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The high global warming potential of methane requires the development of advanced catalysts for con-

version with increased activity and a longer lifetime. Here we utilize in situ Bragg coherent diffraction

imaging (BCDI) to follow the evolution of two PtPd model catalyst nanoparticles during methane oxi-

dation with different initial arrangements, one core–shell and one partially alloyed nanoparticle. While

heating the nanoparticles under reaction conditions we observe the mixing and segregation of Pt and Pd,

indicating a partial alloying and de-alloying, and a preferred segregation of Pt towards {111} oriented

surface facets with potential use as bifunctional catalyst. Our in situ BCDI data also indicate a complete

core–shell inversion at elevated temperatures with Pd moving into the nanoparticle. This suggests that a

maximum operation temperature should not be exceeded, since Pd oxide is the more active phase. In

spite of such limitations, binary metal core–shell nanoparticles are promising candidates for novel cata-

lysts, as the elemental arrangement at their surface may be better controlled – a pivotal step for improving

future catalysts.

1 Introduction

Methane is crucial for transitioning towards a more sustain-
able future, for example as a carrier of hydrogen. However, due
to the 28 times higher global warming potential of methane as
compared to CO2,

1 the release of any methane into the atmo-
sphere should be avoided. Control over these emissions is
therefore essential. Since the combustion of methane requires
temperatures as high as 1000 °C, catalysts can instead be used
for its decomposition or transformation at lower temperatures,
for instance, in engines. Catalysts can change the path of the
chemical reaction towards milder conditions, faster turn over

frequency and increased selectivity regarding specific pro-
ducts. To develop catalysts with a high activity and a long life-
time, it is fundamental to understand the relationship
between the structure and activity in more detail.

Common catalyst nanoparticles (NPs) for methane oxi-
dation consist of Pd, due to the highest activity for complete
methane conversion of its oxide, or Pt as it is an active
methane oxidation catalyst especially at lower pressures.2–4

Combining Pd with Pt allows to build NPs which are more
stable.5–7 The surface chemical composition is crucial for the
catalyst, therefore segregation and mixing processes need to be
taken into account that may alter the catalyst during operation.
It is known that PtPd alloy NPs preferentially form Pd oxide at
the surface under oxidizing conditions.8 This Pd oxide for-
mation can lead to Pd segregation to the surface, resulting in a
metal Pt enriched core and a Pd oxide shell.4,9,10 Such segre-
gation can significantly impact catalyst properties, as demon-
strated by the increased methane oxidation activity associated
with Pd oxide formation.11 The amount of the migrated Pd
and the formed Pd oxide depends on the Pd to Pt ratio of the
initial alloy, for very high Pt concentration less Pd oxide is
formed.4,12

Another very important influence on the segregation and
mixing process is the temperature. The maximum Pd concen-
tration at the surface of PtPd under pure O2 is reached at
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about 500 °C (thermodynamic equilibrium), at higher temp-
eratures the Pd concentration at the surface is decreasing.12 To
determine the composition inside the NPs, strain measure-
ments can give insights, since both elements have different
lattice constants with a mismatch of 0.8% at room temperature
(RT).13–16 A powerful method to investigate the strain on the
nanometer scale is Bragg coherent diffraction imaging (BCDI),
which enables to measure the shape and the strain inside
single NPs in situ with a spatial resolution of about 5 nm.17–21

Apart from the increased stability, the combination of two
materials can influence the activity. It has been shown, that
core–shell systems can have different strain and electronic pro-
perties compared to pure or alloyed materials, which might
boost the catalytic activity.22–25 In the present work we
compare the mixing and segregation behavior of an initial
core–shell NP with an initially partially alloyed NP under
methane oxidation conditions at various temperatures
between RT and 680 °C. We influenced the initial state by
increasing the temperature of the second sample during the
overgrowth with Pd, resulting in Pd diffusion into the NP.
While the initial core–shell NP showed a facet orientation
dependent segregation of Pt towards the {111} oriented facets
between 470 °C and 560 °C during methane oxidation, the
initially partially alloyed NP did not show such segregation be-
havior. At the final temperature (620 °C) at which the core–
shell sample was analyzed, it was observed that Pd and Pt
started to mix. Heating the initially partially alloyed NP to even
higher temperatures (680 °C) revealed that the Pt is segregating
to the surface, leading to a Pt shell and Pd rich core. These
compositional changes at the surface are expected to have a
high influence on the catalytic activity of the NPs.

