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ABSTRACT

Surface strain is widely employed in gas phase catalysis and electrocatalysis to control the binding energies of adsorbates on active

sites. However, in situ or operando strain measurements are experimentally challenging, especially on nanomaterials. Here, we

exploit coherent diffraction at the new 4th generation Extremely Brilliant Source at the European Synchrotron Radiation Facility

(ESRF-EBS) to map and quantify strain inside individual Pt catalyst nanoparticles under electrochemical control. 3D nanoresolution

strain microscopy together with density functional theory and atomistic simulations show for the first time evidence of heterogeneous

and potential-dependent strain distribution between highly-coordinated ({100} and {111} facets) and under-coordinated atoms

(edges and corners) as well as evidence of strain propagation from the surface to the bulk of the nanoparticle. These dynamic

structural relationships directly inform the design of strain-engineered nanocatalysts for energy storage and conversion applications.

Controlling the degree of surface strain is commonly used to optimise the chemisorption energies of adsorbates onto

metals, and thus accelerate the rate of (electro)catalytic reactions. Strain is the distortion of a crystal lattice due to

a localised or a global stress, which displaces the atoms from their equilibrium positions and alters the surface’s

electronic d-band centre1. Surface strain can be created by (i) depositing an overlayer of one metal onto another

metal with a different lattice parameter2, (ii) by alloying the metals3–6, (iii) introducing structural defects7–10 or

(iv) simply controlling the size and/or the shape of nanomaterials11. The fundamental relationship between surface

strain and the rate of a (electro-)catalytic reaction was pioneered by Hammer and Nørskov using density functional

theory (DFT) calculations1,12. They showed that compressive strain facilitates orbital overlap, broadening the band



structure and downshifting the d-band centre, thereby weakening the binding of adsorbates. The d-band model

has become ubiquitous in the fields of energy storage and conversion systems (e.g., proton-exchange membrane fuel

cells and water electrolyzers) and in the production of high value added products (H2O2 and Cl2). This theory

predicted that the rate of the oxygen reduction reaction (ORR) would be enhanced on catalysts which bind hydroxyl

species (*OH) ca. 0.10 to 0.15 eV weaker than Pt(111)1,12, later experimentally verified by Stamenkovic et al.

using a Pt3Ni(111)-skin surface4. Nevertheless, transferring the performance obtained on perfect single crystals to

nanocatalysts proved challenging, in part because nanocatalyts present multiple catalytic sites with a range of binding

energies. By introducing the “generalized coordination number” (CN)13, Calle-Vallejo et al. successfully extended

the structure binding-energy relationship for ORR to stepped Pt surfaces7, defective Pt(111) surfaces14 and to Pt

nanoparticles (NPs)14,15. They predicted that locally concave sites (7.5 < CN ≤ 8.3) are more active towards the

ORR than terrace Pt(111) sites (CN = 7.5) and that locally convex or buried sites (CN < 7.5 or CN > 8.3) contribute

poorly to the global ORR rate because they strongly or weakly bind the ORR intermediates. An important corollary

of this conceptual framework is that defective surfaces, featuring various CN numbers, may break the scaling

relationships between reaction intermediates, and thus accelerate the rate of multiple electrocatalytic reactions16,17.

This behavior has been verified for the ORR, CO oxidation, and methanol/ethanol oxidation reactions on PtNi/C

nanocatalysts9.10 Several spectroscopic and diffraction methods have emerged for measuring strain distributions

averaged over billions of NPs.10 However, surface vs bulk localised strain, interactions between active sites, and

the role of competitively adsorbing species are still experimentally absent and challenging to model. An in situ

understanding of how strain is distributed over a single NP and its dependence on electrode potential is therefore

needed to connect these average strain distributions to specific structural motifs.

Here, we investigate these issues on an individual Pt NP using recent advances in Bragg Coherent Diffraction

Imaging (BCDI)18–24 and the 4th generation Extremely Brilliant Source of the European Synchrotron Research

Facility in Grenoble, France. Our results reveal that strain is heterogeneously distributed between highly- and

weakly-coordinated surface atoms, and propagates from the surface to the bulk of the Pt NP as the electrode

potential increases in the double layer region (0.26 ≤ E ≤ 0.56 V).

The Pt NPs supported on glassy carbon (Pt/GC) used in this study were obtained by dewetting a 30 nm Pt

film at 750◦C for 10 hours under Ar atmosphere. As shown in Supplementary Figure 1, their size ranges from 50

nm to 500 nm, providing a useful platform to investigate changes in morphology and surface strain over NPs of

different sizes and crystallographic orientations. Figure 1 displays a schematic of the experimental setup and a cyclic

voltammogram (CV) of the Pt/GC NPs in 0.05 M H2SO4 electrolyte. The CV displays the conventional features

associated with the adsorption and desorption of under-potentially-deposited hydrogen (Hupd, 0.05 ≤ E ≤ 0.30 V),

and the formation and reduction of Pt surface oxides (E ≥ 0.80 V). Using a focused beam of coherent X-rays, BCDI

was employed to retrieve the morphology and the projected three-dimensional displacement field within a single
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Figure 1. Scheme of the experimental setup to image strain distribution onto a single Pt nanoparticle.
a, Drawing of the in situ BCDI flow cell, of the X-ray beam and of the two-dimensional detector and view of the
reconstructed Pt nanoparticle. b, Cyclic voltamogram of the Pt/GC electrode measured in the in situ BCDI flow
cell, T = 24 ± 0.1◦C, v = 50 mV s-1, 0.05 M H2SO4.

Pt NP at different electrode potentials. Since NPs experience strain from surface tension, their atoms are locally

distorted from their ideal positions. The reconstructed electron density is a complex number, with an amplitude

reflecting the particle morphology and the phase corresponding to the projection of the displacement field onto the

scattering vector. This information is encoded into reciprocal space in the form of a fringed diffraction pattern (see

Supplementary Figure 2 and Methods). Phase retrieval algorithms (see Supplementary Figure 3 and Methods) are

then used to invert the data from reciprocal space to direct space, and to construct maps of displacement and strain

as a function of the electrode potential. A reconstructed Pt NP, ca. 240×230×110 (height) nm3 in size, is displayed

in Figure 2 and in the inset of Figure 1 (voxel size of 5 ×5×5 nm3, the spatial resolution is estimated at 18 nm, see

Supplementary Figure 5). The retrieved electron density map is drawn at an isosurface of 65 % of its maximum, as

suggested by Ref.25. The z-axis is drawn vertically and corresponds to the [001] crystallographic direction of the NP.

The x-axis and y-axis correspond to the [100] and [010] crystallographic directions of the NP, respectively. The same

crystallographic (x, y, z) frame is used throughout this study. By calculating the angles between the different facets,

we identified 8 facets with {111} orientation, and 5 facets with {100} orientation, the top facet being a (001) facet.

