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ABSTRACT: Microcantilever stress measurements are examined to contrast and compare their
attributes with those from in situ X-ray absorption spectroscopy to elucidate bonding dynamics
during the oxygen reduction reaction (ORR) on a Pt catalyst. The present work explores multiple
atomistic catalyst properties that notably include features of the Pt−Pt bonding and changes in
bond strains that occur upon exposure to O2 in the electrochemical environment. The alteration
of the Pt electronic and physical structures due to O2 exposure occurs over a wide potential range
(1.2 to 0.4 V vs normal hydrogen electrode), a range spanning potentials where Pt catalyzes the
ORR to those where Pt-oxide forms and all ORR activity ceases. We show that Pt−Pt surface
bond strains due to oxygen interactions with Pt−Pt bonds are discernible at macroscopic scales in
cantilever-based bending measurements of Pt thin films under O2 and Ar. Complementary extended X-ray absorption fine
structure (EXAFS) measurements of nanoscale Pt clusters supported on carbon provide an estimate of the magnitude and
direction of the in-operando bond strains. The data show that under O2 the M−M bonds elongate as compared to an N2
atmosphere across a broad range of potentials and ORR rates, an interfacial bond expansion that falls within a range of 0.23
(±0.15)% to 0.40 (±0.20)%. The EXAFS-measured Pt−Pt bond strains correspond to a stress thickness and magnitude that is
well matched to the predictions of a mechanics mode applied to experimentally determined data obtained via the cantilever
bending method. The data provide new quantitative understandings of bonding dynamics that will need to be considered in
theoretical treatments of ORR catalysis and substantiate the subpicometer resolution of electrochemically mediated bond strains
detected on the macroscale.

Platinum is a superior catalyst for the oxygen reduction
reaction (ORR), but its high cost presents a major barrier

to the commercial viability of technologies, such as polymer
electrolyte membrane fuel cells, that require it.1 The ORR has a
large overpotential (ca. 0.4 V) in these cells, and high mass
loadings are often needed to provide useful rates.2,3 While work
in finding non-noble-metal-based catalysts has led to
considerable advances,4−7 Platinum group metal (PGM)
electrocatalysts remain the best ORR catalysts to date and
notable for utilizing the high efficiency, direct four-electron
reduction pathway.8−10 An increase in Pt mass activity through
increased surface area has lowered overall catalyst cost
considerably, but edge effects reduce ORR site-specific activity
in PGM catalysts, resulting in a nanoparticle size vs activity
limit at 3−4 nm.1,3,11−14 Alloying techniques can further
maximize active surface area by exposing a larger ratio of the
more active Pt (111) plane and also affect the electronic
character of the catalyst.10,15−21

Catalytic activity balances on interrelated properties such as
d-band occupancy, Pt−O bond strengths and distances, and O2

adsorption activation barriers.22−31 In particular, the d-band
model, relating the energy difference between the d-band
center and the Fermi level to the binding energy of the
adsorbates, has been successfully applied to catalyst design.32,33

These studies, both ab initio and experimental, have focused on
the Pt−O bond, while presuming a static Pt−Pt bond character
during ORR.22−31 However, it is understood that there are
significant reasons, and data,34,35 that suggest such static models
are too simplistic and a need exists for better information as to
the real nature of the bonding dynamics.
There exist means that can be used, in principle, to measure

such effects. Electrochemical surface stress measurements have
long been used to investigate the lattice strain effects that result
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from electrodeposition, and the technique has recently been
applied to the study of oxygen reduction.36,37 Previously,
Heaton and Friesen studied the stress-potential behavior of Pt
and Au electrodes using electrocapillarity. More specifically,
they described features in the surface stress behavior of Pt in
oxygen saturated environments as they related to the onset of
oxygen reduction.38 Seo and Serizawa investigated the changes
in surface stress of Pt electrodes in acidic and alkaline sulfate
and alkaline fluoride solutions by a bending-beam method, one
similar to the one we employ here.39 Stafford et al. utilized a
dynamic stress analysis, probing the capacitive response of Pt
films in order to further understand the surface charge effects in
the double layer region and the multiple stress generating
effects caused by adsorbate interactions with the Pt surface.40

