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ABSTRACT: The eﬀect of elastic strain on catalytic activity of platinum (Pt)
toward oxygen reduction reaction (ORR) is investigated through dealloyed Pt−Cu
thin ﬁlms; stress evolution in the dealloyed layer and the mass of the Cu removed
are measured in real-time during electrochemical dealloying of (111)-textured
thin-ﬁlm PtCu (1:1, atomic ratio) electrodes. In situ stress measurements are made
using the cantilever-deﬂection method, and nanogravimetric measurements are
made using an electrochemical quartz crystal nanobalance. Upon dealloying via
successive voltammetric sweeps between −0.05 and 1.15 V vs standard hydrogen
electrode, compressive stress develops in the dealloyed Pt layer at the surface of
thin-ﬁlm PtCu electrodes. The dealloyed ﬁlms also exhibit enhanced catalytic
activity toward ORR compared with polycrystalline Pt. In situ nanogravimetric
measurements reveal that the mass of dealloyed Cu is approximately 210 ± 46 ng/
cm2, which corresponds to a dealloyed layer thickness of 1.2 ± 0.3 monolayers or
0.16 ± 0.04 nm. The average biaxial stress in the dealloyed layer is estimated to be
4.95 ± 1.3 GPa, which corresponds to an elastic strain of 1.47% ± 0.4%. In addition, density functional theory calculations have
been carried out on biaxially strained Pt(111) surface to characterize the eﬀect of strain on its ORR activity; the predicted shift in
the limiting potentials due to elastic strain is found to be in good agreement with the experimental shift in the cyclic
voltammograms for the dealloyed PtCu thin ﬁlm electrodes.

1. INTRODUCTION
Enhanced catalytic activity of dealloyed PtCu electrodes toward
oxygen reduction (ORR) reaction has been demonstrated in a
number of recent investigations in thin-ﬁlm and core−shell
geometries.1−19 The enhancement in catalytic activity is
typically attributed to the electronic interaction between the
core and shell constituents as well as to the epitaxial mismatch
strain in the metallic shell. For example, Strasser et al.4
demonstrated enhanced catalytic activity of dealloyed PtCu
core−shell nanoparticles toward ORR, which was attributed to
the pseudomorphic compressive strain in the Pt-enriched shell.
The magnitude of the strain in the Pt-enriched shell was
estimated using lattice-constant measurements (via X-ray
diﬀraction). In this work, real-time stress and nanogravimetric
measurements during electrochemical dealloying of thin-ﬁlm
PtCu (1:1, atomic ratio) electrodes are reported. In situ stress
measurements are made using the cantilever-deﬂection method,
and nanogravimetric measurements are made using an
electrochemical quartz crystal nanobalance (EQCN). Upon
dealloying via successive voltammetric sweeps between −0.05
and 1.15 V vs standard hydrogen electrode (SHE), compressive
stress develops in the dealloyed layer region near the surface of
© 2015 American Chemical Society

thin-ﬁlm PtCu electrodes. In situ nanogravimetric measurements reveal that the mass of dealloyed Cu is approximately
210 ± 46 ng/cm2, which corresponds to a dealloyed layer
thickness of 1.2 ± 0.3 monolayers or 0.16 ± 0.04 nm. From the
real-time curvature measurements of the substrate, the average
biaxial stress in the dealloyed layer is estimated to be 4.95 ± 1.3
GPa, which corresponds to an elastic strain of 1.47% ± 0.4%.
We have also carried out density functional theory (DFT)
calculations on biaxially strained Pt(111) surface to characterize
the eﬀect of strain on its ORR activity; the results are found to
be in reasonably good agreement with the experimental
measurement. Section 2 describes the experimental methods
used for real-time stress measurements and EQCN measurement of dealloyed Cu. Section 3 describes the computational
approach to estimate the eﬀect of elastic strain on the expected
change in catalytic activity, followed by Section 4 that presents
the results and discussion.
Received: June 25, 2015
Revised: July 21, 2015
Published: July 23, 2015
19042