The geometrically necessary 6th {100} facet is very small and was not recognised automatically by our algorithm (see

Methods for the facet analysis). All facets are indexed by their Miller indices (hkl) in Figure 2 and in Supplementary

Figure 6. Since the 002 Bragg reflection was measured, we refer to "strain" as the heterogeneous strain along the

[001] direction (along the NP’s height, the scattering vector Q002 being parallel to [001]18, see Methods) computed
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Figure 2. Revealing the influence of the electrode potential on the surface strain (ε002). Panels a and b
present the same particle viewed from different perspectives. The colour bar is identical across the panels a and b.
See Supplementary Figure 4 for multiple views of the reconstructed phase at different electrode potentials.

as the derivative of the [001]-projected displacement u002 varying along the same axis, as follows:

ε002 = ∂u002
∂z[001]

= ∂u002
∂z . (1)

Notice that the above-defined strain in equation 1 (called merely "strain") is rigorously the heterogeneous strain that

differs from the homogeneous strain defined further. As we strive to quantify strain in different regions of the Pt NP,

the voxels belonging to the bulk, the surface, the facet or the edge and corner atoms have been segmented. The

definitions of the terms "surface strain", "bulk strain", "strain at edge and corner atoms", "facet strain" and "global

strain", can be found in the Methods section.
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Figure 2a displays changes in surface strain over the potential window 0.26 < E < 0.56 V. In agreement with previous

work26,27, we repeatedly observed that Pt NPs become mobile on the substrate at E > 0.6 V, prohibiting BCDI

measurements at higher potentials. The precise mechanism remains unclear but is likely caused by Pt-catalysed

corrosion of the GC support. Different views are shown in Figure 2b. Regardless of perspective, positive strain

(tension) accumulates on the top and bottom facets whereas edges, corners, and side facets become negatively

strained (compression) as the electrode potential increases. These trends are quantified in Supplementary Figure

7, where the averaged strain is plotted for specific regions of the NP. Side facets, edges, and corners exhibit a

compressive strain with increasing potential, whereas the top (001) and bottom (001) facets accumulate tensile strain.

Electrocompressibility with applied potential has been previously measured on planar surface with in situ surface

diffraction28. But electrocompressibility can not account for such observed heterogeneity in strain distribution.

The strain histograms shown in Figure 3 reveal additional layers of heterogeneity. At 0.26 V, the histograms of

the strain distribution possess a sharp, Gaussian shape, almost zero-centred (Fig. 3, top row, also Supplementary

Figure 7). In Figure 3a (blue color), the full width at half maximum (FWHM) of the surface strain distribution

broadens from 0.016 % at 0.26 V to 0.035 % at 0.56 V. This is because the different surface regions have opposite

strain contributions, as mentioned above. In contrast, the FWHM of the bulk strain distribution (yellow color)

remains close to 0.020 % between 0.26 V and 0.46 V, but experiences a sharp increase to 0.030 % at 0.56 V, which

suggests that the bulk region of the Pt NP accommodates the strain which develops on the surface. The edges and

corners (Fig. 3b, green color) shift left, indicating compression, while simultaneously broadening as the potential

increases. The facet voxels (Fig. 3b, purple color) do not show substantial directional shift but exhibit extreme

broadening, and even a bimodal distribution at 0.56 V. This bimodal facet strain is decomposed in Figure 3c. Side

facets (in light pink) compress while top and bottom facets (in dark purple) expand. The cooperative compression of

edge/corner atoms and of the side facets, and tension of the top and bottom facets (see Figure 2c) suggest that both

effects originate from the same phenomenon. Since only (bi)sulfate ions were present in the electrolyte and since the

potential of zero total charge (PZTC) of polycrystalline Pt NPs is close to 0.26 V in sulfuric acid29,30, the increase

in surface strain heterogeneity measured between 0.26 and 0.56 V is attributed to adsorption of (bi)sulfate ions on

the surface, as supported by former studies using scanning tunnelling microscopy, infrared spectroscopy, etc)31–33.

Complementary to these techniques, in situ BCDI provides a direct and unique view of how strain is distributed at

the NP’s surface and how it responds as a function of the electrode potential.

Supplementary Figure 9a shows the variations of the homogeneous strain which is given by the relative variations of

the average d-spacing, d002, computed from the position of the maximal intensity of the Bragg peak. The d-spacing

at 0.26 V (d002, 0.26V) provides the reference for the homogeneous strain calculation which is given by the following
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relation:

e002 =
d002 – d002, 0.26V

d002, 0.26V
. (2)

Supplementary Figure 9 provides an overview of the strain evolution by combining the homogeneous strain e002 and

the minimum, maximum and standard deviation values of the heterogeneous strain ε002. Panels a and b show a

global increase of the d-spacing as a function of the electrode potential which is in line with the recent findings of

Martens34 and Chattot et al.30 showing that the lattice parameter of Pt NPs (ca. 2 nm in size) increases upon

adsorption and is minimised close to their PZTC. The presented results are distinct from those found on Pt single

crystals using surface X-ray diffraction. Markovic and Ross reported + 1.5 and + 2.5 % increase of the d-spacing

in the Hupd region for Pt(111) and Pt(100) single crystal surfaces in 0.05 M H2SO4, respectively35. However, no

change was noticed in the so-called “double layer region” (0.4 < E < 0.6 V) even though (bi)sulfate anions are known

to strongly adsorb on these surfaces in this potential range. In contrast, the in situ BCDI reconstructions (Figure

2) and the histograms of the strain distribution (Figure 3) reveal that strain (negative or positive) builds up at

the surface and then propagates into the bulk of the Pt NP. A simple explanation for these discrepancies is the

presence of under-coordinated atoms at the nanocatalyst surface. Indeed, molecular dynamics simulations (MDS) by

Wu et al. showed that under-coordinated atoms are intrinsically stabilised via inward displacement (compression),

while atoms located at the facets likely experience outward displacements (tensile strain) for both icosahedral and

cuboctahedral Pt nanostructures36. Other BCDI studies on noble metal nanocrystals have shown that compression

is mainly localised at vertices and edges, with weaker strain on flat surfaces, while the bulk remains relatively strain

free upon adsorption.37–39

Unfortunately, BCDI of practical Pt/C electrocatalysts with 2-5 nm diameter requires flux densities well beyond the

reach of current beamlines. Therefore, it is critically necessary to validate to what extent the strain distributions

observed in our model system (240 x 230 x 110 nm) apply towards smaller, industrially relevant electrocatalysts.

Five nanocrystals with progressively smaller size but identical morphology were modelled using molecular static

simulations (MSS) and density functional theory (DFT) calculations. Figure 4 shows the strain distributions of six

nanocrystals: the experimentally probed particle (at 0.26 V), four particles of decreasing size simulated and relaxed

with MSS (ratios 1:2-1:20), and one 2.5 nm particle simulated with DFT calculations (ratio of 1:75). The ε002

strain pattern observed by BCDI is largely reproduced in the simulated nanocrystals, without any input beyond

morphology. The particle shape produces a compressive strain near the corners and a tensile strain in the bulk of

all particles. As expected, the magnitude of the strain is different across the six systems, since the different sizes

possess different surface area to volume. These calculations highlight the strong dependence of the strain on the