The present work addresses and compares quantitative
measurement protocols that provide insights into the in-
operando structural dynamics of electrocatalysts, using the ORR,
carried out using a Pt catalyst, as an exemplary model system.
Of specific concern in this work is the critical comparison of an
in situ local probe of atomistic structure, X-ray absorption
spectroscopy (XAS), and a continuum-level/macroscopic probe
of interfacial dynamics, cantilever strain measurements, that
embed these same atomistic features within the more
macroscopic characteristics of the mechanics involved. The
question addressed is the degree to which fully quantitative
analyses of the atomistic features of the dynamics of
electrocatalysis can be derived from such data.
In situ electrochemical surface stress measurements on Pt

films track the macroscopic tensile and compressive responses
(Figure 1a) to applied potentials under inert gas and O2
sparged environments. In principle, this measurement can

report on the Pt−Pt bond length change as a function of O2
exposure, albeit at the macroscopic level. The mechanics are
more complex than this, however, and other features of the
interfaces involved can be (and are expected to be) important
contributors to measured strain data.
XAS is a direct atomistic probe that provides an experimental

method for measuring d-band model properties directly.41−48

In an earlier report, in situ XAS studies of the ORR showed that
the platinum catalyst oxidation state changes significantly with
potential.43,44 More recent in situ XAS studies of the ORR on
Pt, ones benefiting from advances in XAS instrumentation and
in situ cell designs, have made it possible to extend these
insights and to quantitatively study more complex phenomena
such as platinum oxide growth and potential-dependent bond
disorder that results from perturbations due to interfacial
bonding.44,49,50 Our previous work used in situ electrochemical
X-ray absorption near-edge structure (E-chem XANES) to
show that the electronic structure of a Pt electrocatalyst is
strongly influenced when exposed to O2 under potentiostatic
control, exhibiting larger d-band vacancies than exist at the
same potential under N2.

51 Additionally, the largest difference
between the O2 and N2 integrated Δμ(E) L3-edge XANES data
occurs at cathodic potentials. The change in Δμ between O2
and N2 exposure is associated with charge transfer between the
Pt and the oxygen adsorbate. These results, obtained using 3
nm Pt nanoparticles, have been reproduced on the 1.2 nm
particles used in the present work (vide inf ra). Figure 1b shows
an atomic resolution scanning transmission electron micros-
copy (STEM) micrograph of a typical Pt/C supported
nanoparticle in the 1.2 nm size range, comprised of Pt atoms
well described by a truncated cuboctahedral shape.
A particular consequence of the charge transfer process

developed in our XANES work and in other studies referenced
aboveis that Pt−Pt bond distances should also exhibit
dependences due to the O2 exposure and potential. The nature
of these structural changes have yet to be fully characterized
their study being complicated by the fact that they are likely to
be local to the surface atoms of a supported electrocatalytic
metal cluster. As the EXAFS reports on ensemble averages, the
surface bonding information will be convolved with the more-
bulk-like atomic bonding that is also present in a cluster. Very
small clusters, however, can be used to more heavily weight
(and thus better detect) changes due to surface bonding
dynamic bond strains that may be small and thus challenging to
characterize in operando. It therefore remains an opportunity for
progress in research to establish how bonding dynamics evolve
quantitatively during the electrocatalysis of the ORR by Pt. The
current work addresses this interest.
In this study, we explore the complementary attributes of two

independent means through which bond strains manifested in
an in-operando electrochemical environment can be explored.
We specifically highlight the similarities that exist between
macroscale mechanical stresses manifested in thin film
cantilever measurements and the atomic-scale structural
perturbations evidenced by EXAFS measurements made on
small supported electrocatalytic Pt clustersspecifically, the
surface localized bond strains evidenced in each system in the
presence of O2. The measurements reported in the current
work demonstrate that these electrochemically mediated bond
strains are in fact small, being manifested as an expansion that
varies weakly over the range of potentials investigated. We
demonstrate that the EXAFS and cantilever measurements
(when analyzed via a suitable model) agree in terms of relative

Figure 1. (a) The contraction or expansion of surface bonds yielding
stresses that by convention are described as mediating either tensile or
compressive modes of deflection in a macroscale cantilever,
respectively. (b) Aberration-corrected STEM image of an exemplary,
individual Pt nanoparticle supported on carbon.
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magnitude and direction of the Pt−Pt bond strain (expansion)
evidenced under O2 during the ORR. Of particular note is the
finding that the cantilever-based measurement reveals the
nature of a generally weak potential dependence of the Pt−Pt
bond strains with a higher analytical certainty.