DOI: 10.1021/acs.jpcc.5b06096
J. Phys. Chem. C 2015, 119, 19042−19052

Article

The Journal of Physical Chemistry C

Figure 1. Schematic experimental setup for real-time measurement of stress in the dealloyed Pt layer on a Pt−Cu ﬁlm. (a) Laser path is shown along
with the components constituting the cantilever-deﬂection measurement system. The electrochemical cell containing 0.1 M HClO4 and the cell
components are shown on the right. (b) Schematic showing the dealloyed Pt/PtCu thin-ﬁlm electrode on Ti/Au-coated borosilicate glass substrate,
which serves as the cantilever.

2. EXPERIMENTAL METHODS
2.1. Electrode Preparation and Characterization. Pt
thin ﬁlms are fabricated by direct-current sputtering (Lesker
Lab 18 modular thin-ﬁlm deposition system, Jeﬀerson Hills,
PA) of a platinum target (2″ diameter, 0.125″ thick disc,
99.995% Pt, Kurt J. Lesker Company) at 100 W power and a
pressure of 0.27 Pa of argon. PtCu thin ﬁlms are fabricated by
cosputtering Pt and Cu targets (2″ diameter, 0.25″ thick disc,
99.995% Cu, Kurt J. Lesker Company) each at 100 W power
and at a pressure of 0.27 Pa of argon (99.995%). Film
thicknesses are monitored by a quartz crystal microbalance
during the sputter deposition process and independently
veriﬁed by white-light interferometry. The composition (i.e.,
atomic ratio) of the PtCu ﬁlms is measured by Auger electron
spectroscopy (AES) as well as energy dispersive X-ray
spectroscopy (EDS). For all of our studies on the PtCu alloy,
the atomic ratio of Pt and Cu is approximately 1:1 (±2%). The
following three diﬀerent types of substrates are used: (1) Ti/
Au-coated quartz crystals (1″ diameter, 5 MHz resonance
frequency, Inﬁcon Inc., Newton, MA), (2) Ti/Au-coated
borosilicate glass cantilevers (100 μm thick, 3 mm wide, and
60 mm long, Precision Glass and Optics, Santa Ana, CA), and
(3) polished glassy carbon (GC) cylindrical discs (5 mm
diameter, 4 mm thick, Pine Research Instrumentation, Grove
City, PA). The PtCu ﬁlms on quartz crystals are used to
accurately measure the mass of Cu removed during the
dealloying process, the Pt and PtCu ﬁlms on borosilicate
cantilevers are used to make direct measurements of stress
evolution during the dealloying process while also measuring
changes in catalytic activity, and the ﬁlms on GC substrates are
used in a rotating-disc-electrode (RDE) set up to study ORR
under well-deﬁned hydrodynamic conditions. The experimental
parameters are rotation speed of 1200 rpm, a temperature of
298 K, and a scan rate of 20 mV/s. The crystallinity and the
surface composition of the sputter-deposited PtCu ﬁlms are
characterized by X-ray diﬀraction (XRD) and X-ray photo-