2 Experimental
2.1 Sample preparation

Two 0.5 wt% Nb doped single crystal strontium titanate (STO)
(100) substrates were cleaned by buffered oxide etch and
annealed in a tube furnace at 950 °C for 1 h in air.26,27 Both
investigated samples were prepared by electron beam lithogra-
phy (EBL), similar to that described in ref. 27. Thereby, a
50 nm thick Pt film was deposited on the STO and then the
whole surface was coated with a resist film of AR-N 7520 and
softbaked at 85 °C for 90 s. Afterwards, the markers and nano-
dots with sizes between 30–200 nm were written by the elec-
tron beam in a pattern as shown in SI section S1 (both
samples had slightly different patterns). Then, the resist was
developed in AR 300-47 for 1 min, stopped in de-ionised water
for 30 s and postbaked at 75 °C for 1 min, leading to a removal
of the resist besides the desired areas, where the electron
beam was applied. Next, the Pt was removed by Ar plasma
etching everywhere, wherever it was not protected by the resist.
The rest of the resist got removed by a solvent remover, fol-
lowed by an ultrasonic bath in acetone and isopropanol for
1–2 min and at the end by O2 plasma cleaning for 10 min at
300 W and a O2 flow of 145 SCCM.

The treatment after the EBL procedure was performed at
the DESY NanoLab.28 Sample-150 was annealed in air at
950 °C for 2 h. Then Sample-150 was brought into UHV and
annealed for 1 h at 410 °C, cleaned in 1 × 10−6 mbar O2 for
30 min at 410 °C, annealed again for 30 min at 410 °C and
finally overgrown with Pd at 150 °C for 13 min. This procedure
resulted in a nominal Pd thickness around (1.7 ± 0.7) nm as
the calculations in SI section S2 show and a diffusion length
of around 1.5 × 10−12 nm shown in SI section S3. Sample-670
on the other hand, was annealed in UHV by very slowly
ramping to 1100 °C and keeping it at this temperature for
15 min. The sample was taken out of UHV conditions, to test
the quality of such EBL samples for BCDI experiments at
beamline P10 under N2 flow at RT. Afterwards, Sample-670 was
annealed in UHV for 90 min at 670 °C and then overgrown
with Pd at 670 °C for 1 h. This sample has a higher nominal
thickness of (4.9 ± 0.2) nm and a much larger nominal
diffusion length of around 0.4 nm as it is a function of the
temperature and time, as described in SI sections S2 and S3.

2.2 Ex situ characterization techniques

The samples were investigated by high-resolution field-emission
Scanning Electron Microscope (SEM) to pre-select NPs and to
characterize their diameter. Different imaging modes were
used, including a through-the-lens detector with backscattered
electrons of 5 kV for (Fig. 1e) and an Everhart–Thornley detector
for the secondary electron mode with 5 kV for (Fig. 1a and b).
To characterize the sample heights, Atomic Force Microscopy
(AFM) in tapping mode was used. The measurements were per-
formed in air, with an oxide-sharpened silicon nitride cantile-
ver. Different resolutions and scanning rates were used, 256 ×
256 px with 1 Hz on Sample-150 and 1024 × 1024 px with 0.5 Hz
on Sample-670. A plane fit algorithm was used to correct for any
possible macroscopic sample tilt.

2.3 Bragg coherent diffraction imaging

The in situ BCDI experiment was performed at the coherence appli-
cations beamline P10 of PETRA III synchrotron with a photon
beam energy of 13.09 keV, using CRLs to get a coherent illumina-
tion of 0.8 × 1.2 μm2 (v × h). An EIGER X 4M detector with a pixel
size of 75 × 75 μm2 was mounted on the arm of a six circle diffract-
ometer.29 The sample-detector distance was measured to be
1833 mm, enabling the required diffraction peak resolution. To
find the Pt markers and consequently the pre-selected NPs, the
sample was mapped on the Pt(111) Bragg peak. The Bragg angle of
Pt(111) at this energy is 12.1°, resulting in an illumination footprint
of around 3.8 μm. Each dataset contains a scan with an angular
range of ±0.4° to ±0.6° with a step-size of 0.01°, an exposure time of
10 s per step and a realignment at every fifth step.

