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Supplementary Discussion 

Transmission Kikuchi Diffraction 
  

Background 
  
Electron backscatter diffraction (EBSD) is a powerful and well-established technique that 
allows fast, automated and quantitative microstructure characterization in a scanning 
electron microscope (SEM). Characterization of microstructure-specific parameters, such as 
grain size, grain boundary character and microtexture are routinely carried out by EBSD in 
studies of bulk metallurgical and geological materials. However, EBSD can hardly be used 
to study functional materials such as nanostructured thin films or nanoparticles. One of the 
reasons is the fact that, although EBSD can achieve spatial resolution in the order of 20- 
50nm1, it is very difficult to obtain reliable orientation maps from microstructures with 
average grain size smaller than 100 nm. Moreover, when the sample volume decreases (e.g. 
in case of a thin film or even more extreme, in the case of nanoparticles) the volume of 
material available to stimulate a sufficient number of detectable backscattered electrons 
containing crystallographic information decreases, making it extremely difficult to detect 
and index the diffraction patterns. Finally, a lack of planar surfaces, as characteristic for 
nanowires and nanoparticles, can cause shadowing or direct the beam away from the EBSD 
detector, making indexing even more difficult or even impossible. 
Only recently, with the development of transmission Kikuchi diffraction (TKD), also known 
as transmission EBSD or transmission electron forward scatter diffraction (t-EFSD), new 
perspectives became available for microstructure characterization of nanostructured and 
nanomaterials in an SEM. Specifically, TKD is a sister technique to EBSD, which, as the 
main benefit, allows an order of magnitude improvement in spatial resolution. However, it 
requires thin, electron transparent specimens. This technique was first proposed by Keller 
and Geiss in 20122, and has been applied to numerous materials in the past years.3, 4, 5, 6, 7, 8, 9, 10, 

11 However, its application to functional nanomaterials and nanoparticles is still relatively 
scarce.2, 12, 13, 14, 15, 16  
  
  

TKD experimental configuration 
  
In TKD an electron transparent specimen is placed in an SEM chamber very close to the 
pole piece (typical working distance varying between 3 and 5 mm) and in most cases tilted 
away from the EBSD detector (typically 20° to 40°). The electrons are diffracted within the 
small sample volume, whereby those that are diffracted near the top surface cannot maintain 
coherence for a significant distance within the specimen and therefore the major Kikuchi 
scattering events occur close to the lower surface of the sample. A conventional EBSD 
detector located on the backside of the specimen captures the Kikuchi patterns. Available 
EBSD software has been adapted for automated indexing of TKD patterns, however due to 
the different and restricted geometry of this new configuration, the pattern center is often 
located outside the detector screen, causing geometrical pattern distortion and complicating 
indexing. Only recently a new configuration was introduced by Fundenberger et al.17 and 
commercialized by Bruker Nano GmbH, where the phosphorous screen is located beneath 
the thin specimen on the optical axis of the microscope. In this new configuration the pattern 
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distortion is removed and the electron intensity is increased, allowing reduction of beam 
current and, consequently, further improvements in spatial resolution (Supplementary 
Figure 1). 
Compared to conventional diffraction techniques in a Transmission Electron Microscope 
(TEM) the main advantage of TKD is its full automatization, which allows detailed 
microstructure characterization over large areas of the specimens at very high speed. In 
comparison to EBSD, the spatial resolution is improved, due to the smaller interaction 
volume. Furthermore TKD is not limited to flat specimens and can be applied to 
investigating nanoparticles and nanowires, among others.  
 
 
 
 

 
 
Supplementary Figure 1. Schematic drawing of our TKD experiment showing the Pd nanoparticles 
localized on the TEM window facing away from the SEM pole piece. The electron beam is scanned 
over the sample and for each scanned point the diffraction patterns are captured by the detector 
located underneath the sample. Each line on the pattern represents a crystallographic plane of the 
crystal and the characteristic Kikuchi pattern gives the full orientation of the crystal at the electron 
beam exit surface. 
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Finite-Difference Time-Domain Simulations 
 
