoelectron spectroscopy (XPS) spectrometer equipped with

a hemispherical analyzer and using a monochromatized Al KR
(1486 eV) source with a 250 � 1000 μm illumination spot. The

measurement parameters were as follows: 20 eV pass energy,

0.1 eV energy increments. Themeasurementswere performedon

the films on the GC disks. The spectra were corrected for the

background using the Shirley approach51 and the composition

of the films was determined by measuring the ratio of Pt4f to

Cu2p intensities (integrated peak area) normalized by their

respective sensitivity factors.52 The probing depth (about 1.6 nm)

is obtained from the inelastic mean free path of Pt4f and Cu2p

estimated from TPP-2 M equation described by Tanuma et al.53

Surface Morphology. The morphology of films before and

after dealloying was studied using a FEI XL30 Sirion scanning

electron microscope (SEM).

Results and Discussion

Cyclic Voltammetry and Catalytic Activity. Cyclic vol-
tammetry (CV) of dealloyed Pt-Cu and pure Pt films on
GC disks are shown in Figure 1. The CV of dealloyed
Pt-Cu resembles that of pure Pt, but shows an increased
interfacial capacitance seen by the difference in capacitive
current in the double layer region (0.4-0.7 V). The
ECSAs of dealloyed Pt-Cu and pure Pt were determined
from the charge ofH adsorption/desorption and are given
in Table 1. The ECSA of dealloyed Pt-Cu (0.528 cm2) is
about 1.5 times that of pure Pt (0.350 cm2). The roughness
factors (ratio of ECSA to geometric surface area) for
dealloyed Pt-Cuandpure Pt are 2.7 and 1.8, respectively,
which shows that a rougher surface is formed on deal-
loyed Pt-Cu films due to leaching ofCu and explainswhy
dealloyed Pt-Cu films show an increased interfacial
capacitance (see Figure 1). SEM image of the Pt-Cu film
after dealloying in Figure S2 in the Supporting Informa-
tion shows the rougher surface containing cracks and
voids, which is consistent with the roughness factor
measured by CV. There is also likely some roughness or
porosity that is below the resolution of the SEM.This is in
agreement with the results of acid treated non-noble
metal (Fe, Co, Ni)-rich Pt alloy thin films in 0.1 M
HClO4

6 and that of a Pt-Fe thin film subjected to
potential cycling in 0.1 M HF solution.54 In the potential

Figure 1. Cyclic voltammetry of dealloyed Pt-Cu and pure Pt films.
Experiments were conducted in Ar-saturated 0.1MHClO4 at 298Kwith
a sweep rate of 50mV/s. The positions of the peak anodic current densities
due to adsorption of oxygenated species/oxidation of surface atoms as
well as the peak cathodic current densities due to desorption of oxyge-
nated species/reduction of surface oxide are marked with arrows.
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region of 0.7-1.2 V (see Figure 1), a positive shift in the
peak potential on dealloyed Pt-Cu relative to pure Pt
is observed (arrows), which suggests a delayed oxide
formation/adsorption of oxygenated species9,16,30,55-60

The oxygen reduction activities of the dealloyed Pt-Cu
and pure Pt films are shown in Figure 2a. The currents
shown were measured at 1600 rpm and normalized by the
geometric area. There is a positive shift of 36 mV in the
half-wave potential of dealloyed Pt-Cu as compared to
pure Pt, which shows that dealloyed Pt-Cu ismore active
than pure Pt. The diffusion-current-corrected Tafel plots
of specific ORR activity of the samples are shown in
Figure 2b. At 0.9 V, the specific activity of dealloyed Pt-
Cu is 2.26 mA cm-2

Pt, which is about 2.4 times that of Pt
(0.95 mA cm-2

Pt, Table 1). It should be noted that the
specific activity of the sputtered pure Pt thin film at 0.9 V
is in good agreement with the specific activity of poly-
crystalline Pt at the same potential reported elsewhere.30

