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ABSTRACT

Understanding the formation of core-shell nanomaterials is decisive for controlling their growth, structure, and morphology, which is partic-
ularly important in catalysis. As a promising material for photo catalysis application, Pd-Pt core-shell nanoparticles (NPs) have been in the
spotlight for many years owing to their catalytic performance typically superior to that of pure Pt nanoparticles. The generation of ultra-thin
Pt skins of only a few atomic layers on Pd nanoparticles has turned out to be extremely difficult because Pt tends to form islands during
deposition instead of a continuous shell. Therefore, understanding the atomic mechanisms of shell formation is critical for atomic-scale
design and control of the platinum shell. Here, by using in situ graphene-based liquid cell scanning transmission electron microscopy
(STEM), the growth mechanisms of the Pt shell on Pd nanocubes (NCs) are studied in aqueous solution at the atomic level. Pd-Pt core-shell
NPs are formed via two distinct mechanisms: (i) at low concentration of Pt atoms, an ultra-thin skin of only a few atomic layers is formed
via atom-by-atom deposition and (ii) at higher concentration of Pt atoms, inhomogeneous islands and thick shells are formed via attachment
of Pt clusters. Our study provides a route to control core-shell growth and helps us to understand the exact atomic mechanisms of Pt shell
growth on Pd seeds.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059186

I. INTRODUCTION

Core-shell nanoparticles (NPs), consisting of two different met-
als, have attracted enormous attention in recent years because of their
various technological applications. This interest is triggered by their
distinctive physical and chemical properties, such as enhanced cata-
lytic performance stability, improved thermal stability, and optical
properties. ”  Synthesizing core-shell nanoparticles with well-
controlled shell thickness and composition is of outmost importance
in optimizing their reactivity.” Platinum is considered as a highly effec-
tive catalyst for oxygen reaction redaction (ORR) in proton-exchange
membrane fuel cells (PEMFCs).” "' However, its abundance in Earth’s
crust is extremely low, making its price double every decade because of

the ever-growing demand. In order to increase the utilization effi-
ciency while reducing the Pt content in catalysts, numerous methods
have been explored to improve the specific and mass activities. Among
them, the most promising approach is to deposit Pt atoms as ultrathin
skins of only a few atomic layers on nanoparticles made of more abun-
dant and/or less expensive metals, to form Pt-M core-shell structures
(M = Pd, Fe, Co, Nj, etc.)."”"* The core-shell Pt-M catalyst not only
can reduce the cost but also shows a greatly enhanced ORR activity,
up to 22 times, relative to the pure Pt catalyst.'” Due to their similarity
in terms of lattice constant and chemical reactivity, Pd and Pt can be
readily prepared as bimetallic core-shell nanocrystals with a single-
crystal structure and good stability.'® Both theoretical and experimental
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studies have shown that combinations of Pd and Pt can be beneficial in
terms of catalytic properties. Moreover, the ability of Pd to prevent Pt
from corrosion by either sacrificing Pd or upshifting the dissolution
potential of Pt enhances the durability and stability of Pd-Pt core-shell
nanoparticles acting as electro catalyst in various kinds of fuel
cells.">'>'”"** Unfortunately, despite the great progress that has been
made in the synthesis of Pd-Pt core-shell nanocrystals, the deposition of
Pt on Pd nanocrystals with precise control over the number atomic
layers and the structure of the shell has been achieved with limited suc-
cess. Controlled formation of ultra-thin skins of Pt, consisting of few
atomic layers, has turned out to be extremely difficult, as Pt tends to
form islands during deposition instead. For example, traditional atomic
layer deposition (ALD) in gas phase and most of the solution-phase
methods often generate Pt overlayers with polycrystalline structure and
uneven thickness.” All hypotheses link the Pt islands formation to the
conditions used for preparation, which are expected to be too mild to
provide the thermochemical energy needed to break the strong Pt-Pt
bonds. Moreover, the capping agents adsorbed on the nanoscale sub-
strates tend to prevent Pt atoms from spreading across the entire surface
of the substrate. The significant role played by chemical additives still
remains to be a considerable challenge in order to precisely control the
uniformity and the thickness of the Pt shell at the atomic scale.
However, current research on Pd-Pt core-shell nanoparticles is mostly
based on postreaction investigations,”” which fail to unravel intermedi-
ate states. Therefore, the whole process of Pd-Pt core-shell formation is
still unclear. For example, the study made by Xia and co-workers, where
they were able to control the thickness of the Pt shell down to the atomic
scale by adjusting the injection rate of the Pt precursor, revealed that the
variation of the amount of Pt precursor enables the control of the thick-
ness of the Pt shell from one to six atomic layers."* However, the mecha-
nism of this deposition process was not well developed in addition to
the lack of information about the exact mechanisms of island-type Pt
shell formation. In order to better understand the mechanisms of the Pt
shell formation on Pd and in order to precisely control the synthesis of
these core-shell NPs, a method of continuous observation at the atomic
level should be used to directly understand the complete formation pro-
cess at the atomic scale of such complex nanostructures.