The FDTD-calculated dark field (DF) scattering spectra shown in Fig. 2c in the main text 
(obtained using illumination at a shallow angle as dictated by the numerical aperture, N.A., 
of the used objective in the experiment) are in good agreement with the corresponding 
experimental data. Specifically, a strong scattering signal in the short wavelength end of the 
visible spectrum is observed for a Pd nanodisk placed on top the membrane with Cr mirror.  
To further analyze the role of this mirror, we first compare (Supplementary Figure S2a) the 
calculated DF scattering (i.e. assuming illumination at a shallow angle dictated by the N.A. 
of the used objective) to scattering produced by the same Pd nanoparticle upon plane wave 
illumination (the PdHx case is qualitatively very similar with the exception of a relative blue 
shift of the resonances and therefore not explicitly analyzed here). This analysis clearly 
shows two characteristics. First, the resonances observed under DF conditions are the in-
plane resonances of the disk. Second, the total scattering cross section with and without the 
Cr mirror is very similar in both cases. Hence, to simplify the simulations, we below further 
investigate the influence of the Cr mirror under plane wave illumination conditions only.  
 
 
 
 

 
 

 
Supplementary Figure 2. (a) FDTD-calculated total scattering cross sections under plane-wave 
illumination of a Pd nanodisk on top of a 40 nm thick Si3N4 membrane alone and a 40 nm thick Si3N4 
membrane with 10 nm Cr mirror, respectively. Note the distinct spectral blue-shift induced by the 
Cr mirror. (b) Backward and forward scattering contributions to the total cross section derived 
from the calculations in (a). Clearly, the Cr mirror increases the backward/forward scattering ratio 
by a factor of about 6. (c) Backward/forward radiation of a dipolar emitter placed above the 
substrates. (d) Field intensity at the center of the disk. The calculations in (c,d) are consistent and 
indicate that the interference induced by reflections from the Cr mirror layer greatly increases 
backward scattering and thus the dark-field scattering signal from the Pd nanoparticles measured 
in the plasmonic nanospectroscopy experiments.  
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The first set of calculations discussed above shows that the 
backward-to-forward scattering ratios are reversed in the 
presence of the mirror layer. Without the mirror, forward 
radiation of the disk is ca. 2 times stronger than backward 
radiation at resonance (700 nm), while with the mirror the 
situation is reversed (Supplementary Figure 2b). This is 
further confirmed when analyzing dipolar radiation of an 
emitter placed at the position of the center of the disk, i.e. 15 
nm above the Si3N4 membrane (Supplementary Figure 2c).  
Additionally, one has to consider the excitation efficiency, as 
quantified by the field intensity at the center of the disk. This is 
shown in Supplementary Figure 2d, where one can see that 
due to interference from the mirror a maximum appears at ca. 
500 nm. This is expected based on the dipole radiation 
efficiencies and the equivalence of exchanging source and 
detector. Hence, these results imply that the increased 
efficiency and position of the scattering peaks observed at ca. 
500 nm in the presence of the Cr mirror are the result of 
interference between the support layers of the disk.  
This hypothesis is further confirmed in Supplementary Figure 
3, which shows the calculated electric field amplitudes near the 
disk for the case with and without Cr mirror. In both cases, the 
LSPR for this system is relatively weak and spectrally broad, as 
the electric field is enhanced only by a factor of 3, in agreement 
with the strong damping of plasmonic excitations in Pd18. The 
only difference between the two situations is a slight increase in 
the electric fields at ca. 450-500 nm in the presence of the Cr 
mirror, i.e. no new modes due to coupling with the Cr layer are 
formed. Hence, interference between the substrate layers and 
the incident field and directional radiation from the disk are the 
causes of the observed spectra. In a sense, this interference 
effect amplifies part of the weak and broad plasmon resonance 
supported by the Pd disk (increased local density of states, 
LDoS). Hence, when Pd is hydrogenated, causing a blue shift 
of the LSPR, the overlap between the LDoS and the blue-
shifted LSPR also blue shifts. 

 
 
 
 

 
 
 
 
 
 
 
 
 
Supplementary Figure 3. Electric field enhancement near the Pd disks then placed on top of Si3N4 
(left column) and Si3N4/Cr (right column). There is a lack of a clearly defined, narrow LSPR. 
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Peak Position Shift – Peak Intensity Change Proportionality 
 
 
 

 
 
Supplementary Figure 4. Scattering intensity change at peak, ΔPI , versus peak shift, Δλmax, during 
a complete hydrogenation-dehydrogenation cycle for a representative particle from each studied 
data set. Note the good linear proportionality in all cases, corroborating the interchangeable use of 
these two parameters in our data analysis. 
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Dark-Field Scattering Image of the Sample   
 

 
 