■ EXPERIMENTAL SECTION
In-situ stress data were collected using an optical stress
measurement setup and cell described previously52,53 while the
electrochemistry was monitored with a CV-27 potentiostat
(BASi West Lafayette, IN). Surface stress was measured using
cantilever curvature as previously described54,55 and was
calculated using Stoney’s equation.56 Cyclic voltammetry was
conducted using a modified glass coverslip as the working
electrode, a Pt wire counter electrode, and a Ag/AgCl reference
electrode. Cyclic voltammograms were measured at room
temperature in Ar or O2 saturated 0.1 M HClO4 at a scan rate
of 10 mVs−1 from 1.6 to 0.0 V versus the normal hydrogen
electrode (NHE). We note that the scan rate used is sufficiently
low to ensure the stress response is reflective of a steady state
regime, as further affirmed by estimates of the same as are
predicted by the Cottrell equation.57 Both the surface stress
changes and the electrochemical data were recorded using a
home-built program written using LabVIEW (National Instru-
ments, Austin, TX).
Glass coverslips coated on one side with a 20 nm Ti adhesion

layer and 200 nm of Pt were prepared from borosilicate glass
microscope coverslips (Gold Seal No. 1, 150 μm thick, Young’s
modulus = 75.9 GPa). Cantilever-electrodes approximately 25
mm × 1.5 mm were then cut from the coverslips using a
diamond-tipped pen in accordance with cantilever dimensions
for accurate stress values.52 The cantilever-electrodes were
rinsed with Milli-Q water (>18 MΩ cm−1) and annealed with a
H2 flame prior to use.
The Pt/C electrocatalyst used in this study was prepared

using the incipient wetness technique followed by heating
under a H2 atmosphere, as described in the Supporting
Information. The particle size distribution, obtained by using
STEM was 1.20 ± 0.60 nm (Figure S1). The catalyst loading
on the gas diffusion electrode was measured against a standard
using X-ray micro tomography (MicroCT; Figure S2). The
particle size distribution (1.23 ± 0.37 nm) and catalyst loading
of the electrode were measured following XAS data acquisition
and are given in the Supporting Information, showing the
electrode and catalyst structures changed little during data
acquisition (Figures S3 and S4).
The electrochemical in situ XAS cell featured oxygen

permeable poly(dimethylsiloxane) windows as described
previously.51 Electrochemical measurements with the XAS cell
were performed using a CH Instruments potentiostat. All
potentials are referred (vs NHE), which was calibrated by
exposing the Pt electrocatalyst to H2 prior to experiments. The
XAS experiments were obtained with the Pt catalyst operating
in three potential regions: the double layer region, (400, 500,
and 600 mV), at the onset potential for ORR (900 mV), and at
a potential where the Pt is electrochemically oxidized to PtOx
(1 < x < 2; 1200 mV). Electrochemical data for the XAS
experiments can be found in the Supporting Information
(Figure S5).
The XAS experiments were performed at the National

Synchrotron Light Source at Brookhaven National Laboratory,
beamline X18B. The beamline utilizes a Si (111) double-crystal
monochromator, which was detuned 25% to minimize higher

harmonics. Experiments were performed in fluorescence mode,
using an Ar-filled Lytle detector for measuring fluorescence
intensity from the sample. X-ray absorption through bulk Pt foil
positioned downstream from the sample between the two Ar-
filled ionization chambers was measured in the same energy
scan with the electrochemical XAS data for energy calibration
and alignment. Incident beam intensity was measured using a
N2-filled ionization chamber positioned upstream from the
sample. Typical acquisition times were 20 min per scan with a
typical potential point requiring up to 20 scans. Due to time
constraints, only four XAS scans were performed at 1200 and
900 mV, which is the origin of the relatively large experimental
uncertainties at these potentials compared to the data obtained
at other potentials. EXAFS data were extracted from the raw
absorption coefficient data using the Autobk method58

implemented in the IFEFFIT data analysis package.59 The
data were Fourier transformed from k-space, where k is the
photoelectron wavenumber, to R space and the fitting ranges
for quantitative analysis in both k-space and R-space were
determined. The data were fit in R-space with FEFF6 theory.60

For analyzing the structural changes obtained at different
potentials, only the nearest neighbor Pt−O and Pt−Pt
contributions to EXAFS were included in the theory. Since
EXAFS cannot distinguish between O and C as the scattering
atom, “Pt−O” refers to any pair of Pt and O or C as the 1NN.
For 3D structure determination of a representative particle
from the ensemble, we applied a multiple scattering analysis
method that takes into account five nearest Pt−Pt coordina-
tions, including multiatom linkages, as described in greater
detail below and in the Supporting Information.