Recent developments in transmission electron microscopy and
microfabrication provide new opportunities for imaging particles in a
liquid environment.”* ** However, silicon nitride-based liquid cells
limit the attainable spatial resolution due to the thickness of the silicon
nitride membranes (around 50nm) added to the thickness of the
encapsulated liquid phase ranging from about 50nm to 5um."”
Alternatively, noncommercial graphene liquid cells (GLCs) provide the
opportunity to observe nanoparticles at the true atomic-level. Graphene
sheets are composed of a few graphitic monolayers with an overall
thickness below 1 nm, allowing for imaging liquid samples and particles
therein at the Angstrom level."* The impermeability and the mechani-
cal flexibility of graphene enable the entrapment of liquid nanoreactors
without risk of leakage to the surrounding vacuum environment of the
electron microscope. Moreover, the chemical neutrality and electrical
conductivity of graphene enable the study of chemical reactions inside
GLCs while mitigating radiolysis and charging effects.”’

Here, we use graphene liquid cells to directly observe the forma-
tion process of Pd-Pt core-shell NPs at the atomic scale and to unravel
two different shell growth modes. (i) In the first mode, Pt is directly
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deposited onto Pd nanocubes (NCs) via atomic layer-by-layer deposi-
tion, or more precisely atom-by-atom deposition, where eventually a
homogeneous thin shell is formed. (ii) In the second mode, Pt nano-
particles attach to Pd NCs via different processes such as oriented
attachment and imperfect attachment, leading to inhomogeneous
shells. The lattice strain for both types of core-shell structures is stud-
ied using geometric phase analysis (GPA).

Il. RESULT

For seed materials, we synthesized cubic Pd nanoparticles (details
are in the supplementary material). Figure 1(a) shows typical
aberration-corrected annular dark-field scanning TEM (ADF-STEM)
images of the as synthesized Pd NPs materials. The Pd NPs represent
an average particle size of 10 nm, whereby ~90% are of cubic shape
(denoted as cubic Pd NCs), while occasionally, they were slightly elon-
gated along one of the directions. This justifies that they are collectively
called “nanocubes” in our discussion. We used energy-dispersive x-ray
spectroscopy (EDX) mapping of Pd elements to confirm that the
formed nanocubes are composed of Pd. Atomic resolution ADF-
STEM of one of the Pd nanocubes shown in the zoom-in of Fig. 1(b)
indicates that the formed nanocubes are expectedly single crystals. The
fast Fourier transform (FFT) pattern reveals that the inspected nano-
cube is a monocrystal oriented along the [100] direction correspond-
ing to the face-centered-cubic (fcc) phase of bulk metallic Pd, as
shown in the inset of Fig. 1(b). The majority of the nanocubes are ori-
ented along their [100] zone axis because of their {100} surface facets.