 
Supplementary Figure 5. Dark-field scattering microscope image of the studied sample showing 
both the membrane region (framed by the yellow dashed line) with corresponding data sets 1 and 2, 
and the bulk region of the TEM window sample, decorated with additional nanoparticles studied in 
data sets 3 and 4. TEM and TKD analysis is not possible outside the membrane region.   
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Hydrogenation Traces and for all Investigated Nanoparticles  
 

Particle set 1 

 
 
Supplementary Figure 6. Δλmax and ΔPI hydrogenation traces for set 1. Corresponding isotherms 
are shown in Figure 5 in the main text and in Supplementary Figures 11 and 13 below. 
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 Particle set 2 

 
 

Supplementary Figure 7. Δλmax and ΔPI hydrogenation traces for particle set 1. Corresponding 
isotherms are shown in Figure 5 in the main text and in Supplementary Figures 11-13 below. 
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Particle set 3 

 
 
 
Supplementary Figure 8. Δλmax hydrogenation traces for particle set 3 used to construct Figure 4 in 
the main text.  
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Particle set 4 
 

 
 
 
Supplementary Figure 9. ΔPImax hydrogenation traces for particle set 4 used to construct Figure 4 in 
the main text.  
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Particle set 5 
 

 
 
 
Supplementary Figure 10. (a) and  (b) Δλmax and ΔPI hydrogenation traces for particle set 5 
discussed in Figure 3 in the main text. (c) and (d) The same isotherms as shown in Figure 3 but with 
error bars along the Δλmax axis, defined as 
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Isotherms, TKD orientation and grain boundary maps, TEM images  

 
Supplementary Figure 11. (1st column) Optical isotherms using the alternative readout parameter, 
i.e. ΔPI or Δλmax, compared to the corresponding Figure 5. TEM images (2nd column), TKD grain 
orientation maps (3rd column) and TKD grain boundary type map (4th column). Scale bar is 50 nm. 
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Supplementary Figure 12. Data for additional single particles from particle set 2 not included in 
Figure 5 in the main text but utilized in the overall analysis in Figure 6. 
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Supplementary Figure 13. Additional isotherms and corresponding TEM and TKD data from 
particle sets 1 and 2, where two or three particles were measured simultaneously in one isotherm. 
This is a consequence of them being located closely together and thus not being recorded separately 
in the plasmonic nanospectroscopy measurement. Consequently, multiple absorption plateau 
pressures are observed which in this case can be ascribed to the different particles measured 
simultaneously and thus contribution to the measured isotherm. These additional data were used in 
the final analysis presented in Figure 6 by either using an average plateau pressure for all particles 
included in the convoluted isotherm (panels a –d in Figure 6) or by ascribing a specific plateau 
pressure to each particle, selected in accordance to the observation that a higher relative abundance 
of high-angle grain boundaries leads to a lower plateau pressure. The scale bar is 50 nm. 
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Supplementary Figure 14. Isotherms for particle set 3 (not analyzed with TEM and TKD) used to 
construct Figure 4 in the main text.   
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Supplementary Figure 15. Isotherms for particle set 4 (not analyzed with TEM and TKD) used to 
construct Figure 4 in the main text. 
 
 
 

 
 

Supplementary Figure 16. Isotherms for particle set 5 (not analyzed with TEM and TKD) used to 
construct Figure 4 in the main text.  
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High-Resolution TEM  
 
 

 
 
Supplementary Figure 17. (a-d). Low magnification TEM images of 4 nanodisks analyzed in this 
work, with increasing number of grains from the single crystal disk (a) to a disk with 10+ grains (d). 
(e-h) High resolution TEM images of small areas enclosed by colored boxes. Lattice fringes can be 
identified in each image, however it is clear that the disks are not faceted, in the sense that they do 
not terminate with well-defined lattice planes with a certain orientation. This is in contrast with, for 
example, single crystal nanoparticles fabricated via wet chemistry methods. 
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Ensemble Measurements 
 
To highlight the role of the Pd grain size on the ab- and desorption plateau pressure we also 
measured an ensemble-type sample (10 x 10 mm sample with about ~17% surface coverage 
of nanoparticles) of very similar Pd nanodisks (190 nm diameter and 20 nm height) with the 
same thermal history. Supplementary Figure 18 shows the corresponding optical hydrogen 
absorption and desorption isotherms measured at 303 K, using a home-built stainless steel 
vacuum chamber with optical access. The details on the measurement procedure and setup 
have been described elsewhere.19 In short, controlled hydrogen pressure can be established in 
the measurement chamber while the optical spectra are simultaneously collected. A 
feedback-loop temperature control ensures constant temperature on the sample. Clearly, we 
observe a slanted plateau with a slope that is higher than for single Pd disks. We define the 
low and high pressure endpoints of the plateu as descriptors for the plateau width (red and 
blue triangles, respectively), which we then use to indicate the shaded areas in Figure 4 in 
the main text.  
	  
