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Supporting Information 

 

Single Particle Coherent Diffraction Data. Supplementary Fig. 3 shows the central cross 

section from 3D coherent diffraction data sets collected about the 111 diffraction peak for 

the same particle as a function of pH2 exposure time. The diffracted intensity patterns 

evolve significantly as a function of exposure time. The initial pattern is nearly 

centrosymmetric, indicating that the Pd nanoparticle was minimally strained1. The 

diffraction pattern also shows well-defined fringes, which are generated by the sharp 

facets of the nanocrystal. Significant changes in the diffracted intensity pattern are seen 

after 30 minutes of pH2 exposure. Some fringes remain, indicating the presence of sharp 

facets in the nanocrystal, while most fringes became less pronounced. By 247 minutes 

of pH2 exposure, the peak has broadened and become more diffuse. We found that the α 

phase (111) peak persists in the area detector (Supplementary Fig. 11), indicating that 
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the crystal has not completely transformed to the β phase. The β phase 111 Bragg 

condition is sufficiently different from the α phase 111 Bragg condition that, in contrast to 

the ensemble measurements discussed in Fig. 4, β phase diffraction does not appear on 

the area detector in the BCDI measurements.  The reversibility of the hydriding 

transformation was explored by exposing the particle to pure He (pH2 = 0) at room 

temperature and at 50 C for over one hour. We found that the diffraction intensity 

distribution never returns to its original state (Supplementary Fig. 12), indicating that 

nanoparticle changes induced by hydrogen exposure were irreversible.  

 

Phase field governing equations. 

Assuming instantaneous elastic relaxation relative to diffusion, the displacement vector 

ui is solved for quasi-statically within a virtual work formulation: 

0 = 𝜎𝜎!"𝛿𝛿𝛿𝛿!"!  𝑑𝑑𝑑𝑑 + 𝑓𝑓!𝛿𝛿𝛿𝛿!!! + 𝜎𝜎!"!𝛿𝛿𝛿𝛿!"! 𝑑𝑑𝑑𝑑!      (4) 

where the virtual strain 𝛿𝛿𝛿𝛿!" has been projected onto the surface as described before.  

The chemical potential of interstitial hydrogen defined as  
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Currently, only the steady state, equilibrium situation is considered to describe strain 

distributions for different average x. However, the time-dependent case is solved for the 

sake of numerical robustness. The concentration of H evolves according to a Langevin 

type equation: 

𝜌𝜌 !"
!"
= 𝛻𝛻 ⋅ 𝜌𝜌 ! !!! !

!"
𝛻𝛻𝛻𝛻   (6) 

where the diffusion coefficient, D, is set to unity as it does not affect the equilibrium 
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distribution. Equations 4-6 are solved for variables ui, µ and x using the finite element 

method implemented in the FEniCS package2–5. The mesh was locally refined to achieve 

a mesh size of less than 1.5 nm at the interface. Problems reached 4 million degrees of 

freedom, and were solved using up to 512 cores on a high-performance Linux cluster at 

Argonne National Laboratory. Initial conditions were microstructures similar to the 

anticipated steady state, which helped minimize pseudo-time steps and computational 

expense. While the initially cap microstructures remained so, the core-shell 

microstructures immediately began to collapse. Calculations of elastic energy in core-

shell particles were therefore made without diffusion of H.  

 

Variable Pressure Ensemble Diffraction Experiment Details. Ensemble experiments 

were performed at Sector 12-ID-D of the Advanced Photon Source at Argonne National 

Laboratory. A double crystal monochromator was used to select E=24 keV x-rays. Slits 

were used to reduce the beamsize to approximately 5×30 𝜇𝜇𝑚𝑚! (vertical x horizontal) for 

the measurement discussed in Supplementary Figure 15. The Pd (111) Bragg peak was 

collected using a 2D area detector (Pilatus, each pixel 172µm x 172µm) placed at a 

scattering angle of 13° and at a distance of 0.845 m from the sample. Each 2D 

diffraction pattern used a 2 second exposure time. Measurements were performed at 

room temperature (300 K) at a total pressure of 26664 Pa. The nitrogen gas was then 

progressively diluted with hydrogen gas to increase the hydrogen partial pressure.  

Figure S14a shows the Pd (111) Debye-Scherrer ring (a ring of fixed scattering angle, 

2Θ) from the as-prepared state. The initial ring shows significant intensity variation with 

bright spots resulting from individual crystalline particles. Figure S14b shows the 

diffraction intensity distribution at t=50 minutes. The presence of two rings in the intensity 

pattern indicates bulk two-phase coexistence under these conditions. A single β phase 

ring (Figure S14c) exists at 9332 Pa pH2.  After the full transformation, we note that the 
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intensity distribution along the ring is much more uniform, lacking the bright spots of the 

as-prepared state. This change in the intensity distribution can be attributed to 

dislocation generation6. We then decreased pH2 to dehydride the particles. Figure S14d 

shows that two-phase coexistence persists during dehydriding down to 266 Pa, 

indicating a hysteresis between the hydriding and dehydriding two-phase coexistence 

pressures, as previously observed7,8.  Figure S14e shows the intensity distribution along 

the ring after complete dehydriding, which is more uniform than Fig. S14a. Figure S14f 

shows the integrated intensity as a function of hydrogen partial pressure.  

