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Experimental

Samples with a targeted palladium loading of 5 wt.-% were prepared by incipient wetness impregnation following
the protocol reported by Iwasa et al.l'l This involved the dissolution of Pd(NQOa)2 - x H20 (Sigma-Aldrich) in the
appropriate amount in water. After impregnation, samples were dried at 110 °C for five days. Subsequently, the
sample was calcined at 500 °C for 3 h in O2:N2 (20:80). The as-prepared palladium oxide supported on zinc oxide
was transferred to a MEMS heating chip fabricated by NORCADA (Edmonton, Canada). In-situ reduction
experiments were conducted, employing E-STEM on a Hitachi High-Technology HF5000, operating at 200 kV.
Hydrogen was injected with a mass flow of 2.5 sccm resulting in a column pressure of 1.5 - 102 Pa, which
corresponds to a specimen pressure of ~1.5 Pa. The reduction was performed at ambient temperature and

200 °C for 100 min with a freshly prepared sample of supported palladium oxide. The regions of interest were
only exposed to the electron beam during image acquisition and focus alignment to reduce electron beam effects
to a minimum. The imaged regions were therefore not observed in between image acquisition. In addition, some
locations were only imaged before and after the reduction, to evaluate the effect of the electron beam. The
electron dose per image is determined according to Egerton®? and is around ~ 107 e/A2,

The in-situ STEM images were processed in a frame by frame basis by selecting representative frames in which
key steps of the transition were captured. Each frame was first segmented to separate the distinctive material
regions from the background. The resulting segmented atomic resolution crops were processed with an
automated artificial intelligence-assisted method to extract the most likely crystallographic phase explaining the
experimental disposition of observed and time-evolving crystallographic planes. The database of crystal phases
was taken as a subset of the inorganic crystal structure database (ICSD), refined with the crystal phases that
physically align with the temperature and pressure conditions of the involved reactions. The complete details of
the processing can be found in the following references.?4
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Figure S1: Left: DF STEM image of a pristine PdO nanoparticle on ZnO. The PdO nanoparticle is aligned along [110] as shown in the model®..
The ZnO crystal is aligned along [110] as exemplified in the model®. Pd, Zn and O are represented yellow, blue and red, respectively. Right:
Phases of the system are automatically identified by comparing the corresponding FFT and lattice spacings.

After calcination, supported PdO nanoparticles with 5.-wt% Pd loadings were pre-characterised using STEM and
XRD. Powder X-ray diffraction was conducted on a Rigaku SmartLab using Cu Ka1 radiation (A = 1.540598 A,
Ge-Johansson monochromator) within a range of 20 ° < 26 < 90 °. Acquired SE images, XRD measurements and
particle size distributions (PSDs) are shown in Figure S2. The SE images indicate a homogenous distribution of
nanoparticles on the ZnO surface. Some nanoparticles aggregate to form dense clusters. Next to single, bigger
nanoparticles (> 10 nm), many small nanoparticles are present. The density of nanoparticles tends to decrease
for lower Pd loadings. Over 100 nanoparticles were measured in two perpendicular directions to determine the
PSD of each Pd loading. All PSDs demonstrate that most nanoparticles are smaller than 10 nm with a mean of
~7 nm. With the exception of minor deviations observed in the 5 wt.% loading sample, which exhibits the most
compact PSD, the PSDs show a roughly similar trend, indicating that a Pd loading between 1 and 5 wt.% has a
minor effect on the particle size. The XRD measurements show similar results for different Pd loadings. For
instance, the sample with 5 wt.% Pd loading, which is investigated during reduction, has many characteristic
reflections, which can be assigned to ZnO and represent the support. None of the intense peaks correspond to a
palladium species. There is a small increase in intensity around 34°, which can potentially be allocated to PdO.
The intensity of this hump increases with loading. The 10 wt.% loaded sample was only investigated by XRD not
by STEM.
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Figure S2: Left: Series of SE STEM images of PdO nanoparticles supported on ZnO prepared with different Pd loadings after calcination.
Right: Corresponding XRD measurements (top) and particle size distributions (bottom) of the sample with different Pd loadings. XRD reflections
of ZnO, PdO and Pd are given as reference. The XRD data of the 5 wt.-% sample shows a small hump around 34°, corresponding to PdO. The
strong peaks correspond well to the reference ZnO peaks, identifying the support.