morphology of the nanocrystal, mostly independent of size. Furthermore, the reasonable agreement between MSS
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Figure 3. Distributions of surface vs. bulk strain, facet vs. edge/corner strain and top/bottom facet
vs. side facet strain as a function of the electrode potential. The bulk and surface strain distributions are
represented in blue and yellow in panel a column, respectively. Note that the number of voxels belonging to the
bulk is much larger than the number of voxels belonging to the other regions; however, all histograms have been
normalised. This methodology allowed calculating the probability density function (continuous lines). The number
of bins was held constant across different electrode potentials by altering the bin size. As the potential increases, the
full width at half maximum of the surface strain increases more than that of the bulk strain, indicating that
heterogeneity in strain distribution initiates at the surface, and then propagates into the bulk of the Pt nanoparticle.
The facet and edge/corner strain distributions are represented in violet and green in panel b, respectively. Panel c
displays the distributions of the side facets and that of the top and bottom facets in pink and purple respectively,
highlighting the bimodal distribution of the facet strain in panel b in violet. See Supplementary Figure 8 for the
global heterogeneous strain distribution.
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Persistent strain patterns across length scales
Figure 4. Modelling indicates strain gradients are largely independent of crystallite size. The
experimental data (left column) was compared with five model particles of progressively smaller size. For each
system, a 3D shape, a 3D strain map and a 2D strain cross section are displayed on each row. The strain colour bar
is different for each system because of the different sizes. For the MS simulations, the number of voxels is of the
same order of magnitude as that of the experiment. In the DFT simulation, the resolution is nearly atomic.
BCDI-equivalent phase maps for each model are available in the Supplementary Figure 10.

and DFT-relaxed nanocrystals demonstrates that the strain effects can be accessed with computationally convenient

levels of theory.

Additional DFT calculations were performed on a slab model to predict which sites preferentially adsorb bisulfate

ions, and understand the atomistic origin of the strain dynamics. Note that only bisulfate adsorption is considered

according to the work of Santana et al. on Pt(100) surface40. As shown in Figure 5, corner and edge atoms

feature the most favourable adsorption energies (-3.37 and -3.30 eV, respectively) followed by that of the facets:

Ecorner
ads < Eedge

ads < E(001)
ads < E(111)

ads . Whatever the isosurface, the charge density difference predicts that HSO4 is

adsorbed bridging two Pt atoms via two Pt-O bonds. In the vicinity of the adsorption sites, atoms experience

tension (ε002 > 0), except for the free (001) facet atoms. For the corner and edge features, the neighbouring atoms

accommodate strain and undergo compression (ε002 < 0). All subsurface atoms of the (001) slab experience tension.

Finally, (111) facet surface atoms show tensile behaviour and subsurface atoms mostly undergo compression. The

propagation of the compressive strain accommodation is inhibited by the two last atomic layers of the slab, which

were fixed to the bulk lattice parameter. Deeper slabs would have resulted in the further propagation of the

compression for corner and edge features and tension for the (001) facet. While atomic scale surface details are not

visible in BCDI, the technique nevertheless accurately accounts for the changes in strain at a larger scale, where one

voxel averages displacement over a few slabs. The observed experimental trend is supported with DFT calculations,
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a Corner

Eads = –3.37 eV

b (001)|(111) edge

Eads = –3.30 eV

c (001) facet

Eads = –3.18 eV

d (111) facet

Eads = –2.95 eV

H S O Pt
-0.4 -0.2 0 0.2 0.4

Strain, ε002 (%)

Figure 5. Adsorption configurations of HSO4 on Pt model morphological features (periodic slab
modes) and their associated strain response along the [002] direction. For each panel the left inset
displays the isosurface charge density difference (±0.02 e–/Å3). Negative (respectively positive) isosurfaces are
plotted in blue (respectively orange) and correspond to electron-donating regions (respectively electron-accepting
regions). The right insets show the strain response ε002 resulting from the associated adsorption. The reference
state for each strain calculation is its prior relaxed feature. Panels a, b, c and d correspond to corner, (001)|(111)
edge, (001) and (111) facet regions respectively, and are ordered by adsorption energy (more adsorbing to less
adsorbing states). The frame axes are the same as the experimental figures axes. See Methods and Supplementary
Figures 11 and 12 for more details.

showing compression at corners and edges and tension at (001) facets tension. The complex strain behaviour of

the {111} facets is also reproduced by DFT, and can be rationalised by considering their relative orientations with

respect to the [002] direction. Each slab has been oriented so that the simulated corner, edge, (001) and (111)

facets correspond to a top corner, a top edge, the top (001) and the side (111) facets of the probed nanocrystal,

respectively.

Converting the experimentally calculated lattice displacement vectors into chemically useful local strain maps needs

to consider the orientation of each facet on the particle surface. A downward displacement at the top of a crystal,

towards the center of mass, is compressive, while the same downward displacement on the bottom of the crystal, away
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Figure 6. Mechanical accommodation of a Pt nanoparticle upon bisulfate ion adsorption. Panel a shows
a 2D schematic of the response of a model shape due to the mechanical constraints induced by a Pt-HSO4-

adsorption. The left side corresponds to the observed behaviour allowed by the probing of the 002 Bragg peak. On
the right side, we propose an interpreted view by considering a Poisson effect and therefore suggest that the in-plane
compression and out-of-plane tension are the manifestation of the same adsorption phenomenon. On panel b, the
curves and arrows represent the experimental displacement u002 of the bulk lattice parameter. The blue-to-red
colour bar encodes the displacement. In the background, the blue-to-green colour bar corresponds to the derived
strain ε002. To avoid any misleading interpretation, the colour bars are perceptually uniform (see Colorcet
collection41). The length of the arrows exaggerates the displacement by a factor 22 for visibility. See Supplementary
Figure 14 for other cross sections.

from the center of mass is tensile. Because the BCDI dataset includes a single diffraction peak, it measures strain

only along the [002] direction. This complicates the analysis, as chemically equivalent but directionally strained

{001} facets exhibit different apparent displacement, depending on their relative orientation (see Supplementary

Figures 10 and 11). This issue can fortunately be corrected through the well-known Poisson effect, where elastic

distortion of a solid in one direction produces an opposing distortion perpendicular to the applied force (Figure 6a).

Out-of-plane tensile strain observed on the (001) and (001) facets therefore coincides with an in-plane compressive
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strain perpendicular to the [001] direction (inward displacement). Compressive in-plane strain on the (010), (010),

(100) and (100) facets implies these regions also experience a tensile out-of-plane strain. Of course, MSS/DFT

modelling can account for strain in all directions simultaneously. Cross sections of the experimental projected

displacement (u002) and strain (ε002) fields at 0.26 V and 0.56 V are displayed in Figure 6b. The coloured curves

represent the local lattice displacement along the [001] direction as a deviation from the average crystal lattice18.

The strain derived from the displacement is plotted for each pixel and superimposed to the displacement field using

a blue-to-green colour bar. While bisulfate ions preferentially adsorb onto the corner and edge atoms to induce a

local contraction, they also adsorb to {001} facets, creating in-plane compression and out-of-plane tension (Figure

6b). Interestingly, the top and bottom facets experience similar strain response, while no adsorption takes place

at the bottom facet since this is where the NP is bonded to the support. This can be rationalised by propagation

of the strong edge and corner compressive strains propagating across the surface, which must be mechanically

accommodated.

In summary, in situ electrochemical BCDI was employed for the first time to probe the potential-dependent strain

evolution of a single Pt nanoparticle. BCDI reveals adsorbate-induced surface strain initiating at edge and corner sites,

and 3D, heterogeneous strain fields spreading across the faceted surface. A detailed understanding of facet-dependent

mechanics, how strain fields create cross-talk between different active sites, and the influence of specific adsorption

are critical for designing strain-engineered catalysts. Theoretical calculations not only explain the mechanistic origin

of the strain fields, but demonstrate extensibility beyond this model system towards almost any practical industrial

catalyst based on metallic nanoparticles, commonly found in energy conversion and storage systems.