electron spectroscopic (XPS) measurements, respectively. The
surface roughness of the PtCu ﬁlm is measured by an atomicforce microscope (AFM).
2.2. Electrochemical Dealloying of PtCu. As demonstrated in the literature,1−6 dealloying is carried out by
electrochemical means via cyclically scanning the potential of
the PtCu electrode between −0.2 and +0.8 V vs SHE at a scan
rate of 20 mV/s (for GC electrodes). In all cases, 0.1 M
perchloric acid (HClO4) saturated with either oxygen or argon
(both UHP grade) is used as the electrolyte. A standard threeelectrode electrochemical cell with a Ag/AgCl reference
electrode and a platinum-mesh counter electrode is used.
2.3. In Situ Stress Measurements via Cantilever
Deﬂection. The stress evolution in the Pt-enriched layer,
which forms during the dealloying of PtCu, is measured in situ
by continuously tracking the curvature of the borosilicate-glass
substrate with reference to its initial value.20−32 A schematic of
the experimental setup is shown in Figure 1a, which shows the
electrochemical cell and the setup for the cantilever-deﬂection
measurement. A HeNe laser beam (632.8 nm, 0.5 mW, 0.48
mm beam diameter, JDS Uniphase model 1108P) is reﬂected
from the cantilever surface, and its position is monitored using
a duo-lateral position-sensitive detector (PSD, 20 mm × 20 mm
active area, DLS-20, UTD Sensors) to measure the cantilever
deﬂection. A small Pyrex cell (15 mL volume) with Pt-plate
counter electrode and saturated sulfate reference electrode
(SSE) is used to conduct the electrochemical experiments. The
electrolyte (0.1 M HClO4) is purged with UHP argon prior to
the dealloying experiment; argon purge above the electrolyte is
continued during the dealloying experiment. An EG&G 273
potentiostat (Princeton Applied Research, Oak Ridge, TN) is
used to electrochemically dealloy Cu from PtCu electrodes. Ti/
Au-coated (10/200 nm) borosilicate glass cantilevers serve as
substrates for the 100 nm PtCu thin-ﬁlm electrodes (Figure
1b). The purpose of the Au layer is to serve as an
electrochemically stable current collector and to obtain
(111)-textured PtCu ﬁlms; the deposition conditions are
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controlled to yield predominantly (111)-oriented Au ﬁlms,
which can be seen in the XRD spectrum in Figure 2.

quartz crystal nanobalance (EQCN, Maxtek Inc.) is used to
measure the mass of Cu removed during dealloying, which is
used to calculate the thickness of the Pt-enriched layer.26−29,35

3. COMPUTATIONAL METHODS
In this work, a DFT-based program DACAPO is used with the
atomic simulation environment (ASE) to carry out electronic
structure calculations.36,37 The computational software utilizes
plane waves, Vanderbilt ultrasoft pseudopotentials, and the
revised Perdew−Burke−Ernzerhof (RPBE) density functional.38−40 A 2 × 2 unit cell with four layers and 20 Å vacuum
using a RPBE bulk lattice constant (4.02 Å) was used to model
the Pt(111) surface. Out of the four layers, the bottom two
layers are ﬁxed, while the top two layers and the adsorbates are
relaxed. All geometry optimizations are carried out using a
plane wave cutoﬀ of 450 eV, density cutoﬀ of 500 eV, and 4 × 4
× 1 k-point mesh. In the simulation cell, [1̅10], [112̅], and
[111] directions form the x-, y-, and z-axes, respectively. A
uniform in-plane biaxial strain (ex = ey) of up to ±2.5% is
applied to the Pt(111) surface. The corresponding induced
relaxation along the z-axis was calculated based on elastic
stiﬀness constants (s11, s12, and s44) and was explicitly included
while constructing the slab models.
ORR is studied on biaxially strained Pt(111) surfaces via
both dissociative and associative mechanisms as outlined in
Figure 3.40,41 Based on the scheme shown in Figure 3, O*,

Figure 2. XRD spectrum of sputter-deposited PtCu (1:1) thin ﬁlm on
Ti/Au-coated quartz crystal substrate, revealing a predominantly (111)
texture.

The product of the stress in the dealloyed Pt layer, σPt, and
its thickness, hPt, on the sample (commonly referred to as stressthickness) is related to the curvature of the substrate through
σPt hPt =

Eshs 2
6(1‐υs)R

where

naird psd
1
=
R
2Ln H2ODpsd

(1)

where Es, υs, and hs are the Young’s modulus, Poisson ratio, and
thickness of the borosilicate-glass substrate, respectively, and R
is the radius of curvature of the cantilever. Changes in the
cantilever curvature were monitored by tracking the location of
the reﬂected laser beam along the vertical axis of the PSD. A
small angle approximation was used to evaluate the curvature of
the glass cantilever directly from the laser spot displacement on
the PSD, see eq 1, where dpsd is the change in the vertical
coordinate of the reﬂected laser beam onto the PSD, Dpsd is the
distance of the PSD from the electrode, and L is the length of
the cantilever, measured from the point where the cantilever is
clamped to where the laser strikes the surface; nair and nH2O are
the refractive indices of air and the electrolyte, respectively.20,29,33,34 Values of the parameters in the above equation
are given in Table 1. To obtain the value of the stress (σPt) in
the dealloyed layer, an independent calculation of the thickness
(hPt) of the stressed layer is necessary. An electrochemical