■ RESULTS AND DISCUSSION
Electrochemical Stress Measurements. Figure 2 shows

representative results of macroscopic electrochemical stress
measurements made on a thin film Pt electrocatalyst during the
ORR. Figure 2a shows voltammetry (vs NHE) obtained from
the polycrystalline Pt/glass cantilever in an Ar purged
electrochemical stress cell showing oxygen evolution at 1.4 V,
oxide stripping between 0.7 and 0.5 V, hydrogen associated
features below 0.2 V, and oxide formation at 0.8 V during the
anodic sweep.61 The data in Figure 2b, obtained under O2,
show that the ORR is operative on this surface, with an onset of
ca. 0.8 V. The voltammetry presented here agrees with previous
reports.62,63

Figure 2c shows electrochemical surface stress-thickness
changes occurring on the cathodic sweep with and without the
presence of O2. Absent O2, the Pt surface exhibits three regions
of activity as the potential becomes more negative from 1.5 V to
ca. 0.1 V. First, the surface stress becomes more tensile as the
potential is swept to more negative values. Second, the tensile
slope increases between 0.8 and 0.1 V but abruptly becomes
more compressive between 0.1 V and the negative potential
limit of 0.0 V. The form of the potential-stress profile is
consistent with the results of prior reports.39 The tensile stress
observed between 0.8 and 0.4 V is assigned to surface
contraction resulting from oxygen removal during reduction
of the surface oxide.61 The surface stress remains tensile as
surface potential becomes more negative (0.5 to 0.2 V), which
has been explained in the past as being a consequence of the
increasing surface charge density in the double layer region. In
general, increasing surface charge results in more attractive
interactions between surface atoms, which cause tensile
stress.64,65 Nevertheless, Stafford et al. showed that isolating
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the contributions of adsorption using a macroscopic cantilever
measurement, particularly within the double layer region, is not
trivial.40 Importantly, Figure 2c shows that while surface stress-
thickness curves from Ar and O2 saturated solutions exhibit
similar patterns, the curve from the O2-exposed sample is
displaced in a more compressive direction over the entire
potential window interrogated. The Δstress (Ar minus O2)
responses of Pt under O2 and Ar behave as predicted by
Feibelman’s ab initio calculations, which predict a lengthening
of M−M surface bonds that is a reduction in tensile surface
stress of the Pt surface, in the presence of adsorbed oxygen.66

As discussed in sections that follow, the quantitative aspects of
these noted differences can be related to precise aspects of the
M−M bonding dynamics, ones that EXAFS data help constrain
and validate.
EXAFS Data Modeling. Data from XAS, here using small

1.2 nm average-sized clusters supported on C, help establish the
magnitude of the structural relaxations that occur on Pt surfaces
more similar to fuel cell catalysts, while simultaneously
monitoring the electronic state of the d-band. The EXAFS
region in XAS refers to the oscillatory part of the X-ray
absorption coefficient that begins at about 40 eV past the
absorption edge. The oscillations originate from the interfer-
ence of the outgoing and backscattered photoelectron
waves.45,46 These fine structure oscillations are analyzed
quantitatively by fitting a theoretical EXAFS equation that
takes into account multiple scattering contributions of
photoelectron paths,60 to the experimental data. From such
fits, the bond distances of the metal−metal and metal−
adsorbate pairs, their coordination numbers, as well as the

values of mean square bond length disorder, σ2 can be
obtained.45,46

Multiple scattering analysis of a representative nanoparticle
sample, for the size/shape determination purpose, was
performed using an approach reported in previous work.67,68

Figure 3 depicts the EXAFS data in k-space (Figure 3a) and R-

space (Figure 3b) obtained with the sample held at a potential
of 400 mV under N2. The k-space range used in the Fourier
transform was from 2.8 to 17.6 Å−1, and the R-range used in the
fit was from 1.4 to 6.3 Å. The k-space data obtained at other
potentials are shown in Figure S6. The k2-weighting was
applied to all the data. The most prominent peak at ca. 2.6 Å,
uncorrected for the photoelectron phase shift, is due to the Pt−
Pt contribution. The fitting region in k-space and r-space are
indicated by arrows. The fitting model included the Pt−O
contribution for the first nearest neighbor to a Pt atom as well
as Pt−Pt contributions corresponding to the first five nearest
coordination spheres around Pt absorbers in the face centered
structure. Multiple scattering paths were included in the
theoretical calculation as well, as described in greater detail in
the SI. The best fit results for the average coordination numbers
of Pt−Pt neighbors in the coordination spheres of 1 through 4
around a Pt atom present in the cluster are presented in Table
1. The entire list of fit results is reported in Table S1 in the SI.
The electrochemical structural sensitivities at all potentials