Methods

Bragg coherent diffraction imaging The BCDI measurements were performed with a photon energy of 13 keV (λ =

0.95 Å) at the ID01 beamline of the European Synchrotron Radiation facility (ESRF). The beam size was focused

down to 690 nm (horizontally) × 630 nm (vertically) using Be compound refractive lenses. The electrochemical cell

was mounted on a Physik Instrumente Mars xyz piezoelectric stage with a lateral stroke of 100 µm and a resolution

of 2 nm, sitting on a hexapod that was mounted on a (3+2 circle) goniometer. Liquid electrolyte was continuously

pumped through the cell during all measurements by a peristaltic pump. The diffracted beam was recorded with a

2D Maxipix42 photon-counting detector (pixel size of 55 µm × 55 µm) positioned on the detector arm at a distance

of 0.87 m. We measured the 002 Pt Bragg reflection in three dimensions by rotating the particle around the Bragg

angle (16.12◦) through 1◦, in steps of 0.0125◦, with a counting time of 0.2 seconds/point and a total flux of about

1.4x1012 counts/s/µm2. The detector was positioned at an out-of-plane angle of ∼28◦. The time-scale of one BCDI

measurement is ca. 10 minutes.
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In situ electrochemical measurements All glassware, electrodes, volumetric flasks, and components of the in situ

BCDI cell were first cleaned in 50 % v/v solution of H2SO4 (Merck, Suprapur 96 wt.%) / H2O2 (Carl Roth, 30 %

w/w) at least 12 hour, and then thoroughly washed with ultrapure water (Millipore, 18.2 MΩ cm, 1-3 ppb total

organic compounds) before being used. The in situ BCDI cell consisted of a polyetheretherketone (PEEK) body

sealed by a 6 µm Mylar film. The electrochemical experiments were performed using a SP300 Biologic potentiostat

and automatic Ohmic drop compensation. The working electrode was a 30 nm dewetted Pt film deposited onto a 6

mm glassy carbon cylinder (Sigradur grade G from Hochtemperatur-Werkstoffe GmbH). A Pt wire and a miniature

Ag/AgCl/3.4 M Cl- were used as counter electrode and reference electrode, respectively. All electrode potentials

are corrected relative to the reversible hydrogen electrode (RHE). Prior to the experiments, the electrolyte was

deaerated with argon (Ar > 99.999 %, Messer). Then, 10 cyclic voltammograms between 0.023 and 1.24 V were

performed at 50 mV s-1 in Ar-purged 0.05 M H2SO4 solution.

Phase retrieval algorithm The reconstructed Bragg electron density and phase were obtained using the PyNX

package43,44. Phase retrieval was carried out on the raw diffracted intensity data. The initial support, which is

the constraint in direct space, was estimated from the auto-correlation of the diffraction intensity. A series of 1000

Relaxed Averaged Alternating Reflections (RAAR45), plus 400 Hybrid Input Output steps (HIO) as well as 300

Error-Reduction (ER46,47) steps, including shrink wrap algorithm48, were used. The phasing process included

a partial coherence algorithm to account for the partially incoherent incoming wave front49. To ensure the best

reconstruction possible, we first selected the 15 best reconstructions (with lowest free Log-Likelihood50) from 40

with random phase starts. Then, 5 reconstructions were selected from the 15 by selecting the reconstructions with

the lowest value of the standard deviation of the electron density. Finally, we performed the decomposition into

modes from the last 5 reconstructions50. The reconstruction was then corrected for refraction and absorption using

the bcdi package51. After removing the phase ramp and phase offset (Note that the phase is averaged over the whole

particle. The mean value provides the phase offset.), the data was finally interpolated onto an orthogonal grid for

ease of visualisation.

Facet analysis We have used the Facet Analyser plugin of the ParaView software, which is an automated 3D facet

recognition algorithm that allows to detect the voxels at the surface of the particles and to index their facets by

tuning parameters like sample size, angle uncertainty, splat radius or minimum relative facet size52. The algorithm is

based on the analysis of the probability distributions of the orientations of triangle normals of mesh representations

of the particles. From the output list (voxels and associated global orientation) of the facet recognition algorithm,

we have developed a Python script to determine the hkl Miller indices of each facet as well as their average lattice

displacement, strain and associated standard deviation.

Definitions of strains. The “surface strain” is the strain averaged over all surface voxels. Due to the size of the

voxels, “surface strain” does not refer to distortion of the lattice parameter just within the outermost surface atoms
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but rather holds information averaged over the 20 outermost atomic layers. Similarly, “strain at edge and corner

atoms” refers to the strain averaged over all voxels defining the edge and corner regions of the particle, “facet strain"

to strain averaged over all surface voxels that are not edge/corner voxels, “bulk strain” to the strain averaged over

all voxels that are fully surrounded by other voxels, and “global strain” to the strain averaged over all voxels of the

NP.

Molecular statics simulations In order to model accurately the experimental NPs, several materials simulation tools

were used. We have used the Facet Analyser plugin of the ParaView software, which is an automated 3D facet

recognition algorithm that allows to detect the voxels at the surface of the particles and to index their facets53. We

then used the nanoSCULPT tool54 to build realistic structures from the ParaView exported VTI files, for further

atomistic simulations. Four nanocrystals were built with the following properties:

Ratio 1:2 1:5 1:10 1:20

Size (in nm) 120×115×55 48×46×22 24×23×11 12×11.5×5.5

Number of atoms 26 487 072 1 695 240 211 914 26 363

To obtain accurate and realistic relaxed configurations which reproduce as faithfully as possible the displacement

fields measured in the experimental particle, MS simulations were carried out with the open-source Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS)55,56. The interaction between atoms were modelled

with different embedded-atom model (EAM) Pt potentials which predict slightly different elastic properties and

surface energies, parameters that are essential to model accurately the experimental displacement and strain fields.

We used the EAM potentials developed by Foiles et al.57. The NPs were relaxed at 0 Kelvin using a conjugate

gradient algorithm to obtain the equilibrium displacement field. In order to allow a quantitative comparison with the

experimental data, the three-dimensional diffraction patterns were calculated by summing the amplitudes scattered

by each atom with its phase factor, following a kinematic approximation:

I(q) =

∣∣∣∣∣∣
∑

j
f j(q)e–2πiq·rj

∣∣∣∣∣∣
where q is the scattering vector, f j(q) and rj are respectively the atomic scattering factor and position of atom j.

The computation was performed with a GPU using the PyNX58 scattering package, which considerably speed up

the calculation of 3D diffraction patterns. The reciprocal volume over which the calculation was performed was

selected based on the target voxel size in the real space data (same number of voxels in all simulations). Finally, the

real space displacement and strain fields, u002 and ε002 were derived from the complex sample density ρ(r). The

latter was obtained by performing a simple inverse Fourier transform of the scattered amplitude Ã(q):

ρ̃(r) = ρ(r)e2πig·u(r) = FT–1[Ã(q)]
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The projection of the displacement field g002 ·u002 and the corresponding strain field ε002 = ∂u002
∂z002

could then be

directly compared to the measured experimental strain field.