Figure 3. Elementary steps involved in dissociative and associative
mechanisms for the reduction of molecular oxygen to water on a
catalyst surface. Note that * represents an adsorption site.

HO*, HOO*, and O2* intermediates are studied, each of which
is adsorbed at its most preferred site on unstrained Pt(111) as
shown in Figure 4. Note that * represents an adsorption site on
the Pt(111) surface. To evaluate free energies at 298 K,
contributions for zero-point energy, entropy, and solvent are
utilized as described in refs 37−40 and 42. For O*, HO*, and
HOO*, solvent stabilizations of 0.0, −0.60, and −0.23 eV,
respectively are considered. To accurately calculate the
adsorption free energy of O2* formation, the bond energy of
the reference O2 molecule is derived from the RPBE free
energies of H2O and H2 molecules from this work and the
experimental reaction free energy (2.46 eV) for H2O → 1/2O2
+ H2. Steps D2, D3, A2, A4, and A5 in the scheme shown in
Figure 3 are associated with a (H+ + e−) transfer. For a reaction
of the form A* + (H+ + e−) → *AH, the computational
hydrogen electrode model40 is adopted to obtain the reaction
free energy of the step as that for A* + 1/2H2 → *AH. A term
ΔGU = −eU is added to adjust the reaction potential to 0 V.

Table 1. Parameters Used for the Stress and Energy Analyses
Presented in This Study
parameter

deﬁnition

value

comments

Dpsd
Es

81.2 cm
72.9 GPa

measured
ref 60

hs
L
nH2O

distance between PSD and electrode
Young’s modulus of cantilever
substrate
thickness of cantilever substrate
submerged length of cantilever
refractive index of electrolyte

100 μm
20 mm
1.33

measured
measured

nair
υs

refractive index of air
Poisson’s ratio of cantilever substrate

1
0.28

4. RESULTS AND DISCUSSION
A schematic of the PtCu thin-ﬁlm electrode before and after
dealloying is shown in Figure 5a. The ﬁrst four CV cycles

ref 60
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Figure 4. Structural geometries of (a) Pt(111) surface and (b) O*, (c)
HO*, (d) O2*, and (e) HOO* adsorbed Pt(111) surfaces. The atoms
in the descending order of size are Pt, O, and H, respectively.

Figure 6. XPS spectra of PtCu thin ﬁlm (in the energy range of Cu 2p
and Pt 4f signals) before and after 600 cycles of voltammetric
dealloying.

corresponding to dealloying of the ﬁlm are shown in Figure 5b.
The Cu dissolution peaks are seen at 0.7 V vs SHE, which are
consistent with that reported in the literature.3,8,9,11,43−46 Cu
dissolution charge (i.e., area under the anodic peak) decreases
with cycle number and approaches zero (Figure 5c). The
surface composition of as-prepared and dealloyed PtCu thinﬁlm electrodes are characterized by XPS. Surface spectra
(Figure 6) of as-prepared PtCu ﬁlm show peaks that
correspond to Cu2p and Pt4f levels indicating the presence of
Cu and Pt. However, in the spectra for the dealloyed PtCu
ﬁlms, the peak corresponding to Cu2p levels is substantially
diminished indicating Pt surface enrichment. The kineticlimited region from the oxygen-reduction curves obtained on Pt

and dealloyed PtCu electrodes in an RDE setup is shown in
Figure 7. The true surface area of Pt and the dealloyed PtCu
electrode were estimated from the hydrogen desorption charge
in the cyclic voltammograms obtained in N2-saturated 0.1 M
HClO4. Based on these measurements, the real surface area of
dealloyed PtCu electrode was estimated to be 16% larger than
that of the unstrained Pt electrode; the current densities in
Figure 7 are reported with respect to the real surface area. The
dealloyed PtCu electrode exhibits an enhanced performance
toward ORR compared with that of the Pt electrode. The
reduction in overpotential was measured at ten current
densities between 1 and 2 mA/cm2rsa; the average shift in the