We used GLC-STEM to monitor the growth of Pt on top of Pd
NCs while forming a core-shell structure. Dispersed Pd nanocubes in
Pt precursor solution were encapsulated as tiny droplets between two
sheets of graphene that were supported by holey carbon films on cop-
per TEM grids [Fig. 1(c)]. Two concentrations of the Pt precursor
(Na,PtClye2H,0 in de-ionized water) were used, namely, 1 mM and
5mM. Once the electron beam reduces the Pt precursor, metallic Pt is
deposited onto the Pd NCs to eventually form a shell. Figures 1(d) and
1(e) show atomic-resolution ADF-STEM images of two typical Pd
nanocubes coated with a Pt shell, corresponding to 1 mM and 5 mM
Pt solution, respectively. The difference in atomic number (Pd: 46 and
Pt: 78) allows the core and the shell to be distinguished clearly, despite
the fact that the cell and the liquid phase reduce the chemical contrast.
In both Pd-Pt core-shell examples shown in Figs. 1(d) and 1(e), the Pt
shell appears as relatively brighter region, and the Pd core corresponds
to the darker region because the intensity is approximately propor-
tional to Z'7 (where Z is the atomic number).”® The ADF-STEM
images confirm that the cubic shape was well preserved during the
in situ Pt deposition. Our atomic-resolution imaging further reveals
that two types of Pt shells could be formed. Using the 1 mM Pt solu-
tion, quite a thin but homogenous shell is formed [Fig. 1(d)], while
when using the 5mM Pt solution, a rather thick shell, composed of
inhomogeneous islands on top of the Pd nanocubes [Fig. 1(e)] is
formed. To highlight the difference between the first and the second
type of shell, schematic representations of both types are shown in
Figs. 1(e) and 1(d), respectively. Moreover, Figs. 1(d) and 1(e) (right)
depict line profiles of EDX data recorded along the red line marked in
the zoom in area of Figs. 1(d) and 1(e), further confirming the elemen-
tal compositions and thickness for Pt shells and Pd core as inferred
from the Z-contrast micrographs. These analyses indicate that there
must be different mechanisms of Pd-Pt core-shell NCs formation at
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FIG. 1. Pd NCs core and Pt shell STEM analysis. (a) Overview ADF-STEM image of the synthesized Pd NCs with the corresponding EDX elemental map of Pd. (b) ADF-
STEM image of the cubic Pd nanocrystals and atomic-resolution ADF-STEM images of a single Pd NCs with its corresponding FFT pattern. (c) Schematic illustration of a GLC
encapsulation of Pd NCs with a solution of Pt precursor illuminated with an electron beam. (d) Atomic-resolution ADF-STEM image taken from a single Pd nanocube with thin
layer of Pt shell formed in a solution of 1 mM. The zoom-in shows clearly the formed Pt shell confirmed by EDX line scan analysis along the red arrow. (e) Atomic-resolution
ADF-STEM image taken from a single Pd nanocube with of Pt shell islands formed in a solution of 5mM. The zoom-in shows clearly the formed Pt shell confirmed by EDX

line scan analysis along the red arrow.

the atomic level, which gives rise to two different Pt shells, either a
thin homogeneous skin of atomic layers of Pt or an inhomogeneous,
rather thick shell consisting of different islands. In order to explore
these mechanisms, we tracked the shell formation at the atomic scale
in real time using high-resolution ADF-STEM imaging.

A. Atom-by-atom deposition

Here, we encapsulate the Pd NCs with 1 mM of Pt precursor.
Since the liquid pocket is very thin (below 50 nm), the created and
reduced Pt atoms in the surrounding of the Pd nanocubes are easily
imaged (Fig. S2 in the supplementary material) using an electron
beam with an electron dose rate of about 2 x 10* electrons/A%. The
growth of a Pt shell on top of the Pd NCs, resulting from the electron
irradiation, was observed. Figure 2(a) shows the time-lapse atomic-res-
olution ADF-STEM images of Pt shell overgrowth on a single Pd NC
projected along the [100] direction (See movie S1). At t=40 s, a bor-
der of increased brightness around the Pd nanocube starts to be clearly
visible, which corresponds to the Pt shell formed around the Pd NC.
With increasing time, the brightness and the thickness of the shell
increase. While after 10 s, T; = 11.0nm and T, = 11.2nm, these
distances increase to become T; = 11.3nm and T, = 11.5nm at
t=240 s [T, and T, define the thickness of the Pd NC along the two
directions as shown in Fig. 2(a)]. In order to further develop the mech-
anism of the shell growth, a zoom-in on the sides of the Pd NC was