were analyzed for the nearest neighbor Pt−O and Pt−Pt
contributions. The Pt−Pt bond distances obtained from
EXAFS fits (Figure S7−S10) of the R-space data are plotted

Figure 2. (a and b) Characteristic cyclic voltammograms of Pt/glass
under Ar and O2 sparged environments, respectively. (c) Stress data of
Pt/glass of both Ar and O2 conditions.

Figure 3. (a) k space and (b) R space plots of the k2-weighted EXAFS
data under N2 at 400 mV, with a multiple-scattering fit. Best fit results
or coordination numbers for Pt−Pt shells from 1 through 4 are
presented in Table 1. The k-space and r-space Fourier transform
window boundaries used for the fits are marked with black arrows.
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versus potential in Figure 4A. The figure shows an increase in
Pt−Pt bond distance, ⟨R⟩, upon exposure to oxygen at all

potentials relative to N2. Figure 4B shows the average bond
expansion, Δ⟨R⟩. It is defined as the difference between the
average bond distances under O2, ⟨R⟩O2

, and N2, ⟨R⟩N2
,

according to eq 1.

Δ⟨ ⟩ = ⟨ ⟩ − ⟨ ⟩R R RO N2 2 (1)

Figure 4A shows that Pt−Pt distance under O2 exposure is
systematically longer compared to the N2 exposure, despite a
partial overlap of the Pt−Pt distance error bars at potentials
greater than 500 mV. This expansion is more clearly observed
in the differential potential-dependent distances Δ⟨R⟩ (Figure
4B). The trends seen here show that the O2 environment,
across a range of potentials that include the double layer region,
leads to small, but measurable, bond length elongation. These
modest trends are ones that are also inferred by mechanics
models applied to the cantilever data, a point discussed below.

Pt Nanoparticle Modeling. The measured bond length
expansion is intrinsically averaged over all bonds sampled in the
EXAFS experiment. The bonds averaged include those on the
surface and in the interior of the Pt nanoparticle. Surface
relaxations figure very prominently for supported Pt clusters of
this size. In order to estimate the surface contribution to the
overall bond length expansion, we modeled the Pt nanoparticle
by constructing it to be consistent with the EXAFS derived
coordination numbers and STEM-determined size range as
described below.67

In order to obtain the effective coordination number and
thus particle size to estimate the surface contribution to the
EXAFS, we utilized results of the multiple-scattering fit to the
data, described above (Figure 3) and tabulated in Table 1. The
relevant structural parameters for modeling the particle size and
shape are the coordination numbers ranging from the first
coordination shell (N1) to the fourth (N4). The coordination
numbers and the STEM-determined average particle diameter
(1.2 ± 0.6 nm, Figure S1) were compared against their
respective theoretical values calculated for three models of the
hemispherically truncated (with 111 plane) cuboctahedron (T-
CO) series to determine the best size that fits both EXAFS and
STEM sets of results. The T-CO nanoparticles are thought to
be a good model for supported Pt nanoparticles at the length
scale considered here.67,69 Table 1 shows that the T-CO most
closely related to the combination of the experimental data
(EXAFS and STEM) is that of a 1.1 nm, 37 atom particle. This
average cluster structure is depicted schematically in Figure 5.
Figure S3 shows that minimal particle size changes occur during
the course of the EXAFS measurement.
Figure 5 shows the cuboctahedral model used to define a

surface-restricted expansion. In this surface-restricted model,
the basal plane atoms are coordinated with the carbon support
and are therefore considered static atoms (blue). Surface atoms
are represented in green. There are 129 total bonds (Ntotal) in
this model, 75 of which involve at least one surface atom

Table 1. Coordination Numbers from EXAFS Derived Data from the Sample Measured under N2 at 400 mv and the Mean
Particle Diameter Obtained by STEM, Compared to Three Cuboctahedral Models

total atoms N1 N2 N3 N4 diameter/nm

experiment n/a 6.7 ± 0.4 3.1 ± 1.5 12.3 ± 4.7 4.7 ± 1.4 1.2 ± 0.6
models 10 4.8 1.2 2.4 0.6 0.55

37 7.0 2.4 7.1 3.2 1.1
92 8.2 3.2 10.4 5.0 1.7

Figure 4. (a) Pt−Pt bond distances under N2 and O2 at three
potentials in the double layer region (400 mV, 500 mV, and 600 mV)
and at the ORR onset potential (900 mV) and at an oxidizing potential
(1200 mV). (b) Δ⟨R⟩ at all potentials, showing a distinct expansion at
all potentials upon exposure to O2.