The interatomic spacings are measured by averaging several particle distances along two perpendicular directions.
The number of atom rows analysed varies between 3 to 8 depending on the degree of separation. The measured
directions gpare, omin=2-1A& and hye omin=2.7 A @re in good agreement with PdO [1 -1 0] gpsp=2.154 and [0 0 2]
hrao=2.68 A The nanoparticle can accordingly be identified as PdO and is aligned along [1 1 0]. In Figure 1, the
Pd atoms are highlighted in yellow to indicate their location within the tetragonal PdO structure modell®. The
structure of the support is analysed in the same way. The measured directions g gn,=28 A and h g,,=5.2 A
correspond to ZnO [1 -1 0] gzn0=2.82 A and [0 0 1] hz,,=5.2 A.1 A ZnO unit cell aligned along [1 1 0] is illustrated by
the blue Zn atoms in the ROI in Figure 1. The oxygen atoms represented in red in the structure models for PdO
and ZnO are not visible in the DF image.

The crystallographic phase identification confirms the main crystallographic phases of PdO and ZnO, while also
indicating the presence of ZnPd crystal phases with different ratios of stoichiometry, which suggests a modulation
of the Zn:Pd ratio at the interface during the reaction. Automated geometrical phase analysis suggested a slightly
mismatched epitaxial relation between the original ZnO and PdO, probably linked to a morphologically
heterogenous substrate.



Figure S3: Full Series of DF STEM images of the evolving nanoparticle-support structure during reduction in a hydrogen atmosphere
at room temperature, corresponding to the images shown in Figure 1.
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Figure S4: Series of BF STEM images of the evolving nanoparticle-support structure during reduction in a hydrogen atmosphere at room
temperature. Corresponding DF STEM images are shown in Figure 1.



Figure S5: Phase analysis of dark field images from Figure 1 during in-situ structure transformation using FFTs of the areas marked by
rectangles. In the beginning (0 min) a PdO particle on ZnO support observed. The second row (16 min) shows the presence of Pd region at the
bottom of the particle. At 32 min, the identification of a phase becomes somewhat ambiguous. A best match is found with the Pd2Zn Pnma
phase zone axis (621). The observed angle of 79° between planes however refers to a heavily strained cubic or a tetragonal/orthorhombic
phase. It is hypothesized that Pd incorporates Zn progressively deforming the cubic unit cell into an orthorhombic phase that might explain the

angle of 79° between the planes in the second image.
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Figure S6: Upper row, 0 min: geometric phase analysis (GPA) of the PdO particle. Mismatch of the (002) planes involved between the PdO
and ZnO lattice: (2.665 A-2.603 A) / 2.603A = 2.38%. The average dilatation extracted from the exx relative strain map is close to 0 %. The
epitaxial strain from the ZnO (0002) and PdO (002) lattice yields -2.3 % compressive strain for the PdO vertical planes while the horizontal
planes are relaxed. This elastic strain component minimises the interface misfit and explains the observed close 9° rotation of the growth planes
(1-10).

Lower row, 11 min: The overgrowth of the ZnO on the PdO particle induces strain in the lattices. The substrate presents relaxed (01-10) planes
that are compressed up to a -18.7%, while the PdO relaxed planes experience tensile strain at the core-shell interface of 4.9%. These high
strain values may indicate that the transformation toward the intermetallic ZnPd phase may occurs via highly strained continuous alloying and
not via the formation of intermediate intermetallic equilibrium phases.
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Figure S7: Full Series of DF STEM images of the evolving nanoparticle-support structure during reduction in a hydrogen atmosphere
at room temperature, corresponding to the images shown in Figure 1.
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Figure S8: Series of BF STEM images of the evolving nanoparticle-support structure during reduction in a hydrogen atmosphere at room
temperature. Corresponding DF images are shown in Figure 2.



Figure S9: Series of SE STEM images that show formation of contamination over time during reduction in a hydrogen atmosphere at room
temperature. Specimen structures cannot be resolved after 22 min.