followed in real time. Figure 2(b) shows the time-lapse of the region
highlighted by the yellow box in Fig. 2(a), where the atomic images cor-
responding to both types of elements (Pt and Pd) are clearly visible, and
the difference between them is distinguishable (Pt: brighter and Pd:
darker). According to the atomic-resolution ADF-STEM images shown
in Fig. 2(b) (see Movie S1 for more details), we find that the Pt shell was
formed by successive deposition of individual atoms at the Pd{100} surfa-
ces. From the time lapse in Fig. 2(b) and the region highlighted by the
white box, it can be seen that a new atomic layer with a relatively brighter
contrast than the core material starts to form from t = 40 s. The addition
of Pt atoms from the surrounding liquid is clearly visible. After 200 s, a
complete projected Pt atomic layer is formed at the Pd-liquid interface,
and a second layer of Pt atoms starts on top of the previous one. In this
step, the thin Pt shell tends to grow by attracting atoms from other Pt
sources, such as isolated Pt atoms or from surrounding clusters and
unstable NPs via Ostwald ripening. This possibility is supported by our
in situ STEM images in Fig. S3, which reveal the detachment of atoms
from small Pt NPs in the liquid phase to eventually attach to the surface
of the Pt-covered Pd NC. A schematic illustration showing the deposi-
tion of Pt atoms on Pd cubes is shown in Fig. 2(b). Additional examples
of this shell growth mechanism, based on the deposition of individual Pt
atoms, are provided in Fig. S4(a) of the supplementary material.

In order to confirm that the electron beam reduces the Pt precur-
sor before forming the shell, we performed one reference experiment.
A solution of Pt precursor without Pd cubes is encapsulated then
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FIG. 2. Growth of Pt shell on the Pd NC via Pt atom deposition. (a) Time-lapse series of ADF-STEM images shows the growth of the Pt shell on the Pd NC forming a thin skin
of few atomic layers. (b) Top: Atomic mechanisms of Pt atoms deposition on one of the sides of Pd NC highlighted by the yellow box in (a), where successive atom-by-atom
deposition is visible. Bottom: A schematic illustration showing the deposition of Pt atoms on Pd cubic seeds. Images are shown in false color.

exposed to the electron beam with the same electron dose. In this con-
dition, we observed clearly visible Pt atoms that coalesce and form
small Pt clusters (more details in Fig. S5).

B. Attachment of nanoparticles

By increasing the Pt concentration in the graphene encapsulated
liquid phase to 5mM Pt precursor, we favored the growth of Pt
nanocrystals prior to forming a shell around the Pd seed crystals.
Figure 3(a) shows sequential atomic-resolution ADF-STEM images of
the nucleation of a selected Pt nanoparticle in the surrounding area of
a Pd NC. Time t=0 s in the Movie S2 and in Fig. 3(a) represents the
starting point of imaging in that particular area, after having optimized
the imaging conditions in a different area to minimize the beam effect
in the area of observation. Irradiation with an electron dose rate of
about 2 x 10* electrons/A’s reduces the Pt precursor as in the previous
case. Compared to the case with lower precursor concentration, small
particles of increased brightness have formed in neighboring areas and
migrate via the liquid to the imaging area, while the bright dots in Fig.
3(a) correspond to freshly reduced Pt atoms. After 10 s, the Pt atoms
start aggregating to form a stable cluster. Then, Pt atoms from the sur-
rounding liquid rapidly attach to this nanocluster. We followed the
evolution of three clusters highlighted with a red circle in the image at
t=10s in Fig. 3(a). These three clusters continue increasing in size via
atomic attachment until they start coalescence at t=70 s to end up
with a mature well crystallized NP of around 2nm in size (also see
Movie S2 for details). After the formation of many such NPs with dif-
ferent sizes and shapes in the surrounding area of the Pd NC, an
attachment process starts, where the Pt NPs approach the Pd NC and
start attaching to its {100} faces and the corresponding corners and
edges between them. Figure 3(b) shows a typical atomic-resolution