Structure of Thin Films and Its Correlation with ORR

Activity. X-ray diffraction profiles of the as-deposited
PtCu3, dealloyed Pt-Cu and as-deposited Pt films on
Si(100) are shown in Figure 3. Both the as-deposited PtCu3
and Pt films show single phase face centered cubic (FCC)
structures. The average lattice constants obtained from the
best fitting for the as-deposited PtCu3 and Pt film are 3.716
and 3.921 Å, respectively,which are in close agreementwith
those reported for bulkmaterials.60 In contrast, the diffrac-
tion peaks of dealloyed Pt-Cu shift toward lower Q and
are broader compared to the as-deposited PtCu3, showing
that Cu is leached from PtCu3 alloy and that the micro-
structure becomes more disordered with a smaller grain
size. In addition, the dealloyed diffraction peaks are asym-
metric, indicating the formation of a nonuniform structure
after dealloying, which will be discussed in detail below.
Note that the X-ray diffraction peaks obtained on the
dealloyed Pt-Cu on glassy carbon are in good agreement
with those obtained on Si(100) although there are peak
overlaps between dealloyed Pt-Cu and the glassy carbon
(see Figure S3 in the Supporting Information). This shows

that the structure of the dealloyed Pt-Cu on Si is the same
as that on glassy carbon, permitting a correlation between
structure (films on Si) and activity (films on GC).
To determine the structure (e.g., lattice constant and

composition) of the dealloyed Pt-Cu thin film, anom-
alous X-ray diffraction (AXRD) was performed in the
energy range of the Cu absorption K edge (8980 eV).
AXRD profiles of the as-deposited PtCu3 and dealloyed
Pt-Cu at several energies are shown in Figures 4 a and b.
As theX-ray energy approaches theCu edge, a decrease in

Table 1. Electrochemical Surface Areas, Roughness Factors, Faradaic Current Densities, Kinetic Current Densities and Specific Activities of Pt and

Dealloyed Pt-Cua

sample

electro-chemical

surface area

(ECSA, cm2
Pt)

roughness factor

(RF, cm2
pt /cm

2
geo)

absolute

activity at

0.9 V (mA)

capacitive

current (mA)b

faradaic current

density j(0.9 V)

(mA/cm2
geo)

diffusion-limiting

current density jD
(mA/cm2

geo)

kinetic current

density jk (0.9 V)

(mA/cm2
geo)

c

specific

activity js (0.9 V)

(mA/cm2
Pt)

d

Pt 0.350 1.8 0.2622 0.001567 1.330 6.04 1.706 0.95

dealloyed Pt-Cu 0.528 2.7 0.6026 0.004115 3.053 6.12 6.092 2.26

aORR activities were obtained in O2-saturated 0.1MHClO4 at 1600 rpm at a scan rate of 20 mV/s at room temperature. bMeasured fromCV under
Ar at a scan rate of 20 mV/s. c jk =

1

1

j
-

1

jD

. d js = jk/RF.