Figure 5. Depiction of the 37 atom, hemispherically truncated
cuboctahedral nanoparticle, the best of the three models in terms of
their agreement with EXAFS results (Table 1, Table S2). This T-CO
was used for calculating the maximum, surface-restricted expansion.
The static atoms in the surface-restricted expansion model (eq S5) are
represented in blue, whereas the dynamic surface Pt atoms are
represented in green. This ideal particle has 37 atoms with 129 total
Pt−Pt bonds, of which 75 lengthen when the 15 surface atoms expand.
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(Nsurface) and 54 of which involve only static atoms (Nstatic;
Figure S11).
Using the 37 atom T-CO model, maximum and minimum

values of the surface Pt−Pt bond expansion can be calculated
from the ensemble-average EXAFS results; as the ORR is a
surface phenomenon, it seems reasonable to assume that
primarily the surface bonds will change during a reaction while
the subsurface bonds and those surface bonds involving the
carbon support will remain relatively unperturbed. Averaging
over only the surface atoms results in the estimated maximum
surface bond expansion value (vide inf ra). The opposite
extreme is uniform bond expansion over the whole nano-
particle, resulting in the estimated minimum surface bond
expansion value.
Figure 6 reports these minimum and maximum oxygen-

induced expansion values as a function of potential, using the

modeling described above and in the Supporting Information
(Figure S11). The figure shows there is a clear Pt−Pt surface
bond expansion in the presence of O2 at 400 mV, regardless of
the model chosen. The expansion at this potential ranges from
0.006 (±0.004) Å for the ensemble minimum expansion to
0.011 (±0.006) Å for surface-restricted maximum expansion.
These data correspond to 0.23 (±0.15)% to 0.40 (±0.2)%
relative expansions of the Pt−Pt bonds under O2 over the Pt−
Pt bonds present under N2. Figure 6 also shows the magnitudes
of the Pt−Pt expansion occurring in the presence of O2 at other
more positive potentials using the same limiting cases of the
model. These data and calculations are detailed in the
Supporting Information (Table S3).
Adsorbate induced surface relaxation is a commonly

observed phenomenon,70−73 with lattice constant changes of
about a few tenths of an Ångstrom being common for Pt.74−77

For example, hydrogen adsorption has been shown to expand
the Pt−Pt near-surface bonds by 0.05 Å or less.78 Such values
are important, and theoretical modeling suggests that the
surface lattice constant is linearly related to the energy of the d-
band center.76 As the lattice expands, the d-band contracts,
raising the energy of electrons near the Fermi level that can be
donated to adsorbates. The XAS experiment probes both these
bond length changes (via EXAFS) and the perturbations in the
electronic structure (via XANES) in the same in situ
experiment. To this end, we repeated the XANES white line

intensity measurements performed on 3 nm Pt/C particles in
previous work,51 with the 1.2 nm Pt/C particles employed here,
with similar trends being observed (Figures S12−S14). The
increased potential-dependent ΔXANES intensify differences
seen between O2 and N2 sparged environments, especially at
more cathodic potentials, corresponds to an increase in electron
density at or near the Fermi level and thus to an increase in the
stability of O2 and O adsorbates. At the same time, the
unoccupied orbitals directly above the Fermi level are lowered
in energy, reducing antibonding repulsion present in O
adsorption.76

Comparison of Cantilever and EXAFS Results. The data
in Figure 7 show the differences between potential-dependent

stress data for the Ar and O2 cases more directly, with the O2
displacement being evidenced lying between 0.05 and 0.2 N/m.
Interestingly, we see in the cantilever measurement that the
compressive displacement observed in the presence of O2 is
larger at more cathodic potentials. Though this trend appears to
be in qualitative agreement with the increased Pt−Pt bond
expansion found in the EXAFS measurements reported above,
the magnitude of the errors in the EXAFS data given the
exceedingly small bond length changes being measured make it
impossible to state with certainty what the functional form of
the potential dependence might be other than that it must be
weak over the potential range examined.
In order to compare the relative magnitudes of Δstress

observed in the two measurements, we next use the EXAFS-
derived Pt−Pt bond expansion to calculate a limiting
magnitude for a M−M bond stress in order to compare this
value with experimental ones. In cantilever-based measure-
ments the stress is calculated using Stoney’s equation:52