To retrieve the crystalline real space shape from each
dataset, the collected images were stacked and cut to individ-
ual region of interests, centered around the (111) Bragg peak
as displayed in SI section S6. Then, an iterative phase retrieval
algorithm was applied via the software PHASOR.30 Thereby,
different algorithm sequences were used. On Sample-670
either four cycles of 300 iterations difference map (DM) fol-
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lowed by 300 iterations error reduction (ER) or three cycles of
300 iterations hybrid input–output (HIO) followed by 300 iter-
ations ER or three cycles of 300 iterations DM followed by 300
iterations ER were used, all with a shrink-wrap threshold of 0.2.
For Sample-150 the reconstruction was more difficult, since the
high strain of the core–shell structure made it more challenging
for the algorithm to converge, so additionally to the same
sequences as on Sample-670 also the shrink-wrap threshold was
adapted between 0.07 and 0.2 for each dataset. The sequences
for each dataset are listed in SI section S6. Afterwards, the
results of the phase retrieval algorithm were transformed into
laboratory coordinates and the ten best reconstructions were
selected and averaged. The voxel size in each reconstruction for
Sample-670 is approximately 5 × 5 × 5 nm3, while for Sample-
150 it is approximately 7 × 3 × 3 nm3. Due to the different ROI
and angular ranges, the voxel size in each dataset differs
slightly. The final values are listed in SI section S6.

The strain εzz is defined along the (111) direction, so the
scattering vector g is parallel to the z-axis. With εzz(r) = ∂uz(r)/∂z
the strain can be calculated from the displacement field u(r).
This displacement field is connected to the reconstructed
phase of the real space object by Φ(r) = −u(r)·g, so it follows
u(r) = −Φ(r)/|g| = −Φ(r)/(2π/dhkl) = −dhklΦ(r)/(2π) with the dis-
tance dhkl between the lattice planes in (hkl) direction. So for the
111 Bragg peak dhkl ¼ aNP=

ffiffiffi

3
p

with aNP, determined from the
Bragg peak position as described in SI section S7. A discussion
of the strain error can be found in SI section S12.

For comparability the limits of the color scales in this
manuscript were set to ±0.334% for all images displaying the

strain. This limit was chosen by taking the average strain of a
dataset with high strain values (dataset 22 on Sample-670) and
adding the standard deviation to it.

2.4 In situ set-up

A custom made gas dosing system was used to provide the
gases and temperatures for the in situ experiment.16,31 This
system includes a flow reactor with Be dome which is equipped
with water cooling to reduce thermal expansion during the
controlled sample heating. The sample was heated to tempera-
tures between RT and 810 °C, using the temperature cali-
bration shown in SI section S14. The gas flow was controlled
by calibrated massflow controllers, one for each gas.

Throughout the experiment a total pressure of 0.1 bar with
a total flow of around 50 mL min−1 was applied. Three
different gas mixtures were flown to the reactor: either 50 mL
min−1 Ar (hereafter referred to ‘Ar atmosphere’) or 48 mL
min−1 Ar + 2 mL min−1 H2 (‘H2 treatment’) or 28.5 mL min−1

Ar + 2.6 mL min−1 CH4 + 20 mL min−1 O2 (‘methane oxidation
conditions’). Detailed gas and temperature conditions can be
found in SI section S9 for both samples.

3 Results
3.1 State of as prepared NPs

Both investigated samples were prepared by EBL, as described
in the Experimental section, producing isolated Pt NPs
arranged in a regular array on the single crystal STO (100)