Density functional theory simulations DFT calculations were performed using the Vienna Ab Initio Simulation

package (VASP)59–61, within the projector-augmented wave method (PAW), for the description of the interaction

between the valence electrons and the ionic core. The GGA-PBE functional was used, with DFT-D3 corrections62

to account for possible van der Waals interactions. We consider atomic valences to be 3s23p4 (S), 2s22p4 (O) and

5d96s1 (Pt). Total energies were minimised until the energy differences were less than 1 × 10-6 eV between two

electronic cycles. Atomic structures were relaxed until the Hellmann-Feynman forces were as low as 0.02 eV/Å.

Calculations were performed using a 450 eV cutoff energy and the following Γ-centered Monkhorst-Pack grids were

used for the k-points meshes :

System Bulk Pt Slab (001) Slab (111) Edge Corner NP

k-points grid 14×14×14 14×14×1 14×14×1 11×3×1 5×5×1 1×1×1

Void thickness (Å) N.A. 20 20 30 30 20

Size (in Å) 3.92 20 20 14 16 30×30×12

Number of atoms 4 24 40 92 242 573

Those parameters were chosen to achieve a precision for the total energy lower than 0.1 meV/atom. In this work,

the approach used to compute the adsorption of HSO4 molecules onto Pt surfaces is the typical symmetric slab

mode, wherein a supercell of the crystal oriented to expose its (hkl) surface is generated, and atoms are removed

from a portion of the supercell to create a vacuum (thick symmetric slabs of 20 Å, void thickness of 20 Å). For each

system, the two last atomic layers were fixed to bulk parameter to simulate a bulk structure. No ions (HSO4 is

considered, not HSO4-) nor implicit or explicit solvation were considered in this work. The adsorption energies were

calculated as follow : Eads = Eslab – Esurf – Emol, where Eslab is the energy of the slab (molecule on the surface),

Esurf is the energy of the surface without the adsorbed molecule and Emol is the energy of the lone molecule. A

negative adsorption energy corresponds to a favorable adsorption configuration. The atomic strain tensor (εDFT) for

each atom in the slab was extracted using the atomic strain modifier in OVITO63, considering a cut-off radius of 3.09

Å. This value corresponds to the first minimum of the pair distribution function for Pt, i.e., halfway between the first

and the second shell of neighbours. These strain fields could then be directly compared to the measured experimental

strain field by calculating the simulated ε002 component of the strain tensor : ε002 = εDFT · e002 · e002

References

1. Hammer, B. & Nørskov, J. Electronic factors determining the reactivity of metal surfaces. Surf. Sci. 343,

211–220, DOI: 10.1016/0039-6028(96)80007-0 (1995).

14/21

10.1016/0039-6028(96)80007-0


2. Yang, H. Platinum-based electrocatalysts with core–shell nanostructures. Angewandte Chemie Int. Ed. 50,

2674–2676, DOI: 10.1002/anie.201005868 (2011).

3. Stamenkovic, V. R., Mun, B. S., Arenz, M., Mayrhofer, K. J. J., Lucas, C. A., Wang, G., Ross, P. N. & Markovic,

N. M. Trends in electrocatalysis on extended and nanoscale Pt-bimetallic alloy surfaces. Nat. Mater. 6, 241–247,

DOI: 10.1038/nmat1840 (2007).

4. Stamenkovic, V. R., Fowler, B., Mun, B. S., Wang, G., Ross, P. N., Lucas, C. A. & Marković, N. M. Improved

oxygen reduction activity on Pt3Ni(111) via increased surface site availability. Sci. 315, 493–497, DOI:

10.1126/science.1135941 (2007).

5. Strasser, P., Koh, S., Anniyev, T., Greeley, J., More, K., Yu, C., Liu, Z., Kaya, S., Nordlund, D., Ogasawara,

H., Toney, M. F. & Nilsson, A. Lattice-strain control of the activity in dealloyed core–shell fuel cell catalysts.

Nat. Chem. 2, 454–460, DOI: 10.1038/nchem.623 (2010).

6. Greeley, J., Stephens, I. E. L., Bondarenko, A. S., Johansson, T. P., Hansen, H. A., Jaramillo, T. F., Rossmeisl,

J., Chorkendorff, I. & Nørskov, J. K. Alloys of platinum and early transition metals as oxygen reduction

electrocatalysts. Nat. Chem. 1, 552–556, DOI: 10.1038/nchem.367 (2009).

7. Bandarenka, A. S., Hansen, H. A., Rossmeisl, J. & Stephens, I. E. L. Elucidating the activity of stepped Pt

single crystals for oxygen reduction. Phys. Chem. Chem. Phys. 16, 13625–13629, DOI: 10.1039/C4CP00260A

(2014).

8. Dubau, L., Nelayah, J., Moldovan, S., Ersen, O., Bordet, P., Drnec, J., Asset, T., Chattot, R. & Maillard, F.

Defects do catalysis: CO monolayer oxidation and oxygen reduction reaction on hollow PtNi/C nanoparticles.

ACS Catal. 6, 4673–4684, DOI: 10.1021/acscatal.6b01106 (2016).

9. Chattot, R., Asset, T., Bordet, P., Drnec, J., Dubau, L. & Maillard, F. Beyond strain and ligand effects:

Microstrain- induced enhancement of the oxygen reduction reaction kinetics on various PtNi/C nanostructures.

ACS Catal. 7, 398–408, DOI: 10.1021/acscatal.6b02356 (2017).

10. Chattot, R., Le Bacq, O., Beermann, V., Kühl, S., Herranz, J., Henning, S., Kühn, L., Asset, T., Guétaz,

L., Renou, G., Drnec, J., Bordet, P., Pasturel, A., Eychmüller, A., Schmidt, T. J., Strasser, P., Dubau, L. &

Maillard, F. Surface distortion as a unifying concept and descriptor in oxygen reduction reaction electrocatalysis.

Nat. Mater. 17, 827–833, DOI: 10.1038/s41563-018-0133-2 (2018).

11. Sneed, B. T., Young, A. P. & Tsung, C.-K. Building up strain in colloidal metal nanoparticle catalysts. Nanoscale

7, 12248–12265 (2015).

15/21

10.1002/anie.201005868
10.1038/nmat1840
10.1126/science.1135941
10.1038/nchem.623
10.1038/nchem.367
10.1039/C4CP00260A
10.1021/acscatal.6b01106
10.1021/acscatal.6b02356
10.1038/s41563-018-0133-2


12. Hammer, B. & Norskov, J. K. Why gold is the noblest of all the metals. Nat. 376, DOI: 10.1038/376238a0

(1995).

13. Calle-Vallejo, F., Tymoczko, J., Colic, V., Vu, Q. H., Pohl, M. D., Morgenstern, K., Loffreda, D., Sautet, P.,

Schuhmann, W. & Bandarenka, A. S. Finding optimal surface sites on heterogeneous catalysts by counting

nearest neighbors. Sci. 350, 185–189, DOI: 10.1126/science.aab3501 (2015).

14. Calle-Vallejo, F., Pohl, M. D., Reinisch, D., Loffreda, D., Sautet, P. & Bandarenka, A. S. Why conclusions from

platinum model surfaces do not necessarily lead to enhanced nanoparticle catalysts for the oxygen reduction

reaction. Chem. Sci. 8, 2283–2289, DOI: 10.1039/C6SC04788B (2017).