Figure 2. (a) Oxygen reduction currents measured on dealloyed Pt-Cu
and pure Pt films at a rotation speed of 1600 rpm. Experiments were
conducted in O2-saturated 0.1 M HClO4 at 298 K with a sweep rate of
20mV/s. Arrows indicate the values of half-wave potentials. (b) Pt surface
normalized ORR activities of dealloyed Pt-Cu and pure Pt in (a).
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scattering intensities of the (111) and (200) Bragg reflec-
tions is observed. This intensity decrease is related to the
drop in scattering power of Cu near the edge and allows
the Cu content of the scattering phase to be accurately
determined. Figure 4 c and d show the fitting of typical
profiles of the as-deposited PtCu3 and the dealloyed Pt-
Cu, respectively. The (111) reflection of as-deposited PtCu3
can be fitted to one peak. However, the (111) reflection of
dealloyed Pt-Cu is asymmetric and must be fitted to two
peaks, whichwe identify as peak 1 and peak 2 in Figure.4d.
The energy dependence of the (111) integrated intensity for
the as-deposited PtCu3 and dealloyed Pt-Cu is shown in
panels a and b in Figure 5, respectively. As the Cu edge
energy is approached, the integrated intensity for the as-
deposited PtCu3 drops as expected, as does that for peak 2
(higherQ) of the dealloyed Pt-Cu. In striking contrast, the
integrated intensity for peak 1 of the dealloyed Pt-Cudoes
not decrease near the Cu absorption edge. This shows that
the phase causing peak 1 is free of Cu to within our mea-
surement ability of about 4%. The XPS data show that the
near-surfaceCu composition of the dealloyedPt-Cu is 9%
(Table 2, furtherdetails will be discussed below). Thus from
the XPS and AXRD, we conclude that peak 1 corresponds
to a nearly pure Pt surface layer and peak 2 corresponds to
the interior region of dealloyed Pt-Cu still containing Cu.
The (111) diffractionpeak for thePt surface layer (peak 1)

is centeredatQ=2.792(0.007 Å-1 (averageposition from
AXRD). The corresponding lattice constant (asurface) is
3.897 ( 0.007 Å, which is smaller than that of pure Pt
(aPt=3.923 Å-1). The surface region thus has a compressive
strain (S=((asurface - aPt)/aPt)� 100)) of -0.66 ( 0.18%
with respect to pure Pt. It has to be noted that if we fit peak 1
with a lattice constant of pure Pt, we cannot fit the complete
spectra adequately.
The average chemical compositions of the as-deposited

PtCu3, the dealloyed Pt-Cu (overall, i.e. peak 1þ peak 2)
and the interior region of the dealloyed Pt-Cu films
(peak 2) are determined from the relationship between
the integrated intensity and X-ray energy based on eq 5.
Figures 5c-e show the fits from eq 5 for the (111)

integrated intensity of the as-deposited PtCu3, the deal-
loyed Pt-Cu (overall, i.e, peak 1þ peak 2) and the
interior region of the dealloyed Pt-Cu films (peak 2) as
a function of energy. The resulting compositions are listed
inTable 2. For the as-deposited PtCu3 (Pt25Cu75), the best
fit gives a composition of Pt26Cu74. This agrees with the
nominal composition well within the estimated error of
4%, giving an internal check of our technique. As further
evidence of a uniformly alloyed initial material, the sur-
face composition measured from XPS for the as-deposited
is Pt25Cu75 (see Table 2), showing that the as-deposited
PtCu3 film is uniformly alloyed. As discussed above, the
dealloyed Pt-Cu consists of a Pt enriched surface layer and
Cu depleted alloy interior. The difference between the sur-
face composition (Pt91Cu9) as determined byXPS (probing
depth of 1.6 nm), the interior composition (Pt59Cu41) and
the overall composition (Pt68Cu32) as determined by
AXRD shows the vertical inhomogeneity of the dealloyed
Pt-Cu film. Importantly, the interior composition of deal-
loyedPt-Cu (Pt59Cu41) is different from that of the sample
before dealloying (Pt25Cu75), which is different from what
wasproposed innanoparticles,where the core (i.e., interior)
composition of the dealloyed Pt-Cu nanoparticles was
assumed to be the same as that of the precursor.44 This
shows that dealloying of Cu also occurs in the interior
region, and not only in the near surface region, which is
consistent with the dealloying process on flat surfaces
obtained from the kinetic Monte Carlo simulation of the
Ag-Au dealloying reported by Erlebacher et al.61,62