Fig. 1 Initial architecture of the investigated NPs (a–d) Sample-150: (a) SEM image before and (b) after overgrowth with Pd at 150 °C. (c) AFM image
after the overgrowth and (d) AFM height profile obtained from (c) used to determine the NP height of (91 ± 1) nm. (e–g) Sample-670: (e) SEM image
after Pd overgrowth at 670 °C. (f ) AFM image after the overgrowth and (g) height profile obtained from AFM image in (f ), the determined height is
(78 ± 1) nm.
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support. Pt fiducial markers, shown in SI section S1, facilitated
locating the same NPs during pre- and postprocessing, as well
as during the in situ experiment. The samples were then over-
grown with Pd, Sample-150 at 150 °C and Sample-670 at
670 °C. The different overgrowth temperatures, times and
deposition rates resulted in different nominal Pd thicknesses,
(1.7 ± 0.7) nm for Sample-150 and (4.9 ± 0.2) nm for Sample-
670 (see SI section S2). Correspondingly, the nominal
diffusion lengths were 1.5 × 10−12 nm and 0.4 nm, respectively
(see SI section S3, neglecting surface induced segregation
effects). Since the diffusion length on Sample-150 is close to
zero, we expected a Pd layer on the Pt NP, while the diffusion
length on Sample-670 is sufficient to allow some Pd diffusion
into the Pt NP, forming a partially alloyed NP. On both
samples, a well shaped NP was selected for comprehensive ex
situ and in situ investigations. The results from the pre-charac-
terization of the NP on both samples are displayed in Fig. 1.

Comparing the SEM images on Sample-150 before and after
the Pd overgrowth (Fig. 1a and b), reveals small Pd NPs on the
substrate and the Pt NP side facets. In contrast, an SEM image
of Sample-670 after Pd overgrowth (Fig. 1e) does not show
similar Pd NPs on the substrate or the Pt NP, indicating that
the higher overgrowth temperature either produced a smooth
Pd film or caused Pd diffusion into Pt. Furthermore, the {100}
facets on Sample-150 are larger than the {111} facets resulting
in a more triangular shape, while Sample-670 has a more hex-
agonal shape and the facet orientation is not identifiable in
the SEM image. Regarding particle dimensions, Sample-
150 has a diameter of 275–283 nm and is therefore around
100 nm larger than Sample-670 with a diameter of
179–195 nm. The heights of the particles were determined by
AFM, shown in (Fig. 1c and 1f). The line profiles extracted
from these AFM images, shown in (Fig. 1d and 1e), identify
that Sample-150 has a height of (91 ± 1) nm, and is approxi-
mately only 13 nm taller than Sample-670 which has a height
of (78 ± 1) nm. The measured height and diameter together
with the nominal thickness of the overgrown Pd, lead to an
estimated nominal volume fraction of 2 vol% Pd and 98 vol%
Pt on Sample-150 assuming a complete coating and a simpli-
fied NP shape, as shown in SI section S4. Similarly, Sample-
670 has an estimated nominal volume fraction of 6 vol% Pd
and 94 vol% Pt.

The initial state of the NPs was also characterized by BCDI.
Thereby, the intensity distribution around the 111 Bragg peak
was measured by scanning the incident angle in a range of
±0.4° to ±0.6°, as explained in the Experimental section. The
height of the crystalline part of the NPs can be calculated from
the fringes of this intensity distribution as discussed in SI
section S5, resulting in heights of (97 ± 7) nm for Sample-150
and (77 ± 3) nm for Sample-670. These are in good agreement
with the heights measured by AFM. Applying phase retrieval
algorithms to the measured intensity distributions allows to
reconstruct the shape and strain of the crystalline part of the
NPs, as described in the Experimental section. The recon-
structed shapes of both initial NPs are shown in (Fig. 2a and
3a), for Sample-150 and Sample-670, respectively, which agrees

well with the shapes measured by SEM and AFM. A list with
the specific applied algorithms for each dataset can be found
in SI section S6.