15. Rück, M., Bandarenka, A., Calle-Vallejo, F. & Gagliardi, A. Oxygen reduction reaction: Rapid prediction

of mass activity of nanostructured platinum electrocatalysts. The J. Phys. Chem. Lett. 9, 4463–4468, DOI:

10.1021/acs.jpclett.8b01864 (2018).

16. Abild-Pedersen, F., Greeley, J., Studt, F., Rossmeisl, J., Munter, T. R., Moses, P. G., Skúlason, E., Bligaard, T.

& Nørskov, J. K. Scaling properties of adsorption energies for hydrogen- containing molecules on transition-

metal surfaces. Phys. Rev. Lett. 99, 016105, DOI: 10.1103/PhysRevLett.99.016105 (2007).

17. Busch, M., Halck, N. B., Kramm, U. I., Siahrostami, S., Krtil, P. & Rossmeisl, J. Beyond the top of the volcano?

– A unified approach to electrocatalytic oxygen reduction and oxygen evolution. Nano Energy 29, 126–135,

DOI: 10.1016/j.nanoen.2016.04.011 (2016).

18. Robinson, I. & Harder, R. Coherent X-ray diffraction imaging of strain at the nanoscale. Nat. Mater. 8, 291–298,

DOI: 10.1038/nmat2400 (2009).

19. Ulvestad, A., Sasikumar, K., Kim, J. W., Harder, R., Maxey, E., Clark, J. N., Narayanan, B., Deshmukh, S. A.,

Ferrier, N., Mulvaney, P., Sankaranarayanan, S. K. R. S. & Shpyrko, O. G. In situ 3d imaging of catalysis

induced strain in gold nanoparticles. The J. Phys. Chem. Lett. 7, 3008–3013, DOI: 10.1021/acs.jpclett.6b01038

(2016).

20. Passos, A. R., Rochet, A., Manente, L. M., Suzana, A. F., Harder, R., Cha, W. & Meneau, F. Three-

dimensional strain dynamics govern the hysteresis in heterogeneous catalysis. Nat. Commun. 11, 4733, DOI:

10.1038/s41467-020-18622-2 (2020).

21. Hua, W., Wang, S., Knapp, M., Leake, S. J., Senyshyn, A., Richter, C., Yavuz, M., Binder, J. R., Grey, C. P.,

Ehrenberg, H., Indris, S. & Schwarz, B. Structural insights into the formation and voltage degradation of

lithium- and manganese-rich layered oxides. Nat. Commun. 10, 5365, DOI: 10.1038/s41467-019-13240-z (2019).

16/21

10.1038/376238a0
10.1126/science.aab3501
10.1039/C6SC04788B
10.1021/acs.jpclett.8b01864
10.1103/PhysRevLett.99.016105
10.1016/j.nanoen.2016.04.011
10.1038/nmat2400
10.1021/acs.jpclett.6b01038
10.1038/s41467-020-18622-2
10.1038/s41467-019-13240-z


22. Choi, S., Chung, M., Kim, D., Kim, S., Yun, K., Cha, W., Harder, R., Kawaguchi, T., Liu, Y., Ulvestad,

A., You, H., Song, M. K. & Kim, H. In situ strain evolution on Pt nanoparticles during hydrogen peroxide

decomposition. Nano Lett. 20, 8541–8548, DOI: 10.1021/acs.nanolett.0c03005 (2020).

23. Ulvestad, A., Singer, A., Cho, H.-M., Clark, J. N., Harder, R., Maser, J., Meng, Y. S. & Shpyrko, O. G. Single

particle nanomechanics in operando batteries via lensless strain mapping. Nano Lett. 14, 5123–5127, DOI:

10.1021/nl501858u (2014).

24. Björling, A., Carbone, D., Sarabia, F. J., Hammarberg, S., Feliu, J. M. & Solla-Gullón, J. Coherent Bragg imaging

of 60 nm Au nanoparticles under electrochemical control at the NanoMAX beamline. J. Synchrotron Radiat.

26, 1830–1834, DOI: 10.1107/S1600577519010385 (2019).

25. Carnis, J., Gao, L., Labat, S., Kim, Y. Y., Hofmann, J. P., Leake, S. J., Schülli, T. U., Hensen, E. J. M., Thomas,

O. & Richard, M.-I. Towards a quantitative determination of strain in bragg coherent x-ray diffraction imaging:

artefacts and sign convention in reconstructions. Sci. Reports 9, 17357, DOI: 10.1038/s41598-019-53774-2

(2019).

26. Hartl, K., Nesselberger, M., Mayrhofer, K. J., Kunz, S., Schweinberger, F. F., Kwon, G., Hanzlik, M., Heiz,

U. & Arenz, M. Electrochemically induced nanocluster migration. Electrochimica Acta 56, 810–816, DOI:

10.1016/j.electacta.2010.10.005 (2010).

27. Dubau, L., Castanheira, L., Berthomé, G. & Maillard, F. An identical-location transmission electron mi-

croscopy study on the degradation of pt/c nanoparticles under oxidizing, reducing and neutral atmosphere.

Electrochimica Acta 110, 273–281, DOI: 10.1016/j.electacta.2013.03.184 (2013).

28. Melroy, O. R., Toney, M. F., Borges, G. L., Samant, M. G., Kortright, J. B., Ross, P. N. & Blum, L. Two-

dimensional compressibility of electrochemically adsorbed lead on silver (111). Phys. Rev. B 38, 10962–10965,

DOI: 10.1103/PhysRevB.38.10962 (1988).

29. Chen, Q.-S., Solla-Gullón, J., Sun, S.-G. & Feliu, J. M. The potential of zero total charge of Pt nanoparticles

and polycrystalline electrodes with different surface structure: The role of anion adsorption in fundamental

electrocatalysis. Electrochimica Acta 55, 7982–7994, DOI: 10.1016/j.electacta.2010.03.050 (2010).

30. Chattot, R., Martens, I., Mirolo, M., Ronovsky, M., Russello, F., Isern, H., Braesch, G., Hornberger, E., Strasser,

P., Sibert, E., Chatenet, M., Honkimäki, V. & Drnec, J. Electrochemical strain dynamics in noble metal

nanocatalysts. J. Am. Chem. Soc. 143, 17068–17078, DOI: 10.1021/jacs.1c06780 (2021).

31. Ito, M. Structures of water at electrified interfaces: Microscopic understanding of electrode potential in electric

double layers on electrode surfaces. Surf. Sci. Reports 63, 329–389, DOI: 10.1016/j.surfrep.2008.04.002 (2008).

17/21

10.1021/acs.nanolett.0c03005
10.1021/nl501858u
10.1107/S1600577519010385
10.1038/s41598-019-53774-2
10.1016/j.electacta.2010.10.005
10.1016/j.electacta.2013.03.184
10.1103/PhysRevB.38.10962
10.1016/j.electacta.2010.03.050
10.1021/jacs.1c06780
10.1016/j.surfrep.2008.04.002


32. Faguy, P. W., Marinković, N. S. & Adžić, R. R. An in situ infrared study on the effect of pH on anion adsorption

at Pt(111) electrodes from acid sulfate solutions. Langmuir 12, 243–247, DOI: 10.1021/la950115u (1996).