ADEF-STEM micrograph of a Pd NC projected along the [100] direc-
tion along with small Pt NPs grown in its surrounding liquid area.
We highlighted three zones with squares in white, yellow, and red
colors, near the Pd-liquid interface where Pt nanoparticles are pre-
sent. On the right hand side of Fig. 3(b), the corresponding sequen-
ces of images documenting the trajectories of these Pt NPs are
shown, which reveal the details of the attachment process in real
time (more details in Movie S3: white, Movie S4: yellow, and Movie
S5: red). In these three examples, tiny Pt clusters of 1-2nm in size
start to coalesce to form bigger Pt nanocrystals. Thereafter, these Pt
nanocrystals mature and improve in crystallinity. In the next step,
the Pt NPs approach and attach to the surface of the Pd NCs. Finally
at t=90 s, an inhomogeneous Pt shell is formed that consists of
islands of attached Pt nanoparticles. During the formation of the Pt
shell mediated by Pt NPs, the predominant phenomena were the
high-frequency coalescence and aggregation of Pt clusters and nano-
particles that led to an increase in the Pt NPs size while their number
decreases as shown in Fig. S6, which was triggered by Brownian-type
or electron-beam induced particle motion. More examples of Pt NPs
coalescence induced Pt shell growth are shown in Fig. S4(b) in the
supplementary material.

In the next step, we aim at revealing the exact atomic mechanism
of particle attachment that leads to the formation of the inhomoge-
neous Pt shell. Figure 3(c) shows two ADF-STEM image sequences
extracted from Movies S3 and S5. The Pt crystal shown in the first
sequence is the same crystal as highlighted by the white square in Fig.
3(b). At the beginning, four Pt nanoparticles coalesce to form a bigger,
elongated Pt NP after random and high-speed movements, see first
row in Fig. 3(b) at 70 and 100 s (more details in Fig. S7). This crystal is
then involved in an oriented attachment process with the Pd NC, see
first row in Fig. 3(c). Initially, the Pt NP gets in contact with one of the
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FIG. 3. Growth of Pt NPs induced shell growth on the Pd NCs via Pt nanoparticle attachment. (a) Time-lapse series of ADF-STEM images shows the growth of the Pt nanopar-
ticle in the surrounding area of a Pd NC. (b) Left: typical atomic resolution ADF-STEM image of a Pd NC surrounded by Pt nanoparticles. Right: three time-lapse series of
ADF-STEM images showing the attachment of three Pt nanoparticles highlighted with squares in the left image. (c) Time-lapse series of atomic-resolution ADF-STEM images

showing oriented attachment and imperfect particle attachment.

facets of the Pd NC, where a neck formed. Then, the Pt NP experien-
ces a large, apparently random and sudden rotation. When the Pt par-
ticle is projected along its [100] direction, it starts to rotate in
clockwise direction, indicated by red arrows, until its {100} facet is per-
fectly aligned with the {100} surface of the Pd NC in Fig. 3(c). Once
these crystal facets are properly aligned in respect to each other, the
connective neck between the particles vanishes through a rapid diffu-
sion of surface atoms, leading to the formation of brighter atomic
layers corresponding to a thin Pt shell on the surface of the Pd nano-
crystal, particularly in the surrounding area of the attached Pt island.
This is observable by a shell of brighter contrast that appears and
increases in thickness during the coalescence [designed by blue arrows
in Fig. 3(c)]. The second sequence [second row in Fig. 3(c)] is a repre-
sentative example of an imperfect attachment, where a Pt nanoparticle
is involved in two types of coalescence; it first attaches to the Pd NC

and then coalesces with a second Pt nanoparticle of similar size. The
coalescence of the Pt NPs induces defects such as twin boundaries as
indicated in the second image of the sequence. Thereafter, the attach-
ment with the Pd NC continues via a defect elimination process until
the particle’s {100} facets are perfectly aligned with the {100} of the Pd
NC. Then, the NP quickly adsorbs on the surface of the Pd NC (yellow
arrows).

In order to confirm that the shell growth occurs only in the liquid
phase and in the presence of a Pt precursor, we performed two control
experiments. Pd NCs were deposited on graphene layers in dry mode
without Pt precursor then exposed to the electron beam with the same
electron dose for 400 s, and graphene encapsulated Pd NCs with its
solvent solution was exposed to the beam for 400 s. In both cases, no
obvious changes and modifications occurred of the Pd NCs and of
their surrounding areas (more details in Fig. S8).
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I1l. DISCUSSION