Figure 5. (a) Schematic showing the Pt/PtCu structure prepared via voltammetric dealloying of sputter-deposited PtCu (1:1) alloy. Note that the
layers are not drawn to scale. (b) The ﬁrst four dealloying CV cycles are shown. These CVs are obtained in 0.1 M HClO4 (deaerated with UHP Ar)
at a scan rate of 20 mV/s and at 298 K and 1 atm. (c) The 600th CV cycle is shown. The arrows in both ﬁgures indicate the direction in which the
potential is swept.
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observed at more positive potentials is larger than that normally
attributed to Pt oxidation. This suggests that contaminants are
oxidized from the surface prior to activating Cu dissolution.48
The ﬁrst anodic sweep shows a stress response that is also
diﬀerent from the other cycles. The shape of the stress curve is
fairly similar to that of Pt that appears in the literature;34
however, the magnitude of the stress change for the alloy is
about 30% that of pure Pt. Over this potential range, the stress
response is primarily due to electrocapillarity; that is, chargeinduced surface stress and the adsorption/desorption of species
on the Pt surface.49 On the return sweep, the stress shows a
peak at about 0.7 V. This peak is accentuated as dealloying
continues and becomes a prominent feature on all subsequent
cycles, appearing at 0.9 V on the anodic sweep and 0.7 V on the
cathodic return sweep. Although we cannot ascribe a particular
feature of the stress response to Cu dissolution or the
rearrangement of Pt, it is clear that this peak in the stress
response is the direct result of dealloying.
Another prominent feature of the stress-thickness proﬁles is
the systematic shift toward compressive stress values as
dealloying progresses. This is indicated by the arrow in Figure
8b. The stress-thickness evolution in any CV cycle is a
superposition of the stress-thickness induced due to dealloying
and that due to electrocapillary eﬀects. As such, the stressthickness due exclusively to dealloying can be obtained by
measuring the shift in stress-thickness from that of the ﬁrst CV
cycle at any potential in the scan range. Although there is some
dependence of the shift with the potential value, we have
chosen to measure the shift at the start of the CV cycle (−0.05
V vs SHE). The stress-thickness evolution due to dealloying, as
shown in Figure 9, is compressive and increases rapidly during
the ﬁrst few cycles. The net change in stress-thickness reaches a
plateau of about −0.7 to −0.95 N/m after 10 cycles.
The dealloying process is reported to form a strained Pt-rich
ﬁlm in contact with the underlying PtCu alloy.6 As such the
associated stress response can be examined in a manner similar
to that which has been developed for epitaxial thin ﬁlm growth
onto foreign metal substrates. The surface stress diﬀerence
associated with geometrically strained overlayer growth, ΔF,
can be given by50,51

Figure 7. Current density with respect to the real surface area
corresponding to the cathodic (negative direction) sweep on Pt and
Pt/PtCu thin-ﬁlm (rotating-disk) electrodes in 0.1 M HClO 4
(saturated with UHP O2) at a scan rate of 20 mV/s. A positive shift
of 24.42 ± 0.01 mV in the overpotential toward oxygen-reduction
reaction is observed for the dealloyed PtCu electrode. Note that the
potential shift is an average value of potential shifts measured at
multiple current densities between 1 and 2 mA/cm2rsa.