The dealloying of PtCu3 is depicted schematically in
Figure 6. Both the as-deposited PtCu3 and dealloyed
Pt-Cu have FCC crystal structure as shown by the initial
XRD profiles (Figure 3). The as-deposited PtCu3 thin
film is uniform, well alloyed and single phase. After
dealloying, most Cu is removed from the surface and
partially from the interior, leaving a nearly pure Pt
enriched surface layer with compressive strain of 0.66 (
0.18% (relative to Pt) which covers a Cu depleted interior
(Pt59Cu41). This is similar to “Pt-skeleton” structure pro-
posed by Stamenkovic et al.31 It is worth mentioning that
the lattice parameter of the interior of the dealloyed Pt-
Cu (peak 2) estimated using Vegard’s rule (a= 3.923x þ
3.615(1-x) for PtxCu1-x, the interior composition is
Pt59Cu41) is 3.797 Å, which is in excellent agreement with
the lattice parameter of 3.802 Å obtained from the peak
position (peak 2) by AXRD. From the AXRD derived
surface and interior compositions and lattice parameters,
the thickness of the Pt surface layer in the dealloyed
Pt-Cu can be estimated (see the Supporting Information
for the details). The thickness of the Pt surface layer of
dealloyed film is about 1.0 nm. The estimated probing
depth for the XPSmeasurement at photon energy of 1486
eV (Al KR) is 1.6 nm,53 where only 9% Cu is detected
(Table 2), which is in reasonable agreement with our
estimate of the Pt surface region for the dealloyed film.

Figure 3. X-ray diffraction profiles of as-deposited PtCu3, dealloyed
Pt-Cu, and as-deposited Pt film samples on Si(100).
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It has been reported by Fusy et al. that five monolayers of
Pt grown onCu (111) gave a compressive strain of-1.2 to
approximately -1.9% according to reflection high en-
ergy electron diffraction.63 In our study, 4-5 monolayers
Pt (about 1.0 nm) on dealloyed Pt-Cu gives a compres-
sive strain of -0.66 ( 0.18%, which is reasonably con-
sistent with the results reported by Fusy et al. considering
the substrates are different.
The reaction driving force/activity of dealloyed Pt-Cu

relative to pure Pt can be calculated as A= kTln( jPt-Cu/
jPt), where jPt-Cu/ jPt = 2.4 ( 0.2, which is the ratio of
specific activity of dealloyedPt-Curelative toPt at 0.9Vvs
RHE, T = 298 K. We find that the activity A = 0.023 (
0.002 eV. This is in close agreement with the value of about
0.028 eV obtained from the linear relationship between the
lattice strain and the oxygen adsorption energy shown by
the density functional theory (DFT) studies ofMarvrikakis
et al.24 as well as the linear relationship between the activity
A and the oxygen adsorption energy on the left side of the
volcano-shaped plot shownby theDFT studies ofNorskov
et al.18

It was shown that compressive strain in the Pt surface
layer modifies the d-band structure of the Pt atoms (i.e.,
broadens the d band) and lowers valence band center

relative to theFermi level, resulting inadecrease in theadsorp-
tion energy of reactive intermediates and thus an increase in
the catalytic activity of the Pt surface.24,25,44,45,64-66 However,
it has been difficult to clearly separate the strain and
ligand effects in the first several monolayers because these
usually occur together.10,25,26 It has been reported that the
ligand effect in the Pt surface layer is negligible beyond
three Pt monolayers as the electronic influence of under-
lying substrates/elements decays quickly with Pt layer
thickness.45 Thus, the ligand effect is very weak in our
dealloyed Pt-Cu film, because the Pt surface layer con-
sists of 4-5 Pt monolayers. The ORR activity enhance-
ment in the dealloyed Pt-Cu thin film can then be
primarily attributed to the compressive strain in the Pt
surface layer, whichmodifies the electronic structure of Pt
surface layer24,25,45,64-66 and results in the lower adsorp-
tion energy of surface Pt toward oxygenated species. This
is consistent with the observation that the peak potential
of adsorption of oxygenated species/oxide formation is
positively shifted on dealloyed Pt-Cu relative to pure Pt
(Figure 1), an indication of delayed oxide formation/
adsorption of oxygenated species.