	  
	  

	  
 
 
Supplementary Figure 18.	  Hydrogen sorption and desorption isotherms measured at 303 K for an 
ensemble of Pd nanodisks, i.e. a 10 x 10 mm surface decorated with Pd nanodisks at ~17% surface 
coverage, characteristic for Hole-Mask Colloidal Lithography20 nanofabrication of nanodisk arrays. 
Upward and downward triangles mark the minimum (red), mean (green) and maximum (blue) 
plateau pressure value during hydrogen absorption and desorption, respectively. The corresponding 
width of the plateau, i.e. the pressure range spanning between the red and blue points, is depicted as 
shaded areas in Figure 4 in the main text. 
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Model of Grain-Boundary-Related Lattice Strain 
 
In our treatment, we focus on the effect of hydrogen absorption by the sites near grain 
boundaries on the hydrogen adsorption isotherms. In analogy with surface and subsurface 
sites, due to their favorable energetics, grain boundary sites are occupied in the phase-
coexistence region and generate tensile lattice strain in the grain. Consequently, the location 
of the equilibrium plateau region along the hydrogen pressure axis is shifted to lower 
hydrogen pressures. Also in analogy with the subsurface sites of a crystal surface, the 
corresponding shift of the chemical potential of hydrogen atoms located at regular sites 
inside the grain can be estimated as (cf. Eq. (3) in the supporting information of our earlier 
work21) 
 
∆𝜇 = − !!!!!

! !!!
∆!
!

          (1) 
       
where V is the nanoparticle volume, ΔV is the grain-boundary volume, υ0 = 2.6 Å3 is the 
increase of the lattice volume per absorbed H atom, α is a dimensionless parameter 
characterizing the linear mismatch between the grain boundaries without and with hydrogen, 
E = 1.21 GPa is the Young’s modulus of Pd, and σ = 0.39 is the Poisson’s ratio. 
At equilibrium, the related shift of the chemical potential of hydrogen molecules in the gas 
phase is two times larger. Taking into account that the latter potential depends on hydrogen 
pressure as μ = kBT ln(P) + const, we conclude that the pressure corresponding to the 
absorption hysteresis loop is expected to be reduced by a factor of 
 
𝑓 = exp − !!!!!

! !!! !!!
∆!
!
           (2) 

 
For Pd nanodisks of radius R, thickness H < R and volume V = πR2H, the grains are expected 
to be primarily two-dimensional (with thickness H), i.e. the grains are expected to extend 
from the support to the top of the disk (no multilayers). This is also experimentally seen in 
the HRTEM images of Supplementary Figure 17, since lattice fringes only can be recorded 
if the particle is homogeneous all the way down to the support, i.e. the grain structure is two-
dimensional. If ρ is the average grain radius, the number of such grains is N ≃ R2/ρ2, and 
accordingly the grain boundary volume can be estimated as ΔV ≃ 2πρlHN = 2πlHR2/ρ, 
where l is the thickness of one side of the boundary (the total thickness is 2l). Substituting 
these expressions for V and ΔV into (2) yields 
 
𝑓!! = exp − !!!!!"

! !!! !!!"
           (3)  

          
For three dimensional grains, similar estimates result in N ≃ 3R2H/4ρ3, ΔV ≃ 4πρ2lN = 
3πlHR2/ρ, and 
 
 
𝑓!! = exp − !!!!!"

!!! !!!"
           (4) 

            
              
The scale of l is expected to be about 0.5 nm, while the scale of α is comparable with that for 
the bulk hydride, i.e., α = 0.035. The corresponding values of f2D and f3D calculated for T = 
303 K are shown in Supplementary Figure 19.  
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Supplementary Figure 19. Equilibrium pressure-reduction factor, f,  as a function of the average 
grain radius for 2D and 3D grains calculated at 303 K according to Supplementary Eqs. (3) and (4), 
respectively. 
 