Formation of surface contamination is observed after 11 min. Since the detection of SE is surface sensitive, SE
imaging is ﬁartlcularly affected by an increase in contamination over time. Sample areas, which are imaged with
SE longer than 11 minutes after the start of reduction, are largely covered by contamination. Figure S9 demonstrates
the degree of contamination.

16 min

Figure S10: Series of DF STEM images illustrating the phase growth during reduction. The time stamps identify time of reduction. The
corresponding measurements are displayed in Figure 3.
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Figure S11: Measurement of the interatomic distances of the phase forming at the particle along the displayed directions between 16 and 32
min of reduction using DF STEM imaging. Direction a is shown in black, direction b in red. The resolution of the spacing in direction b was
insufficient to measure the lattice spacings after 22 min.
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Figure S12: The change in thickness of the coverage layer is shown as a function of reduction time. The coverage layer converges to a
thickness of ~1.5 nm, after it is formed. The corresponding covered nanoparticle is displayed in Figure 1. At each reduction time, the layer
thickness was measured at 9 different locations and averaged.
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Figure S13: Series of DF STEM images during reduction of PdO at room temperature after a pre-treatment at 200 °C. Time stamp indicates
the reduction time. ZnO is activated within the first 5 min. After initial nanoparticle support interaction, structural changes of the nanoparticle are
observed.
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Characterisation of Pristine Palladium Oxide Nanoparticles

In another experiment, PdO supported on ZnO was annealed in vacuum at 200 °C for 60 min prior to reduction to
remove residual hydrocarbons from the sample. The sample was then reduced under the same conditions as
described above. Figure $13 shows the sample during reduction at room temperature after a preheating treatment.
Here, ZnO is activated first as during the previously described experiment. Small clusters are formed on the ZnO
surface, which preferentially migrate to the nanoparticle. When the nanoparticle is decorated by a ZnO layer, the
nanoparticle is transformed by a solid state reaction. Intriguingly, the transformation is activated at the interface
first and proceeds through the crystal. During reduction, the nanoparticle tends to grow in size. Quantification of
the particle growth is difficult due to a lack of segmentation. In contrast to the experiment with no preheating, no
contamination is formed during beam exposure.

Surface contaminations are formed in the vicinity of the nanoparticles during reduction. The present contamination
could be water and formed by recombination of activated hydrogen with oxygen provided by the oxides. However,
as contamination could not be found homogenously over the specimen and at the sample which were annealed
prior to the reaction, the sample is more likely to be contaminated by residual hydrocarbons, which are absorbed
during preparation and are activated by the electron beam.

Evaluation of Electron Beam Effects During Reduction

Nanoscale structures are vulnerable to high energetic electron beam exposure. The nature of such beam effects
might differ strongly depending on the energy and intensity of the electron beam and on the properties of the
exposed material. In particular, during in-situ experiments, where structural changes activated by the imposed
conditions are anticipated, it is important to assess the effect of the electron beam on the material under
investigation. In addition, the electron beam could also interact with the present atmosphere, forming a plasma and
change the reaction conditions.

In order to evaluate the electron beam effect on the PdO nanoparticles, we have exposed PdO particles with the
same electron dose as in the reduction experiments (Figure 1 and 4) in a series of 12 consecutive image acquisitions
at ambient temperature in vacuum (Figure S14). This experiment shows evidence of structural transformations due
to electron beam irradiation, for example at the lower right part of the left nanoparticle (see arrow in Figure S14)
demonstrating that the influence of the electron beam during the reduction experiments cannot be neglected. We
note the waiting time between individual image acquisitions at the end of the experiment in Figure S14 has been
shortened compared to the gas experiments (Figures 1 and 4) because structural changes without an electron beam
in a vacuum can be ruled out. Figure $15 shows an EDX map of the respective area.

Furthermore, we have analysed reference sample locations, which were not exposed to the electron beam during
the in-situ experiment. Such images, which are acquired under identical conditions to the in-situ experiment
presented in our manuscript, are displayed in Figure $16. During the in-situ experiments, the electron beam was
only used to capture the individual images and to focus (approx. 1 min each) on the corresponding sample site.
During the main part of the in-situ experiment, the electron beam was either used to image another sample area
or for most of the time not present by closing the gun valve.