The initial strain distribution at RT and under Ar atmo-
sphere (50 mL min−1) is shown in Fig. 2 for Sample-150. The
strain was calculated as described in the Experimental section
with the lattice constant aNP = (3.920 ± 0.001) Å calculated
from the observed Bragg peak position. The most distinctive
feature is the high tensile strain (positive sign) inside the NP
and the compressive strain (negative sign) towards the surface.
This is clearly visible by the two peaks in the histogram
(Fig. 2f) of the strain values of the cut shown in (Fig. 2e),
which can be fitted by two Gaussian functions as described in
SI section S8. Such bimodal strain distributions can be
observed when investigating core–shell materials.13–15 In this
case, we associate compressive strain in Pd rich and tensile
strain in Pt rich regions, because aPd = 3.890 Å < aNP < aPt =
3.923 Å. We calculate the strain from the lattice constant aPt of
Pt relative to the lattice constant aNP from the measured Bragg
peak position, using the strain definition shown in SI section
S7. For the initial state, this results in a tensile strain of (0.08 ±
0.02)%. This is the same order as the mean of (0.165 ±
0.006)% fitted in the histogram which indicates that the areas
with tensile strain are regions of pure Pt. For a region with
100% Pd, the compositional strain would be (−0.77 ± 0.02)%
compared to aNP. This strain value is significantly lower than
the mean of (−0.032 ± 0.009)% fitted for the second peak in
the strain histogram and even lower than the minimum strain
value of around −0.25%. This discrepancy is related to the
difference between the observed thickness of the compressive
strain ring of (27 ± 9) nm, and the much smaller nominal
thickness of the evaporated Pd of (1.7 ± 0.7) nm. Both is an
indication that the observed ring of compressive strain is not
only compositional strain from the Pd shell, but primarily
mechanical strain in the Pt whose lattice is adapting to the Pd
shell. Similar lattice changes of the core material to the shell
material has been shown in previous studies.15,32,33 This effect
of the overgrown shell material on the core lattice depends on
several parameters. First, the lattice mismatch between both
metal materials cannot be larger than 5%. Otherwise, epitaxic
growth of the shell material on the core can be excluded.32 The
lattice mismatch between Pt and Pd of 0.8% is much smaller
than this limit. Second, the shell material should be able to
grow epitaxially on the core material if the temperatures
during and after the overgrowth are low enough to suppress
any inter-diffusion. For Sample-150 the overgrowth tempera-
ture was 150 °C, which does not imply any diffusion. Third,
the thickness of the overgrown layer must be below a critical
thickness, otherwise the shell lattice will incorporate dis-
locations rather than expanding or compressing the core
lattice. The critical thickness hc for coherent growth of Pd on
Pt is calculated to be around 56 nm at RT as described in SI
section S13. The nominal thickness of Pd on Sample-150 is
(1.7 ± 0.7) nm, far below this critical thickness. Simulations of
Pd on Au have shown that, if all three conditions are fulfilled,
an evaporated layer of 4 nm Pd can have an influence on the
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lattice constant of an Au core up to 20 nm inside the NP,
which agrees well with our observation.32

The initial strain distribution of Sample-670 is shown in
Fig. 3 and the strain was calculated with the lattice constant
aNP = (3.920 ± 0.001) Å from the observed Bragg peak posi-
tion, which is identical to the lattice constant of the initial
state of Sample-150. In comparison to Sample-150 the strain
in Sample-670 is more mixed, with positive and negative
strain values in the center and near the surface. The origin
of this non core–shell structure in Sample-670 lies in the
higher overgrowth temperature, which resulted in Pd
diffusion into the Pt NP. Although the calculated diffusion
length on Sample-670 is still smaller than the nominal Pd
thickness of (4.9 ± 0.2) nm, it was sufficient to reduce the
strain induced by the overgrown Pd. Simultaneously, also Pt
surface segregation can occur.34

3.2 In situ structural changes during methane oxidation

During the in situ experiment, both samples were exposed to
three different gas conditions: Ar atmosphere, H2 treatment
and methane oxidation condition, as defined in the
Experimental section. Under these gas conditions, tempera-
tures ranging from RT to 680 °C were applied. Detailed con-
dition sequence with time and acquired BCDI datasets for
both samples can be found in SI section S9.

Fig. 4 displays the reconstructed shape of a selection of
datasets on Sample-150, showing some changes throughout
the in situ experiment. Foremost, when comparing (Fig. 4a) to
(Fig. 2), the strain at the top facet has an opposite strain. This
change of sign appears after elevating the temperature to
470 °C and exposing the sample to methane oxidation con-
dition for the first time. It was not possible to measure under