With increasing concentration of the Pt precursor inside our
GLCs nonreactors with the same electron dose rate (2 x 10* electrons/
A%), the formed Pt shell changes from a thin skin of Pt atomic layers
to an inhomogeneous layer of Pt islands attached to the surface of the
Pd NC. We observed that with 1 mM, the formed Pt atoms migrate
through solution and attach to the Pd NC. This can be related to the
low concentration of Pt atoms in the solution that does not allow
nucleation of Pt nanoparticle in the solvent. Instead, individual Pt
atoms or ultra-small Pt clusters are formed that lead to the formation
of a thin homogeneous Pt shell on the Pd NC. This is consistent with
the study made by Xia and co-workers who showed that slowly inject-
ing Pt precursor in the solution to keep the concentration of Pt atoms
at low level prevents self-nucleation of Pt and results in Pt atoms that
undergo a heterogeneous nucleation on the Pd seeds.'* Our real time
observations reveal that the atomic deposition, indeed, takes place via
atom-by-atom deposition on the Pd{100} faces and the corners and
edges between them. This mechanism leads to a homogeneously thin
Pt shell. This is in contrast to the suggested deposition process in that
study, * which was proposed to start at corners with subsequent diffu-
sion to edges and faces. In our study, we did not find any indications
for distinctly preferred sites where the shell growth nucleates. In addi-
tion, our study goes further and shows that increasing the concentra-
tion of Pt in the nanoreactor does not primarily lead to an increase in
the thickness of the Pt shell, but instead leads to the nucleation of Pt
nanoparticles in the solution that attach to the Pd NC, which confirms
the previously discussed suggestion.'* Indeed, the Pt nanoparticles
involved in the attachment processes form an inhomogeneous Pt shell
with Pt islands on the surface of Pd NCs. This result based on real-
space atomic-scale observation confirms that the concentration of Pt
precursor plays a critical role for the final Pt shell on Pd-Pt structure.
Both shell growth pathways are simultaneously observed. However,
which of the two pathways dominates depending on the initial con-
centration of the Pt precursor. Thus, the variation in concentration of

ARTICLE scitation.org/journal/are

Pt precursor favors one process compared to the other depending on
the initial concentration of Pt precursor. This is, indeed, a very general
observation; there are often competing processes simultaneously
active, and it is a local variable that essentially defines which of the
competing processes dominates the actual reaction and defines its
pathway as well as the final product. In our case, the precursor concen-
tration turns out to be the critical variable.

Due to the fact that the lattice parameter of bulk Pt is roughly 1%
larger than the one of Pd, the deposition of Pt onto the Pd NC could
lead to a lattice mismatch between core and shell regions, which indu-
ces strain. This can affect the electronic properties of the Pt shell,
which is important for its catalytic activity. We analyzed the lattice
strain for both types of core-shell structures produced in our in situ
LC-STEM study.”” We use geometric phase analysis (GPA) based on
atomic resolution ADF-STEM images of Pd-Pt core-shell nanocubes
formed via Pt atomic deposition [Fig. 4(a)] and a core-shell nanocube
formed via Pt NPs attachment [Fig. 4(b)]. GPA was performed on
nanocubes with comparable size, and the false colored images repre-
sent the in-plane (&,,) strain field determined by GPA showing lattice
deformation relative to a reference area, in our case the region marked
by the red circles in the Pd regions [Figs. 4(a) and 4(b)]. Figure S9
shows the ¢,, and &,y strain field determined by GPA. The red coloring
on the particle represents an expansive lattice deformation relative to
the reference area, and the blue coloring represents a contraction. The
oscillation in coloring observable in the GPA maps may originate
from an amorphous shell that impacts the clarity of the atomic resolu-
tion images and from the chosen masks applied to select spots in the
FFT pattern.”*"” Moreover, where there is no crystalline lattice pre-
sent, as in the surrounding of the NP, the GPA analysis does not pro-
vide any interpretable information. If the Pt-shell perfectly adopts the
spacing of the Pd seed crystal via epitaxial relaxation, then there should
be no obvious regions of red or blue on the shell region surrounding
the Pd NG, indicating minimal or no lattice deformation relative to
the Pd core. However, if the Pt shell does not adopt the spacing of the

5y }‘Q 0.1

FIG. 4. Atomic-resolution ~ADF-STEM
images and corresponding GPA analysis
for (a) Pd-Pt core-shell nanocube with few
atomic layers of Pt and (b) Pd-Pt core-
shell nanocube with inhomogeneous Pt
island shell. The first column consists of
the ADF-STEM images and its FFT pat-

terns. The second column consists of the

corresponding GPA color maps that corre-
spond to the in-plane strain (e,,) field
(which is the strain in the plane of the
crystal face) where the intensity scale
shows relative deformation.
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FIG. 5. Schematic illustration of the formation pathways of Pt shells on Pd NCs: (i) Low Pt precursor concentration: atom deposition induced formation of a thin atomic layer Pt
shell and (ii) high Pt precursor concentration: Pt nanoparticles nucleate in the solvent and lead to a thick inhomogeneous shell of Pt islands.