12
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Figure S14: DF STEM image series of a supported PdO nanoparticles in vacuum at ambient temperature using the same electron dose as in
the reduction experiments (Figure 1 and 4). Slight structural transformations (for instance indicated by the arrow) are present.
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Figure S15: STEM-EDX map of the particles imaged in Figure S14.
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Figure S16: DF STEM images of a supported nanoparticle before and after reduction in a hydrogen atmosphere at room temperature. The
location was not exposed to the electron beam in presence of a hydrogen atmosphere. While the pristine nanoparticle matches with the lattice
of PdO along [2 0 -1], the nanoparticle after reaction corresponds well to ZnPd along [0 1 0]. Zn is coloured in blue, Pd in yellow, O in red. The
structure models are taken from literature 6]

The crystal structure of the nanoparticle before reduction can be identified as PdO. The lattice spacings measured
of3.1+0.1 A and 2.2+ 0.1 A are in good agreement with PdO (0 1 0) of 3.03 A and (10 3) of 2.14 A. After
reduction, the crystal structure of the nanoparticle has changed. The measured lattice spacings of 2.2+ 0.1 A in
each direction match best with ZnPd (0 1 1) of 2.18 A, indicating the formation of an intermetallic compound.
Although the structure of the nanoparticle after reduction is largely single-crystalline, some regions, e.g. the left
edge, have an irregular morphology. In addition, the activation of the support is weaker than that of the support,
which was exposed to the electron beam in-situ. Less encapsulation by the metal oxide is visible.

Reduction of Palladium Oxide at 200 °C

In addition to the reduction experiments performed at room temperature, supported PdO was reduced in-situ at
200 °C. The sample was tempered at 200 °C for 20 min, before hydrogen was injected. Figure $17 and Figure S18
show the structural evolution of the system during reduction at two different magnifications. The pristine crystal
structure of the support and nanoparticle with 2.4 + 0.1 A and 2.1 + 0.1 A matches well with ZnO (0 1 1)1%1 of 2.48 A
and PdO (1 1 0)® of 2.15 A. ZnO has an undistorted morphology and is only in contact with the nanoparticles on
the supporting side. After 3 min of reduction, the support evolves and forms small ZnO cluster on the support
surface. The nanoparticles are encapsulated by a continuous ZnO layer, as shown by the green shape in Figure
$17. The perimeter of the nanoparticle is marked in red as guide to the eye. The thickness of the coverage layer is
~1.5 nm, as shown in Figure S17. After the initial encapsulation, the support undergoes further morphological
changes, as displayed by the red arrows Figure S18. The evolution includes the formation of spherical ZnO
enrichments, which grow with time in contrast to the encapsulation layer. Near the interface of the nanoparticle and
the support, ZnO is removed and forms a small neck underneath the nanoparticle, as highlighted by the blue dotted
lines. Given that other features of the ROI in Figure S18 are immobile, it can be concluded that the neck does not
grow outwards, but that ZnO dissolves around the interface. The phenomenon occurs simultaneously with the
encapsulation of the nanoparticle.
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Figure S17: Series of BF STEM images shown during the reduction of supported PdO at 200 °C. The time of hydrogen injection is displayed.
The region marked in red highlights the nanoparticle, the region marked in green the encapsulation by ZnO. Neck formation and ZnO dissolution
is marked in blue. The orange arrows indicate a phase transformation.