Fig. 2 Initial strain and shape of Sample-150 (a) Top view of the reconstructed strain, (b) inclined view with the planes of the cuts displayed in (d)
and (c) side view with a plane indicating the cut displayed in (e). (d) Vertical cuts to the substrate and perpendicular to the facets as shown in (b). (e)
A horizontal cut to the substrate, 20 nm above the center of mass of the reconstruction, as shown in (c). (f ) Histogram of the strain values from the
cut shown in (e), fitted by two Gaussians. The dotted vertical lines indicate the fitted peak positions of (−0.032 ± 0.009)% and (0.165 ± 0.006)%. For
all images, an isosurface value of 0.2 was used. The displayed dataset was measured at RT and under Ar atmosphere. The gaps in the reconstructed
shape do not result from real gaps in the NP, but rather from failure in the reconstruction at those points. The letters a-f used to label the facets are
consistent across all images.
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this condition due to experimental issues, instead the
dataset displayed in (Fig. 4a) was measured at RT and under
Ar atmosphere after this first exposure. The tensile strain at
the top facet indicates Pt segregation through the Pd shell to
the surface of the top facet. A H2 treatment at 320 °C was
leading to Pt segregation towards other facets as (Fig. 4b)
shows. This is in line with previous findings, showing that
H2 treatment at elevated temperatures promotes the move-
ment of Pt atoms to the surface in PtPd NPs.34 As the black
arrows in (Fig. 4b) indicate, the Pt only segregated to the
{111} facets. Similar facet orientation dependent segregation
behavior towards {111} oriented facets was observed for a
PtRh NP under CO conditions.16 In our case, Pt stayed at the
{111} facets, after switching back to methane oxidation con-
ditions and ramping the temperature to 520 °C. Only after
increasing the temperature further to 560 °C, Pt disappeared
from the surfaces, as (Fig. 4c) shows. This could be related

to preferred Pd segregation and surface oxide formation at
this condition.12 The strain inside the NP stays the same,
unaffected by the Pt segregation to the {111} facets and back,
as the horizontal (−20 nm) and the vertical (‘cf’) cuts in
Fig. 4 show.

When increasing the temperature further to 620 °C, the
strain at the surface and inside the NP decreases, as seen in
the vertical and horizontal cuts in (Fig. 4d). This decrease of
the strain could be the first step towards the disappearance of
the core–shell structure, as the ring structure in the horizontal
cut nearly vanished. The fits of the histograms support this
assumption, since one Gaussian in (Fig. 4f), instead of two in
(Fig. 4e), is sufficient to fit the histogram and results in
decreasing mean values from −(0.163 ± 0.018)% and (0.044 ±
0.005)% at 560 °C to (0.015 ± 0.006)% at 620 °C. Additionally,
the minimal values in the cuts are getting higher, from
−0.33% to −0.2%. Additional values and histograms are

Fig. 3 Initial strain and shape of Sample-670. (a) Top view of the reconstructed strain, (b) inclined view with the planes of the cuts displayed in (d)
and (c) side view with a plane indicating the cut displayed in (e). (d) Vertical cuts to the substrate and perpendicular to the facets as shown in (b). (e)
A horizontal cut to the substrate, −20 nm relative to the center of mass of the reconstruction, as shown in (c). (f ) Histogram of the strain values from
the cut shown in (e), fitted by one Gaussian. The dotted vertical line indicates the fitted peak position of (0.000 ± 0.004)%. For all images, an isosur-
face value of 0.2 was used. The displayed dataset was measured at RT and under Ar atmosphere. The letters a-f used to label the facets are consist-
ent across all images.
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shown in SI section S8. Overall, Pt and Pd seem to start alloy-
ing at this temperature.

As one can see in Fig. 5 Sample-670 does not show such
kind of facet-dependent Pt segregation even at temperatures
up to 680 °C (see SI section S9), which might originate from
the different initial state.

After applying several cycles of methane oxidation con-
dition with maximal 550 °C and including H2 treatments (see
SI section S9), Sample-670 does not change (Fig. 5a and b) in
comparison to the initial state in Fig. 3. Upon increasing the
temperature further to 680 °C, the strain distribution is
however changing drastically. As shown in (Fig. 5c) a clear ring
structure is surprisingly present now, with high tensile strain
at the surface (max. 0.35% in horizontal cut) and high com-

pressive strain at the inside (min. −0.37% in horizontal cut,
see SI section S8 for the values). This range of the compressive
strain values agrees with the calculated compositional strain of
(−0.46 ± 0.2)% for 100% Pd compared to the calculated lattice
constant from the Bragg peak center of this dataset at 680 °C
(see SI section S7 for the calculation). The presence of a Pd
rich core Pt shell structure is further confirmed by comparing
observed features with literature on de-alloying NPs with
different materials.35,36 Especially, the splitting of the strain
histogram into two peaks (from Fig. 5f to g) and the increase
of the asymmetry in the line profile through the fringes of the
intensity distribution around the Bragg peak (shown in SI
section S10) are typical for de-alloying.37,38 Furthermore, the
radius r = (40 ± 5) nm of the region with compressive strain