 

Supporting Figures.  

Figure S1. SEM images of Pd nanoparticles formed by the dewetting procedure. 
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Figure S2. Gas environmental cell schematic and electron microscopy image of a Pd 
nanoparticle.  
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Figure S3. Evolution of the central Bragg peak cross-section (from 3D coherent 

diffraction data sets) for a single Pd nanoparticle as a function of exposure time. 

Colorbar and scalebar apply to all images. Colorbar is the log10 of the number of photons. 

3D measurements were collected at each time state. These diffraction data sets 

correspond to the reconstructions shown in Figure 2.  
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Figure 4 Phase retrieval transfer function. A cutoff of 0.5 is applied to determine the 
spatial resolution of approximately 18 nm.  

 

 

Figure S5. Baseline compressive/tensile strain at the four cross-sections. Maximal 
strains are on the order of 5x10-4. Black vector shows the (111) scattering vector.  
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Figure S6. Displacement field components for an edge and screw dislocation. The 
magnitude of the ux displacement field component for the edge dislocation is shown, 
while the magnitude of the uz displacement field component is shown for the screw 
dislocation. d is the crystal lattice parameter.  

 

 

Figure S7. The effect of BCDI resolution on the ability to resolve dislocations. a, the 
screw dislocation model made up of atoms. b, the BCDI reconstruction at 20 nm 
resolution. The atoms are blurred out but the dislocation is visible in the displacement 
field, which is projected onto the isosurface.   
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Figure S8. The unwrapped phases for a state in Fig. 2. The phases were unwrapped 
using a Goldstein 2D phase unwrapping method.    

 

Figure S9. Evolution of the central Bragg peak cross-section (from 3D coherent 

diffraction data sets) for a different, single Pd nanoparticle as a function of exposure 
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time. Colorbar and scalebar apply to all images. Colorbar is the log10 of the number of 

photons. 3D measurements were collected at each time state.  

 

 

Figure S10. Displacement field (u111(r)) maps at 3 cross-sections are shown prior to 

hydrogen exposure for another single particle. After 35 minutes of hydrogen exposure, 

part of the particle has transformed and there is a dislocation near the boundary of the 

remaining α phase. 
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Figure S11. Diffraction cross-section from the single Pd nanoparticle discussed in the 
text (Fig. 2) after 390 minutes exposure to 3333 Pa pH2.  

 

 

Figure S12. Diffraction cross-section from the single Pd nanoparticle discussed in the 
text (Fig. 2) during pH2 = 0 Pa. A pure He flow was first used, followed by He flow at 
elevated temperature (50 C). The changes induced during the hydriding phase 
transformation are not reversed by these conditions.   
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Figure S13. No changes observed in a different particle during hydrogen exposure. a, 
the central cross-section of the initial diffraction data. b, the central cross-section of the 
diffraction data after 390 minutes of exposure to 3333 Pa pH2. c, the real space 
reconstruction of the particle. Axes are in pixels and one pixel is approximately 13 nm. 
The particle is approximately 270x270x135 nm3, with the smallest dimension normal to 
the substrate. d, the real space particle shape and size after 390 minutes of exposure to 
3333 Pa pH2. 

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE MATERIALS | www.nature.com/naturematerials 12

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NMAT4842

http://dx.doi.org/10.1038/nmat4842


 

Figure S14. Difference in strain energy for a core/shell vs. spherical cap two-phase 
distribution for two different spherical particles. x corresponds to the x in PdHx. a, the 
strain energy for a 15 nm diameter particle. b, the strain energy for a 150 nm diameter 
particle. c, an example of a spherical cap distribution. d, an example of a core-shell 
distribution.  
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Figure S15. Ensemble Pd behavior during hydrogen partial pressure variation. a, Debye-

Scherrer ring from diffraction by the Pd (111) lattice planes from the as-synthesized 

sample. The white boxes show magnifications of particular regions along the ring; 2Θ is 

the scattering angle. The scalebar applies to 1a-e. b, Snapshot of bulk two-phase 

coexistence observed during the phase transformation. c, Snapshot after complete 

transformation to the lattice expanded β phase. d, Snapshot of bulk two-phase 

coexistence observed during the dehydriding transformation. e, Snapshot after complete 

transformation to the α phase. f, angularly averaged intensity as a function of hydrogen 

pressure.  
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Figure S16. Cutaway view of the in-situ environmental x-ray gas cell used for the 

variable pressure experiments. A Mylar film allows x-rays to enter and exit the 

environment while maintaining pressure in the cell.  
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Figure S17. Diffraction data changes for three particles at the transformation pressure. 

At the transformation pressure in Fig. 5, the α phase diffraction typically disappears in 3-

6 minutes. The log of the diffraction data is shown and all images are rescaled to show 

the changes more clearly.  
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