The encapsulation has no influence on the size of the nanoparticles. However, a change in the crystal structure
can be recognised. The crystal structure is single-crystalline throughout the nanoparticle. The lattice parameters in
three different directions (a, b, c) are measured during reduction, as shown in Figure S19. Since these lattice
parameters are the same on the right side of the nanoparticle within the measurement accuracy, it can be concluded
that the same crystal structure is present between 3 and 85 minutes of reduction. Assuming no change in crystal
structure after 3 min of reduction, a representative identification of the crystal structure is performed after 16
minutes. As defined in Figure $19, the interatomic spacings measured along a, b and c are 4.1 £ 0.1 A25+01A
and 2.3 £ 0.1 A. These values are in good agreement to Pd® along [1 1 0] and ZnPd[" along [1 1 1]. Thus, a may
correspond to Pd (0 0 1) of 3.89 A or ZnPd (1 1 0) of 4.09 A, b to Pd (-1 1 0) of 2.75 A or ZnPd (-1 1 1) of 2.64 A
andcto Pd (-1 12)0of2.38 Aor ZnPd (3 1 1) of 2.44 A. The measured angles of 63.5 + 0.8° and 58.9 + 2.0° are in
between the theoretical values for Pd of 54.7° and 65.3° and for ZnPd of 60°. In addition, the large standard
deviation underlines that manual angle measurement is error-prone. A distinct allocation for the crystal structure of
the right side of the nanoparticle to ZnPd or Pd is therefore not feasible. In contrast to the right side, on the left side
of the particle, as indicated by the orange arrows in Figure $17, the phase transforms with time. After 85 min, the
measured lattice spacings of 2.9 + 0.1 A and 3.3 £ 0.1 A match to ZnPd (0 0 1) of 3.27 A and (1 0 0) of 2.89 A,
allowing an allocation to ZnPd.
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Figure S$18: Series of BF STEM images during the reduction of supported PdO at 200 °C. The time of hydrogen injection is displayed. Red ROI
marks location shown in Figure S17. The support is activated and encapsulates the nanoparticles. Red arrows show morphological evolution
of ZnO.
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Figure S19: Top: BF STEM image of a nanoparticle shown after 16 min of reduction. The structural evolution during reduction is illustrated in
Figure S17. The crystal structure of the nanoparticle may correspond to Pd along [1 1 0] or ZnPd along [1 1 1], since the interatomic spacing
and angles match well to the models taken from references.”®! Bottom: The measured interatomic spacings along a (black square), b (red
circle) and c (blue triangle) direction displayed over the past reduction time. The spacings show no considerable change.

Evaluation of Beam Effects During Reduction at 200 °C

Figure S20 shows sample locations, which have been imaged before and after, but not during, reduction at 200 °C
to evaluate the effect of the electron beam. The crystal structure of the nanoparticle displayed in the left images
can be identified as Pd along [1 1 0]. Intriguingly, the Pd phase is already present at 200 °C in vacuum before
hydrogen is injected. After reduction, the lattice shows mild distortions, but can still be assigned to Pd.
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Figure $20: DF and BF STEM images showing a comparison between sample locations before (top) and after (bottom) reduction at 200 °C.
Left: Pd nanoparticle exhibit the same crystal structure along [1 1 0] before and after the reaction. Middle and Right: Identical sample location
imaged in DF and BF. The red arrows show the formation of regions with darker DF contrast, indicating a mass loss. The green arrows indicate
the nanoparticle decoration by the oxide.

Figure S21: FFT analysis of the DF STEM images in Figure S18 showing the local presence of Pd phase.

In vicinity of the nanoparticle, the support is activated and has formed a cluster at the surface. Additional support
activity can be seen on the nanoparticle, which is displayed in DF and BF images in Figure $20. Here, the BF image
reveals formation of ZnO decorations on the nanopatrticle, as marked by the green arrows. In the DF image, the
nanoparticle is equally bright before reduction, indicating a homogenous thickness and mass distribution. After
reduction, the edge appears brighter than the core, forming a core-shell structure, as highlighted by the red arrows.

Effects Induced by the Experimental Conditions
An electron beam introduces kinetic energy and charge to the observed system. In case of a in-situ gas experiment,

the properties affect the sample and environment. Since the electron beam probe is in the nm-range, a beam effect
will only be anticipated in imaged regions. Interaction between the electron beam and hydrogen may form hydrogen

18



plasma. Due to the presence of atomic, ionic and excited hydrogen species, hydrogen plasma is recognised to
exhibit a high reduction capacity for many metal oxides even at low temperature, typically superior to that of
molecular hydrogen.['”) A quantification of the reduction potential of different hydrogen species for metal oxides is
shown in Ellingham diagrams. Such diagrams show that the Gibbs free energy change for atomic and ionic
hydrogen is 3 and 15 times less than that of molecular hydrogen, respectively, confirming that activated hydrogen
is capable of directly reducing ZnO if present.'®'l A reduction of sole ZnO under identical imaging and
environmental conditions were not found. Consequently, it can be concluded that the amount of hydrogen plasma
generated by the electron beam is only small and its potential effect can be neglected for in-situ experiments.