potential was 24.42 ± 0.01 mV. This performance enhancement is similar to what was reported in the literature.3,8,9,11,43−47
Stress-thickness measurements are carried out on 100 nm
PtCu thin-ﬁlm electrodes while they are dealloyed between
−0.05 and +1.15 V vs SHE in an Ar-saturated 0.1 M HClO4
electrolytic solution. The CVs and the stress-thickness
evolution are shown in Figure 8a,b, respectively. For the sake
of clarity, only data corresponding to cycles 1, 10, 50, 100, 150,
200, and 250 are shown. The CVs are similar to those
previously shown in Figure 5a. The anodic peak in current
density around +0.7 V, which we attribute to Cu dissolution,
steadily decreases with the number of cycles. It is interesting to
note that some features are unique to the ﬁrst cycle. No
selective dissolution of Cu occurs, and the anodic current

Figure 8. Selected (a) cyclic voltammogram and (b) stress-thickness evolution during dealloying of a PtCu thin-ﬁlm electrode in 0.1 HClO4
electrolyte saturated with UHP Ar are shown. Scan rate: 250 mV/s.
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Pt layer reported by Strasser et al.4 for dealloyed PtCu is about
−3%, resulting in a large compressive misﬁt term in eq 2. It is
clear that the misﬁt stress dominates and is responsible for the
net compressive stress that is observed experimentally during
dealloying. It should also be noted that if the Pt-rich layer forms
in small islands rather than as a continuous ﬁlm, then an
additional size-dependent compressive strain can be added to
the misﬁt strain.57
As noted before, to obtain the stress in the dealloyed Pt-layer,
it is necessary to determine its thickness, which is done by
measuring the change in the mass of the electrode through an
electrochemical quartz crystal nanobalance (EQCN) study,
following the method described in refs 26−29 and 35. The
change in the mass of the electrode as measured in the EQCN
experiments during two representative successive CV cycles is
shown in Figure 10a. There are multiple processes that occur
on the electrode surface that contribute to transient mass
changes during a CV cycle, which are noted in Figure 10a. The
mass change denoted by A corresponds to Cu dissolution from
PtCu; B corresponds to mass change due to reduction of Pt
oxide and perchlorate desorption from PtCu and Pt surfaces; C
corresponds to the net change in mass per CV cycle (due to Cu
dissolution); and D corresponds to the mass of re-deposited
Cu. The mass of dissolved Cu per unit area per cycle for the
ﬁrst ten CV cycles is shown in Figure 10b. Cu dissolution is
rapid during the initial cycles, consistent with stress-thickness
evolution in Figure 9.
As noted above, the X-ray diﬀraction (XRD) spectrum
obtained on an as-prepared PtCu ﬁlm indicates a predominantly (111) texture (Figure 2). The mass of Cu per
monolayer per cm2 of (111) PtCu alloy is 85.8 ng/(cm2·
monolayer). From the EQCN measurements, at the end of 10
dealloying cycles, the net mass of Cu removed is 210 ng/cm2
(with an uncertainty of 22%), which is equivalent to dealloying
2.4 ± 0.6 monolayers of PtCu. Assuming that the Pt atoms
rearrange themselves to occupy the Cu sites and consolidate
into a dense layer, the thickness of the dealloyed Pt layer is
equivalent to 1.2 ± 0.3 monolayers. Note that this estimate is
similar to the measurements of Pt-skin thickness on dealloyed
PtCu nanoparticles reported by Bele et al.18 and Hodnik et al.19
Taking the spacing between (111) planes in Pt to be 0.131 nm,
the thickness of the dealloyed Pt layer is 0.16 ± 0.04 nm.

Figure 9. Evolution of stress-thickness as a function of number of
dealloying cycles for two PtCu cantilever electrodes that also show the
experimental variability.