Pd NG, then in the GPA maps, there should be regions of red or blue
color on the shell region surrounding the Pd NC.**

The &,y strain field for a representative Pd-Pd nanocube formed
in 2mM of Pt precursor with a shell consisting of a few atomic layers
of Pt is shown in Fig. 4(a) and reveals minimal red coloration on the
Pt-shell region, indicating that there is minimal deformation of the Pt
shell relative to the Pd core. The Pt shell adopts the lattice of the Pd
NC and is, thus, strained. However, for the Pd-Pt core-shell structure
grown via Pt NPs attachment in 5mM of Pt precursor in Fig. 4(b), the
GPA analysis reveals an expansion of the lattice constant in the Pt
shell, indicated by the red-colored areas in the Pt shell of Fig. 4(b). In
this case, the Pt shell, thus, does not adopt, or at least not fully adopt,
the lattice constant of the Pd seed crystal.

IV. SUMMARY

According to our in situ observations at atomic scale in aqueous
solution, the formation of the thin shell consisting of Pt atomic layers
and thick inhomogeneous Pt shells with distinct islands is formed via
two different pathways and atomic mechanisms, as illustrated in
Fig. 5. First, at low Pt concentration in the precursor solutions, the Pt
shell grows by attracting individual Pt atoms or clusters in solution. At
higher Pt concentration in the precursor solution, Pt nanoparticles
nucleate and grow in the solvent and attach to the Pd NC, eventually
leading to an inhomogeneous shell. Both growth pathways can pro-
duce Pd-Pt core-shell nanoparticles. However, the lattice relaxation of
both of them is different, which can affect their properties.

In conclusion, we used GLCs enabling imaging at the atomic
scale in liquid mode to explore the atomic mechanisms of the growth
of Pt shells on Pd NCs in detail. Our in situ observations revealed that
the Pt solvent concentration plays a crucial role in controlling the
growth mode of the Pt shell. We unravel two growth pathways of the
Pt shell on Pd seed crystals. By keeping the concentration of Pt atoms
in the reaction solution at low level, we prevent the nucleation of Pt
nanoparticles in the solvent, and then the Pt atoms attach one by one
to the Pd NC forming ultrathin, homogeneous shells consisting of few

atomic layers of Pt. At increased concentration of Pt in the solvent, Pt
particles nucleate in the solvent and form stable nanoparticles in the
precursor solution, which attach to the Pd NC to form an inhomoge-
neous Pt shells. The attachment of Pt NPs is found to occur via differ-
ent processes such as oriented attachment and imperfect attachment.
Moreover, while the homogeneous Pt shell adopts the lattice parame-
ter of the Pd seed crystal and is, thus, strained, the Pt islands of the
inhomogeneous Pt shell show a larger lattice parameter than the seed
crystal and are, thus, in a state closer to bulk Pt. These in situ experi-
ments allow us to investigate the exact atomic mechanisms of Pd-Pt
core-shell formation. Our findings open the way for better control in
the synthesis and application of Pt-based core-shell nanomaterials.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the sample prepara-
tion, GLCs fabrication, and methods for analyses, Figs. S1-S8 (PDF):
In situ ADF-STEM observation of Pd NC in 1 mM Pt solution under-
going the atom-by-atom deposition of Pt atoms (AVI), In situ ADF-
STEM observation of Pt nanoparticle growth in 5mM Pt solution in
the surrounding area of Pd NCs (AVI), In situ ADF-STEM observa-
tion of Pt NP involved in coalescence with Pd NC in 5 mM Pt solution
to form inhomogeneous shell (AVI), In situ ADF-STEM observation
of Pt NP involved in coalescence with Pd NC in 5m M Pt solution to
form inhomogeneous shell (AVI), and In situ ADF-STEM observation
of Pt NP involved in coalescence with Pd NC in 5mM Pt solution to
form inhomogeneous shell (AVI).
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