33. Shingaya, Y. & Ito, M. Model double layer structures on M(111) (M=Pt, Rh, Au, Cu and Ag) in a sulfuric acid

solution. Electrochimica Acta 44, 889–895, DOI: 10.1016/S0013-4686(98)00342-9 (1998).

34. Martens, I., Chattot, R., Rasola, M., Blanco, M. V., Honkimäki, V., Bizzotto, D., Wilkinson, D. P. & Drnec,

J. Probing the dynamics of platinum surface oxides in fuel cell catalyst layers using in situ x-ray diffraction.

ACS Appl. Energy Mater. 2, 7772–7780, DOI: 10.1021/acsaem.9b00982 (2019).

35. Marković, N. M. & Ross, P. N. Surface science studies of model fuel cell electrocatalysts. Surf. Sci. Reports 45,

117–229, DOI: 10.1016/S0167-5729(01)00022-X (2002).

36. Wu, J., Qi, L., You, H., Gross, A., Li, J. & Yang, H. Icosahedral platinum alloy nanocrystals with enhanced

electrocatalytic activities. J. Am. Chem. Soc. 134, 11880–11883, DOI: 10.1021/ja303950v (2012).

37. Kim, J. W., Manna, S., Dietze, S. H., Ulvestad, A., Harder, R., Fohtung, E., Fullerton, E. E. & Shpyrko, O. G.

Curvature-induced and thermal strain in polyhedral gold nanocrystals. Appl. Phys. Lett. 105, 173108, DOI:

10.1063/1.4900866 (2014). Publisher: American Institute of Physics.

38. Watari, M., McKendry, R. A., Vögtli, M., Aeppli, G., Soh, Y.-A., Shi, X., Xiong, G., Huang, X., Harder, R.

& Robinson, I. K. Differential stress induced by thiol adsorption on facetted nanocrystals. Nat. Mater. 10,

862–866, DOI: 10.1038/nmat3124 (2011).

39. Kim, D., Chung, M., Carnis, J., Kim, S., Yun, K., Kang, J., Cha, W., Cherukara, M. J., Maxey, E., Harder,

R., Sasikumar, K., K. R. S. Sankaranarayanan, S., Zozulya, A., Sprung, M., Riu, D. & Kim, H. Active site

localization of methane oxidation on Pt nanocrystals. Nat. Commun. 9, 3422, DOI: 10.1038/s41467-018-05464-2

(2018).

40. Santana, J. A. & Ishikawa, Y. DFT Calculations of the Electrochemical Adsorption of Sulfuric Acid Anions on

the Pt(110) and Pt(100) Surfaces. Electrocatalysis 11, 86–93, DOI: 10.1007/s12678-019-00574-x (2020).

41. colorcet 1.0.0 documentation.

42. Ponchut, C., Rigal, J. M., Clément, J., Papillon, E., Homs, A. & Petitdemange, S. MAXIPIX, a fast

readout photon-counting X-ray area detector for synchrotron applications. J. Instrumentation 6, C01069, DOI:

10.1088/1748-0221/6/01/C01069 (2011).

43. Favre-Nicolin, V., Coraux, J., Richard, M.-I. & Renevier, H. Fast computing of scattering maps of nanostructures

using graphical processing units. J. Appl. Cryst. 44, 635–640, DOI: 10.1107/S0021889811009009 (2011).

18/21

10.1021/la950115u
10.1016/S0013-4686(98)00342-9
10.1021/acsaem.9b00982
10.1016/S0167-5729(01)00022-X
10.1021/ja303950v
10.1063/1.4900866
10.1038/nmat3124
10.1038/s41467-018-05464-2
10.1007/s12678-019-00574-x
10.1088/1748-0221/6/01/C01069
10.1107/S0021889811009009


44. Favre-Nicolin, V., Girard, G., Leake, S., Carnis, J., Chushkin, Y., Kieffer, J., Paleo, P. & Richard, M.-I. PyNX:

high-performance computing toolkit for coherent X-ray imaging based on operators. J. Appl. Crystallogr. 53,

1404–1413, DOI: 10.1107/S1600576720010985 (2020).

45. Luke, D. R. Relaxed averaged alternating reflections for diffraction imaging. Inverse Probl. 21, 37–50, DOI:

10.1088/0266-5611/21/1/004 (2004).

46. Gerchberg, R. & Saxton, O. A practical algorithm for the determination of the phase from image and diffraction

plane pictures. Optik 35, 237–246 (1972).

47. Fienup, J. R. Reconstruction of an object from the modulus of its Fourier transform. Opt. Lett. 3, 27–29, DOI:

10.1364/OL.3.000027 (1978).

48. Marchesini, S., He, H., Chapman, H. N., Hau-Riege, S. P., Noy, A., Howells, M. R., Weierstall, U. &

Spence, J. C. H. X-ray image reconstruction from a diffraction pattern alone. Phys. Rev. B 68, 140101, DOI:

10.1103/PhysRevB.68.140101 (2003).

49. Clark, J. N., Huang, X., Harder, R. & Robinson, I. K. High-resolution three-dimensional partially coherent

diffraction imaging. Nat. Commun. 3, 993, DOI: 10.1038/ncomms1994 (2012).

50. Favre-Nicolin, V., Leake, S. & Chushkin, Y. Free log-likelihood as an unbiased metric for coherent diffraction

imaging. Sci. Rep. 10, 2664 (2020).

51. Carnis, J., Atlan, C., Simonne, D., Leake, S., Dzhigaev, D., Kishore, K., Dupraz, M., Richard, M.-I., Bot, D. &

Singaravelan, K. carnisj/bcdi: v0.2.3, DOI: 10.5281/zenodo.5963911 (2022).

52. Grothausmann, R., Fiechter, S., Beare, R., Lehmann, G., Kropf, H., Vinod Kumar, G. S., Manke, I. & Banhart,

J. Automated quantitative 3d analysis of faceting of particles in tomographic datasets. Ultramicroscopy 122,

65–75, DOI: 10.1016/j.ultramic.2012.07.024 (2012).

53. Grothausmann, R. & Beare, R. Facet analyser: Paraview plugin for automated facet detection and measurement

of interplanar angles of tomographic objects. The MIDAS J. DOI: 10.54294/bssu14 (2015).

54. Prakash, A., Hummel, M., Schmauder, S. & Bitzek, E. Nanosculpt: A methodology for generating complex

realistic configurations for atomistic simulations. MethodsX 3, 219–230, DOI: 10.1016/j.mex.2016.03.002 (2016).

55. Plimpton, S. J. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comp. Phys. 117, 1–19, DOI:

10.1006/jcph.1995.1039 (1995).

56. Thompson, A. P., Aktulga, H. M., Berger, R., Bolintineanu, D. S., Brown, W. M., Crozier, P. S., in ’t Veld, P. J.,

Kohlmeyer, A., Moore, S. G., Nguyen, T. D., Shan, R., Stevens, M. J., Tranchida, J., Trott, C. & Plimpton,

19/21

10.1107/S1600576720010985
10.1088/0266-5611/21/1/004
10.1364/OL.3.000027
10.1103/PhysRevB.68.140101
10.1038/ncomms1994
10.5281/zenodo.5963911
10.1016/j.ultramic.2012.07.024
10.54294/bssu14
10.1016/j.mex.2016.03.002
10.1006/jcph.1995.1039


S. J. LAMMPS - a flexible simulation tool for particle-based materials modeling at the atomic, meso, and

continuum scales. Comp. Phys. Comm. 271, 108171, DOI: 10.1016/j.cpc.2021.108171 (2022).