ΔF = Δfo + Δfpzc + Δfi + ΔΣmf hf

(2)

where Δfo is the change in the intrinsic surface stress associated
with the change in surface chemistry, Δf pzc is an electrocapillary
term that reﬂects the change in the potential of zero charge
(pzc) of the surface, Δf i is the interface stress between the
overlayer and the substrate, and ΔΣmfhf is the product of the
misﬁt stress and the ﬁlm thickness of the overlayer. If we
assume that the PtCu alloy possesses surface properties that are
intermediate to that of Cu and Pt, then one can expect the
intrinsic surface stress to become more positive (Δfo ≈ +1.0 N/
m)52 as dealloying causes the surface to become Pt-rich. Similar
tensile stress should come from the electrocapillarity term
(Δf pzc). Compressive stress is generated as the potential of an
electrode is set positive of its pzc.53,54 As the pzc is shifted
positive toward that of Pt,55 the charge-induced compressive
stress will be diminished, resulting in a net tensile stress. One
can then expect the ﬁrst two terms of eq 2 to result in tensile
stress. The interface stress between the PtCu alloy and the Ptenriched layer is not known. This term can be either tensile or
compressive but values for other fcc metal pairs are generally
small, less than about 0.5 N/m.52,56 The strain in the enriched

Figure 10. (a) Mass change (Δm) corresponding to the third and fourth dealloying CV cycles on PtCu thin-ﬁlm electrode in 0.1 M HClO4
(deaerated with UHP Ar). Phenomena resulting in electrode mass changes are labeled A through D and are described in the text. The CV sweep
direction is indicated by the arrows. (b) Net loss in electrode mass for the ﬁrst 10 CV cycles is shown.
19047
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Figure 11. Free energy diagram at U = 1.23 V for oxygen reduction reaction via dissociative mechanism on Pt(111) biaxially strained by −2.5%,
0.0%, and +2.5%.

Figure 12. (a) Reaction free energies of protonation steps D2 and D3 in the scheme shown in Figure 3 and (b) activity in terms of the limiting
potential (UL) at U = 1.23 V for ORR via dissociative mechanism over ±2.5% in-plane biaxially strained Pt(111) surfaces.

Taking the average stress-thickness value at the end of 10
dealloying cycles to be 0.83 ± 0.13 N/m, the stress in the
dealloyed Pt is estimated to be 4.95 ± 1.3 GPa. Taking the
biaxial modulus of Pt(111) to be 336 GPa (Young’s modulus of
185 GPa, Poisson’s ratio of 0.45), the biaxial compressive elastic
strain in the dealloyed layer is estimated to be 1.47% ± 0.4%
[the cumulative error is calculated from the error in EQCM
measurement (22%) and from the maximum variation in
measured stress-thickness values between samples (13%)]. It
should be noted that these estimates are only approximate since
they involve extending bulk continuum concepts to very thin
surface layers. To our knowledge, this is the ﬁrst direct
measurement of stress in the Pt-enriched layer due to surface
dealloying of PtCu.
4.1. Computational Results: Dissociative Mechanism.
Figure 11 shows the free-energy diagram for ORR on Pt(111)
via dissociative mechanism at U = 1.23 V, and its variation with
biaxial strain applied to the Pt surface. Here U is the electrode
potential versus SHE. It can be seen that O* (see Figure 3)
formation is exergonic (i.e., downhill in free energy) but
subsequent protonations of O* and of HO* are endergonic
(uphill in free energy). For the free-energy landscape for

oxygen reduction to be fully downhill, the potential of the
electrode would have to be lowered by a value equal to the
larger of the two protonation barriers, ΔGL (D2 and D3 in
Figure 11), also known as overpotential (η). The potential at
which ORR will now takeoﬀ on the electrode is called the
limiting potential (UL) and is given by
η = 1.23 − UL = ΔG L /e

(3)

where e is the charge of an electron. Thus, UL can be
considered as an ORR activity indicator (A) and has previously
been shown to successfully predict the onset potentials in
experiments.42,58,59 As shown in Figure 11, compressive strain
raises the free energy of the intermediates making them less
stable and tensile strain lowers their free energy making them
more stable. Note that strain has a stronger eﬀect on the
adsorption free energy of O* than that of HO*. It can be seen
in Figure 12a that ΔG(D3) > ΔG(D2) for strains between
−2.5% and 0.5% and, ΔG(D2) > ΔG(D3) for strains between
0.5% and 2.5%. Figure 12b shows the variation of UL with
strain; it can be seen that UL increases with compressive strain
(i.e., reduction in overpotential) and decreases with tensile
strain (i.e., increase in overpotential), which is consistent with
19048
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Figure 13. Free energy diagram at U = 1.23 V for oxygen reduction reaction via associative mechanism on Pt(111) biaxially strained by −2.5%, 0.0%,
and +2.5%.