σ σ
ν

Δσ = − =
−

Y t C
6(1 )

t 0 s s
2

s (2)

Here, Δσ is the change in stress, Ys is the Young’s modulus of
the substrate, ts is the substrate thickness, C is the curvature of
the cantilever, and νs is the Poisson ratio of the substrate.
Stoney’s equation is valid in the limit where stress is
proportional to the (elastic) strain via the Young’s modulus
of the material:56

σ = ϵ Yf f f (3)

where σf is the stress in the film, ϵf is the strain in the film, and
Yf is the Young’s modulus of the film. The Young’s modulus for

Figure 6. Minimum and maximum Pt−Pt surface bond expansion
under O2 calculated from the ensemble measurement and surface-
restricted expansion. Plotted are both absolute expansions, Δ⟨R⟩Min
and Δ⟨R⟩Max, and percent expansion. Derivations are included in the
Supporting Information.

Figure 7. Characteristic stress differences obtained from in situ
cantilever and EXAFS measurements. The black line shows delta stress
of Ar minus O2 (from Figure 2c), and the blue points indicate the
expected delta stress based on the Pt−Pt bond strains obtained via
EXAFS.
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Pt thin films has been reported in the literature to have some
variation, typically having values slightly less than that of bulk
Pt.79,80 A value of 147 GPa was taken from the literature and
used as a reasonable approximation for this calculation.81

The bond expansion is used to calculate the strain via:

ϵ = ΔD a/f (4)

where ΔD is the change in bond distance and a is the Pt−Pt
bond distance. From the 400 mV data from EXAFS, ϵf ranges
between 0.0023 and 0.0040 (using the minimum and maximum
expansion models described above). Assuming the stress to be
manifested over one atomic layer, i.e. using data from the
maximum expansion model, an estimated stress thickness can
be calculated, as is reported in Figure 7.
Figure 7 shows the stress-thickness derived from the EXAFS

measurements overlaid with the change in stress due to O2
exposure obtained from the cantilever method. Strikingly, the
EXAFS derived stress-thickness nearly exactly overlaps the data
from the cantilever-based measurement. As the potential
decreases, compressive stress increases in the oxygenated
system. It is interesting to note that the uncertainties in the
EXAFS measurement give rise to error bars in the stress
calculation that are larger than those found with the cantilever
method. The nearly quantitative agreement in magnitude
between the two techniques nonetheless means that other
putative sources of stress change upon O2 exposuresuch as
defects, surface roughness, and impuritiesare likely insignif-
icant contributors in this case and that cantilever measure-
ments, via atomistic models of the mechanics, can yield
information relevant to bond dynamics manifested at
subpicometer length scales.

■ CONCLUSION
This work shows that adsorbed O2 results in Pt−Pt bond
expansion relative to Pt absent this gas. The Pt−Pt bond length
increases at more negative potentials as oxides are removed
from the Pt surface. Electrochemical surface stress measure-
ments obtained from Pt films shows that the presence of O2
leads to compressive stress relative to the O2-free case, the
magnitude of which is nearly identical to that predicted using
the Pt−Pt bond expansion obtained from the EXAFS. Our
observation of oxygen induced Pt−Pt bond expansion provides
additional input for computational studies examining the
dynamic Pt−Pt bond during the ORR. It is shown here that
the underlying atomistic bond dynamics manifest in macro-
scopic, measurable stress changes in a benchtop, microcanti-
lever experiment.
The current results suggest that cantilever-based surface

stress measurements, when conjoined with mechanics model-
ing, can provide a simple and quantitative means through which
one can explore surface-localized bond dynamics of metal
electrocatalysts, doing so in ways that compliment in-operando
data provided by XAS. We believe the current results suggest an
important role that these methods can play in mechanistic
studies of electrocatalysis. Our future work will explore this
possibility, specifically for cases involving multimetallic
compositions where more complex forms of atomistic dynamics
may contribute to ORR catalytic activity.
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