57. Foiles, S. M., Baskes, M. I. & Daw, M. S. Embedded-atom-method functions for the fcc metals cu, ag, au, ni,

pd, pt, and their alloys. Phys. Rev. B 33, 7983–7991, DOI: 10.1103/PhysRevB.33.7983 (1986).

58. Favre-Nicolin, V., Coraux, J., Richard, M.-I. & Renevier, H. Fast computation of scattering maps of nanostruc-

tures using graphical processing units. J. Appl. Crystallogr. 44, 635–640, DOI: 10.1107/S0021889811009009

(2011).

59. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558–561, DOI:

10.1103/PhysRevB.47.558 (1993).

60. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors

using a plane-wave basis set. Comput. Mater. Sci. 6, 15–50, DOI: 10.1016/0927-0256(96)00008-0 (1996).

61. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave

basis set. Phys. Rev. B 54, 11169–11186, DOI: 10.1103/PhysRevB.54.11169 (1996).

62. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density

functional dispersion correction (dft-d) for the 94 elements h-pu. The J. Chem. Phys. 132, 154104, DOI:

10.1063/1.3382344 (2010).

63. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization

Tool. Model. 18, DOI: 10.1088/0965-0393/18/1/015012 (2010).

Acknowledgements

The authors are grateful to ESRF synchrotron for allocating beamtime, and to the ID01 beamline staff for the

excellent support during the measurements. This project received funding from the European Research Council

(ERC) under the European Union’s Horizon 2020 research and innovation programme (grant agreement No. 818823).

The authors thank Pr. Philippe Sautet and Dr. Thierry Deutsch for the fruitful discussion on the DFT simulations.

Author contributions

M.-I. R. and F.M. conceived and designed the experiments. L.G. developed the electrochemical cell and performed

the Pt/GC synthesis. C.A., I.M., M.D., N.L., S.L., T.S., F.M. and M.-I.R. performed the in situ BCDI measurements.

C.A., C.C. and M.-I.R. analysed the data. C.C. performed the MSS and DFT calculations. C.A. wrote the first

version of the manuscript. C.A., C.C., I.M., J.E., F.M. and M.-I. R. revised the manuscript.

20/21

10.1016/j.cpc.2021.108171
10.1103/PhysRevB.33.7983
10.1107/S0021889811009009
10.1103/PhysRevB.47.558
10.1016/0927-0256(96)00008-0
10.1103/PhysRevB.54.11169
10.1063/1.3382344
10.1088/0965-0393/18/1/015012


Competing interests

The authors declare no competing interests.

Data availability

When published the data will be uploaded to the CXI database: https://www.cxidb.org.

Supplementary information

Supplementary information is available for this paper.

Correspondence and requests for materials should be addressed to C.A. (clement.atlan@esrf.fr), F.M.

(frederic.maillard@lepmi.grenoble-inp.fr) or M.-I.R. (mrichard@esrf.fr).

21/21



0.26 V

0.36 V

0.46 V

0.56 V

240 nm

2
3
0
 n

m

001

111
111

01
0100

11
1

111

Z [001]

X [100] Y [010]

0.26 V 0.36 V 0.46 V 0.56 V

to
p

vi
ew

X
[100]

Y
[010]

bo
tt

om
vi

ew X
[100]

Y
[010]

si
de

vi
ew

X
[100]

Z
[001]

si
de

vi
ew

X
[100]

Z
[001]

a

b



0

20

40

60

N
o
rm

a
lis

e
d

c
o
u
n
ts

a

0.26 V bulk
FWHM=0.016

surface
FWHM=0.016

bulk

surface

b

facets
FWHM=0.017

edges/corners
FWHM=0.015

facets

edges/corners

c

(001) & (001) facets
FWHM=0.017

side facets
FWHM=0.015

(001) & (001) facets

side facets

0

20

40

60

N
o
rm

a
lis

e
d

c
o
u
n
ts

0.36 V bulk
FWHM=0.020

surface
FWHM=0.024

bulk

surface

facets
FWHM=0.024

edges/corners
FWHM=0.019

facets

edges/corners

(001) & (001) facets
FWHM=0.018

side facets
FWHM=0.023

(001) & (001) facets

side facets

0

20

40

60

N
o
rm

a
lis

e
d

c
o
u
n
ts

0.46 V bulk
FWHM=0.018

surface
FWHM=0.025

bulk

surface

facets
FWHM=0.028

edges/corners
FWHM=0.020

facets

edges/corners

(001) & (001) facets
FWHM=0.028

side facets
FWHM=0.026

(001) & (001) facets

side facets

−0.04 −0.02 0.00 0.02 0.04

ε002 (%)

0

20

40

60

N
o
rm

a
lis

e
d

c
o
u
n
ts

0.56 V bulk
FWHM=0.030

surface
FWHM=0.035

bulk

surface

−0.04 −0.02 0.00 0.02 0.04

ε002 (%)

facets
FWHM=0.035

edges/corners
FWHM=0.036

facets

edges/corners

−0.04 −0.02 0.00 0.02 0.04

ε002 (%)

(001) & (001) facets
FWHM=0.039

side facets
FWHM=0.030

(001) & (001) facets

side facets



-0
.0

4

-0
.0

2 0
0.

02
0.

04

-0
.0

4

-0
.0

2 0
0.

02
0.

04 -0
.1

-0
.0

5 0
0.

05 0.
1

-0
.2

-0
.1 0

0.
1

0.
2

-0
.4

-0
.2 0

0.
2

0.
4

-0
.5

-0
.2

5 0
0.

25 0.
5

Exp. Molecular statics simulations
︷ ︸︸ ︷. .

DFT

R
a
ti
o

a
n
d

S
h
a
p
e

1:1
240×230×110 nm

3
1:2

120×115×55 nm
3

1:5
48×46×22 nm

3
1:10

24×23×11 nm
3

1:20
12×11.5×5.5 nm

3
1:75

2.8×2.8×1.2 nm
3

S
tr

a
in

ε
0

0
2

(%
)

3
D

v
ie

w

[001]

[1
00]

[010]

3
D

v
ie

w

[001]

[1
00]

[010]

s
li
c
e

v
ie

w

[100]

[001]

Persistent strain patterns across length scales



a Corner

Eads = –3.37 eV

b (001)|(111) edge

Eads = –3.30 eV

c (001) facet

Eads = –3.18 eV

d (111) facet

Eads = –2.95 eV

H S O Pt
-0.4 -0.2 0 0.2 0.4

Strain, ε002 (%)



Z [001]

Y [010]

X [100]

Pristine state, 0.26 V vs. RHE Upon adsorption, 0.56 V vs. RHE

HSO4
- 

adsorption

Before adsorption

Observations Mechanical considerationsa

Upon adsorptionUpon adsorption

b
Top downward 
displacement

=
Compression

pristine shape accomodated shape HSO4
- displacement vector

Bottom upward 
displacement

=
Compression

Bottomp downward 
displacement

=
Tension

Top upward displacement
=

Tension




	References
	Article File
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 1

	pbs@ARFix@1: 