Figure 14. (a) Reaction free energy of protonation step A2 in the scheme shown in Figure 3 and (b) activity in terms of the limiting potential (UL)
at U = 1.23 V for ORR via associative mechanism over ±2.5% in-plane biaxially strained Pt(111) surfaces.

UL is −32.8 and −36.9 mV per 1% strain for the dissociative
and associative mechanisms, respectively. Under tension, these
numbers are −41.4 and −36.7 mV, respectively. Figure 15 also
shows the experimental measurement (Figure 7) of the shift in
CV potential (ΔV = 24.42 ± 0.01 mV) for dealloyed Pt/Pt−Cu
ﬁlms in which the Pt ﬁlm was inferred to be under a
compressive strain of 1.47%. Note that the computational
results are in good agreement with the experimental measurement.

the experimental observation on dealloyed PtCu electrodes
reported in Figure 7 as well as the observations in the
literature.1−6
4.2. Associative Mechanism. The free energy diagram for
ORR on biaxially strained Pt(111) according to the associative
mechanism at U = 1.23 V is shown in Figure 13. All four
intermediates are destabilized by compression and stabilized by
tension. The eﬀect of the application of strain is larger on
adsorption energies of O2* and O* than those of HOO* and
HO*. It can be seen that O2* and O* formations are downhill
in energy while the protonation of O2*, O*, and HO* are
uphill in energy. Over the entire strain range considered herein,
the protonation of O2* to HOO* (step A2 in the scheme
shown in Figure 3) always has the largest free energy change.
When a compressive biaxial strain is applied to Pt(111), ΔG
(A2) decreases, and it increases under tensile strain as shown in
Figure 14a. ORR activity calculated from eq 3 using ΔG (A2)
leads to a variation with strain as illustrated in Figure 14b. In
other words, ORR activity via associative mechanism increases
with compression, similar to that in the dissociative mechanism.
4.3. Shift in Potential with Strain. The variation of the
change in the ORR, UL, relative to that of unstrained Pt(111)
with biaxial strain via associative and dissociative mechanisms is
shown in Figure 15. Under compression, the rate of change in

5. CONCLUSIONS
We report an experimental investigation in which stress
evolution during dealloying of PtCu catalyst ﬁlms is measured
directly by monitoring the change in substrate curvature in real
time. In order to estimate the thickness of the dealloyed layer,
the mass of dealloyed Cu was measured using an electrochemical quartz crystal nanobalance, and it was shown to be
210 ± 46 ng/cm2, which corresponds to a dealloyed layer
thickness of 1.2 ± 0.3 monolayers or 0.16 ± 0.04 nm. Real-time
substrate-curvature measurements during electrochemical dealloying show development of compressive stress in the dealloyed
Pt layer and its magnitude was estimated to be 4.95 ± 1.3 GPa,
which corresponds to a biaxial elastic strain of 1.47% ± 0.4%.
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Further, the strained Pt layer shows enhanced catalytic activity
toward ORR compared with that of unstrained polycrystalline
Pt as measured by a reduction in overpotential of 24.42 ± 0.01
mV, which agrees with similar measurements in the literature.
We have also carried out DFT calculations on biaxially strained
Pt surface to estimate the inﬂuence of strain on the ORR
overpotential by considering both dissociative and associative
mechanisms. The theoretically predicted change in overpotential with strain was similar in magnitude for both
mechanisms and was consistent with the direction and
magnitude of the experimentally measured CV shift for the
Pt/PtCu dealloyed electrode. The predictive capability of the
computations, supported by its agreement with the experimental measurement, is expected to provide a framework for
the design of core−shell catalysts.
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