Fig. 4 Cuts through selected datasets on Sample-150 (a) At RT under Ar atmosphere after first exposure to methane oxidation conditions at 470 °C.
(b) At 320 °C under Ar atmosphere, after H2 treatment during the ramp up. The black arrows are pointing towards the {111} oriented facets, where
we observed the tensile strain. (c) At 560 °C under methane oxidation conditions. (d) At 620 °C under methane oxidation conditions, the strain is
decreasing and the ring structure seems to vanish. (e) Histogram of the strain values from the horizontal cut at 20 nm of the dataset shown in (c).
The histogram was fitted using two Gaussians, with the peak positions indicated by the dashed lines at −(0.163 ± 0.018)% and (0.044 ± 0.005)%. (f )
Histogram of the strain values from the horizontal cut at 20 nm of the dataset shown in (d). The histogram was fitted using one Gaussian, with the
peak position indicated by the dashed line at (0.015 ± 0.006)%. All datasets are cut as indicated in Fig. 2 and the NP facets are indicated in the same
manner. The numbers marked by # denotes the number of the datasets.
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agrees with the radius r = 42 nm of a half-sphere filled by the
volume the of evaporated Pd, see SI section S11. Altogether
one can conclude a Pd rich core, Pt shell structure was formed,
thus an inverted core–shell structure compared to the initial
state of Sample-150. The Pd rich core, Pt shell structure was
not changed by decreasing the temperature and applying an
H2 treatment (see Fig. 5d) and when increasing the tempera-
ture to 680 °C for the second time (Fig. 5e).

4 Discussion

In the following, we discuss the factors influencing the segre-
gation leading to a Pd rich core and a Pt shell NP. The temp-

erature plays a key role in this process. Notably, such a struc-
ture was not observed in Sample-150, which was only heated to
maximal 620 °C during the in situ experiment, thus 60 °C
lower than the temperature at which the strain changes in
Sample-670 occurred. This temperature dependency of the de-
alloying is inline with the reported temperature dependency of
the Pt and Pd segregation. It is reported that Pd starts segregat-
ing to the surface for temperatures above 300 °C, while Pt seg-
regates to the surface at temperatures above 700 °C under ultra
high vacuum (UHV) conditions.12 The presence of O2 or H2 is
increasing this trend, so Pt is segregating to the surface at
lower temperatures of around 500 °C − 550 °C. Under O2 the
Pd oxide formation is thereby preventing Pd from moving into
the bulk and promotes the Pd segregation to the surface for

Fig. 5 Cuts through selected datasets on Sample-670 (a) At RT under Ar atmosphere. (b) At 320 °C under methane oxidation conditions. (c) At
680 °C under methane oxidation conditions. (d) At 320 °C under methane oxidation conditions, after switching to Ar atmosphere and then to a H2

treatment at this temperature, as shown in Supplementary section S9. (e) At 680 °C under methane oxidation conditions. (f ) Histogram of the strain
values from the horizontal cut at −20 nm shown in (b). The histogram was fitted using one Gaussian, with the peak position indicated by the dashed
line at −(0.014 ± 0.057)%. (g) Histogram of the strain values from the horizontal cut at −20 nm shown in (c). The histogram was fitted using two
Gaussians, with the peak positions indicated by the dashed lines at −(0.113 ± 0.004)% and (0.066 ± 0.005)%. All datasets are cut as indicated in Fig. 3
and the NP sides are indicated in the same manner. The gaps in the reconstructed shape do not result from real gaps in the NP, but rather from
failure in the reconstruction at those points due to high strain values.
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temperatures between 300 °C and around 550 °C.4,8–10,39,40 At
680 °C and 20 mbar O2 pressure, PdO and Pd surface oxides
are thermodynamically not stable, and therefore reduced.41

The Pt concentration has an important influence on the Pd
oxide formation, as it was shown that PdO is less stable with
higher Pt concentration.4 The segregation of Pd to the surface
under the presence of O2 depends on the Pt concentration as
well, as it is reduced with higher Pt concentration.12,42,43

Overall one can conclude, that while the formation of Pd oxide
might have hindered the segregation of Pt to the surface at
lower temperatures, the observed segregation of Pt to the
surface at 680 °C was not induced by oxide formation but by a
reduction of the surface energy under the experimental
conditions.