Figure 4. Anomalous X-ray diffraction (AXRD) profiles of the (a) as-deposited PtCu3 and (b) dealloyed Pt-Cu as a function of the scattering vector
Q at indicated energies. Fitting (Lorentz function) of a typical XRD profile of the (c) as-deposited PtCu3 taken at 8815 eV and the (d) dealloyed Pt-Cu
taken at 8810 eV.
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We can combine our results on electrochemically deal-
loyed Pt-Cu thin films from a Cu rich PtCu3 precursor
with those of Stamenkovic et al.31 on dealloyed polycrys-
talline Pt3Co and PtCo, where Co is chemically dissolved
while the surfaces were exposed to acid. From this, we
find that the richer the alloy is in base metal, the more the
base metal is dissolved from the alloy whether the deal-
loying is performed chemically or electrochemically.

Finally, we note that the detailed structure of the deal-
loyed Pt-Cu thin film (lattice constant and composition)
can be accessed because of the uniform and single-phase
structure of thin films as compared with the relatively
nonuniform, multiphase structure and large polydisper-
sity in the Pt-Cu nanoparticles. Recall that in the latter,
the lattice constant is estimated based on a two phase
core-shell model where the average lattice constant and

Figure 5. Integrated intensity of (111) reflection for the (a) as-deposited PtCu3 and (b) dealloyed Pt-Cu as a function of X-ray energy. The fitting from
the calculation (eq 5) for the integrated intensity of (111) reflection of the (c) as-deposited PtCu3, (d) dealloyed Pt-Cu, and (e) interior of dealloyed Pt-Cu
as a function of X-ray energy.

Table 2. Bulk Composition (from AXRD), Surface Composition (from XPS) and the Lattice Constants for the As-Deposited PtCu3 and Dealloyed

Pt-Cu Thin Film

sample as-deposited PtCu3 dealloyed Pt-Cu (overall) dealloyed Pt-Cu (interior) dealloyed Pt-Cu (surface layer)

bulk composition (AXRD) Pt26Cu74 Pt68Cu32 Pt59Cu41 Pt
surface composition (XPS) Pt25Cu75 Pt91Cu9
lattice parameter (Å) 3.716 3.802 3.897
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composition must be known. Consequently, the strain is
directly and more accurately determined in the dealloyed
thin film. The thickness of the Pt-enriched surface layer of
the dealloyed Pt-Cu thin film (about 1.0 nm) is larger
than that of dealloyed Pt-Cu nanoparticles (about
0.4-0.6 nm).43,44 Relative to the nanoparticles, this thick-
er layer relaxes more and is thus less compressively
strained;45 this results in the lower ORRactivity enhance-
ment (about 2.4 times Pt) compared to that of dealloyed
nanoparticles (about 4-6 times Pt).38 Although we are
unsure of the exact mechanism resulting in the formation
of thicker Pt surface layer in the dealloyed thin films, we
speculate that this could be due to the fact that more Cu is
dissolved in the surface layers because the surface of films
becomes rough or porous during the dealloying and small
diameter nanoparticles may not support the porous sur-
face (Indeed, no surface roughing is observed in dealloyed
Pt-Cu nanoparticles38). We cannot, however, rule out
other possibilities.

Conclusions

This work presents an accurate characterization of a
Pt-skeleton structure prepared by dealloying base metal

rich alloy thin films and a detailed understanding of the
structure and composition relationships using AXRD.
Our results show that dealloyed Pt-Cu thin films consist
of a Pt enriched surface layer andCudepleted interior and
that the Pt surface layer is compressively strained. This
surface layer compressive strain dominates the ORR
activity enhancement in the dealloyed Pt-Cu film, which
is consistent with the DFT studies of Norskov et al.18 and
Mavrikakis et al.24 We find that the compressive strain
(and hence ORR activity) in the Pt surface layer is smaller
in the films compared to the similarly dealloyed nano-
particles, which likely results from the thicker Pt rich layer
on the films.
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Figure 6. Schematic of the dealloying of PtCu3 film.