Direct interaction between the electron beam and the specimen must be considered, as nanoparticles can suffer
from beam effects such as structural and electronic changes as well as local heating effects. Kim et al.
demonstrated in their work that strong electron beam irradiation with beam energies of 1 MeV induces structural
defects to Pd-supporting ZnO.!"? Typical structural defects, which can be generated!'®], are oxygen vacancies and
Zn interstitial defects (Frenkel defects!'). These Zn interstitial defects may donate additional delocalized electrons
to the system that may lower the work function of ZnO and increasing the electron depletion zone in ZnO. In
addition, donor defects in semiconductors can act as active sites in the chemisorption process!'>'"], thereby
amplifying the process itself. It is likely that such phenomena also apply during support activation of the present in-
situ reduction experiments, so that electron transfer to the nanoparticle is increased and the above-mentioned
mechanism of ZnO migration is facilitated. Sample regions, which were exposed to the electron beam during
reduction, exhibit more pronounced support activity than reference regions. The amplified support activity is
reflected in the enhanced encapsulation and the formation of ZnO clusters on the surface. An enhancement in
chemisorption capabilities is likely to participate in the support activation, since the support was not activated by
pure beam exposure but in combination with hydrogen during in-situ experiments. However, the imaging conditions
during the reduction experiment result in a lower beam dose to the system than the intentional electron beam
treatment by Kim et al.['? with lower exposure times (20 s instead of 54 s), lower beam energy (200 kV instead of
1000 kV) and lower beam current (10 pA instead of 1000 pA), so that a lower beam effect on the present in-situ
experiment can be expected. Since both mechanisms were also found at reference locations with no beam
exposure during reduction, the mechanisms were facilitated but not triggered by the electron beam. At the same
time, these findings underline that SMSI and RMSI can be facilitated and potentially activated by an electron beam.
This activation mechanism is interesting for the catalyst design of supported nanoparticles, where metal-support
interactions enhance catalytic properties and therefore are deliberately triggered.

In addition to the energy of the electron beam, charges may accumulate on the support due to low electric
conductivity of ZnO, manipulating the electric properties of ZnO and thus migration of the Zn/O atoms. So far, the
debates on the nature of the charge induced by the electron beam in TEM have not yet been resolved!'8%, so that
no assessment of the effects of the potential charge on the reduction will be made at this point.

Interaction with the electron beam can deposit energy to the specimen, generating heat and increasing the
temperature of the system. The extent to which the local temperature is changed by the electron beam depends
on numerous parameters such as the heat capacity and conduction and size of the materials, the electron beam
dose and energy, the proportion of elastic and inelastic interaction between the sample and the beam, so that
precise quantification is difficult and depends sensitively on the material and imaging system used.?%2! As a
detailed quantification of these processes would exceed the scope of this work, the temperature will be estimated
at this point using literature values. The temperature gain of materials in the nanometre range is normally in the
two-digit Kelvin range and increases with increasing particle size and beam current and decreasing with higher
accelerating voltages.??? Therefore, an increase in temperature (< 50 °C) is expected in the present in-situ
experiment, which introduces minor changes only. For the room temperature experiments, the temperature
increase caused by the electron beam may facilitate the observed structural changes due to higher diffusion.

Gas in-situ experiments in an open cell are limited to relatively low pressure. In the present E-STEM experiment
the hydrogen pressure applied was around 1.5 Pa, which is significantly lower than the partial pressure of 100 kPa
in the reduction by Penner et ali?®l and the ex situ investigation of the sample. The reaction kinetics of chemical
reactions are directly determined by the present chemical potential and thus the partial pressure.?#2% A low partial
pressure can therefore change the kinetics and the outcome of a reaction and also applies during synthesis. Such
a pressure-related discrepancy in reaction kinetics is referred to as a ‘pressure gap’ and must be considered here.
The partial pressure of hydrogen in an atmosphere therefore determines its reducing properties. A higher hydrogen
content increases the reducing properties.
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