 
 
 
 
  

20 30 40 50 60 70 80
0.6

0.7

0.8

0.9

1

ρ (nm)

f
2D

3D



	   21	  

Complete Data Set Forming the Basis for Figure 6 
 

Particle	  
code	  

Dot	  
area,	  
[μm^2]	  

Dot	  
diameter	  
[nm]	  

#	  of	  
grains	  

Average	  
grain	  size	  
diameter	  
[nm]	  

Grain	  
boundary	  
length	  	  
[nm]	  

HAGB	  
length	  
[nm]	  

Twin	  
length	  
[nm]	  

PABS	  	  
[mbar]	  

PDES	  
[mbar]	  

s1p1	   0,026	   152,9	   7	   84,1	   579	   316	   263	   28,9	   7,8	  

s1p2	   0,025	   151,4	   8	   78,4	   674	   272	   402	   31,9	   8,9	  

s1p3	   0,027	   156,8	   12	   65,9	   770	   560	   203	  
25,32/28,9/

32,9	   8,7	  

s1p4	  down	   0,021	   136,8	   11	   64,8	   547	   207	   340	   27,3	   8,7	  

s1p4	  up	   0,023	   143,1	   11	   54,1	   813	   197	   616	   32,9	   8,7	  

s2p1	  right	   0,014	   122,7	   5	   76,7	   243	   90,2	   152,8	   31,9	   8,3/7,3	  

s2p1	  middle	   0,016	   131,4	   5	   74,4	   516	   0	   516	   36,9	   8,3/7,3	  

s2p1	  left	   0,016	   131,1	   7	   88,5	   420,8	   200,4	   182,9	   28,9	   8,3/7,3	  

s2p2	   0,018	   137,8	   14	   47,3	   794	   455,9	   333,1	   31,0	   8,4	  

s2p3	   0,017	   135,3	   12	   44,6	   791,5	   380,7	   410,8	   28,4	   8,3/7,3	  

s2p4	   0,018	   139,4	   4	   72,9	   395,8	   0	   395,8	   30,9	   8,4	  

s2p5	   0,017	   133,6	   1	   133,6	   0	   0	   0	   45,4	   6,3	  

s2p6	   0,019	   142,5	   3	   90,2	   355,7	   0	   355,7	   31,9	   6,8	  

s2p7	   0,019	   142,5	   5	   78,4	   328,1	   192,9	   135,3	   29,9	   8,4	  

s2p9	   0,019	   142,8	   5	   55,6	   333,1	   227,9	   105,2	   28,9	   8,4	  

s2p10	  up	   0,019	   143,2	   5	   60,7	   460,9	   52,6	   408,3	   36,9	   9,1	  

s2p10	  down	   0,018	   140,2	   10	   38,5	   533,5	   212,9	   305,6	   27,9	   9,1	  

s3p1	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,2	   7,3	  

s3p2	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,9	   8,4	  

s3p3	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   29,9	   8,0	  

s3p4	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,0	   7,0	  

s3p5	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   31,9	   7,8	  

s3p6	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,2	   7,8	  

s3p7	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   24,8	   8,9	  

s3p8	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   27,3	   7,3	  

s4p1	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,9/34,9	   7,5	  

s4p2	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   24,8/38,9	   9,4/7,8	  

s4p3	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,8/32,9	   7,9	  

s4p4	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   29,8	   8,0	  

s4p5	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,9	   7,1	  

s4p6	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   26,4	   7,9	  

s4p7	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   25,8/30,9	   8,4	  

s5p1	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   28,7	   9,0	  
s5p2	  -‐	  big	  
grain	   0,0112	   133	   1	   130	   80	   	  	   	  	   42,0	   8,7	  
s5p2	  -‐	  small	  
grain	   0,0015	   	  	   1	   49	   80	   	  	   	  	   36,6	   8,7	  
s5p2	  before	  
annealing	   0,0136	   133	   many	   ca.	  5-‐10	   large	   	  	   	  	   27,1	   8,2	  

Supplementary Table 1. TKD microstructure and plasmonic nanospectroscopy hydrogenation data 
used as the basis for the compilation of Figures 4 and 6 in the main text. 
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Alternative Figure 6 and Absolute HAGB and Twin Length 
 

 
 
Supplementary Figure 20. Alternative representation of the data shown in Figure 6 in the main text, 
where we have assigned individual plateau pressures to the data points comprised of multiple 
particles (cf. Supplementary Figure 13) according to the abundance of twin boundaries and HAGBs 
and their respective importance for mediating the plateau pressure. 
 
 
 

 
 
Supplementary Figure 21. (a) Total high-angle grain boundary length per particle versus hydride 
formation plateau pressure. (b) Total twin boundary length per particle versus hydride formation 
plateau pressure. 
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