Apart from the temperature, the biggest influence is the
different initial state. Sample-150 has a Pd shell at the begin-
ning of the in situ experiment, due to the lower overgrowth
temperature. Thus more Pd has to be transported further into
the NP and more Pt to the surface to form a Pt shell Pd rich
core structure. Furthermore, we speculate that the higher avail-
ability of Pd at the surface has led to more oxidized Pd in
Sample-150, which needs to be reduced before Pd can segre-
gate into the bulk. Taking this into account, we assume that
the observed mixing of the Pt and Pd on Sample-150 is a first
step towards a Pt shell, Pd core like in Sample-670, inline with
a core–shell inversion.

Next, we discuss how the initial state and its transformation
through segregation and mixing during the in situ experiment
may influence the catalytic activity. The different initial states
of both samples are expected to have a significant impact on
the performance. It has been shown in several experiments
and simulations, that the core–shell structure of NPs can boost
their catalytic activity compared to alloyed NPs of the same
materials, since the core–shell structure has a high impact on
the strain.22–25 Such increased strain of the core–shell system,
compared to the partially alloyed system was also observed in
our experiment. Additionally, the initial core–shell NP might
be more stable compared to PtPd alloy NPs, because no mass
transport is needed to form Pd oxide. The partially alloyed
state on the other hand is not preferential, since the high Pt
concentration prevents the formation of Pd oxide, so the cata-
lytic performance may be close to the performance of pure Pt
which is lower than the activity of Pd oxide.4–6

Furthermore, the segregation and mixing is influencing the
catalytic performance of both samples as well. For the initial
Pt core, Pd shell Sample-150 it was observed that Pt segregates
to {111} oriented facets under methane oxidation conditions at
temperatures up to around 520 °C. The existence of Pt segre-
gated to the Pd rich surface might be beneficial for the activity
for methane oxidation for partial oxygen pressures up to
25 mbar, above this pressure Pd oxide facets are more pre-
ferred sites for methane oxidation.4 On the other hand, such
facet dependent surface composition could be utilized to
prepare bifunctional catalyst NPs. In case of the initially par-
tially alloyed Sample-670, we observed Pt segregation to the
surface at 680 °C, resulting in a Pd rich core, Pt shell structure.

Other than the numerously observed Pd segregation to the
surface,4,8–10 is Pt segregation is not driven by oxide formation
but it thermodynamically favored. In contrary, the Pt segre-
gation was promoted because Pd oxide gets reduced at such
high temperatures.4,44 Since Pd is more active than Pt,4–6,45

this compositional change might have a negative effect on the
activity of the NP. Thus, such PtPd alloyed catalyst NPs should
only be operated for temperatures below 680 °C for methane
oxidation.

5 Conclusion

In this case study, we successfully tuned the initial element
distribution from a core–shell to a partially alloyed structure
by varying the temperature during the overgrowth of Pd on Pt
NPs. Using BCDI, we observed the influence of Pd on Pt near
the Pt–Pd interface, confirming the core–shell morphology.
During in situ measurements under methane oxidation at
temperatures between 320 °C and 560 °C, Pt segregated to the
{111} oriented facets of the initial core–shell NP. This tempera-
ture-dependent segregation could be exploited to control the
facet composition based on orientation to prepare bifunctional
catalyst NPs. Conversely, Sample-670, the initially partially
alloyed NP did not exhibit such facet-dependent segregation;
instead we observed the formation of a Pd core, Pt shell struc-
ture at 680 °C. Since Sample-150, the initial Pt core, Pd shell
sample showed Pd–Pt mixing at 620 °C, we hypothesize that
this NP would form such an inverted core–shell structure
under higher temperatures as well, thus this maximum operat-
ing temperature should not be exceeded. These results demon-
strate opportunities for systematically investigating promising
core–shell nanoparticle and their catalytic activity, offering
valuable insights for the design of advanced catalysts.
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