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ABSTRACT

Direct visualization and understanding of the atomic mechanisms governing the growth of nanomaterials is
crucial for designing synthesis strategies of high specificity. Aside from playing a key role in numerous
technological applications, palladium clusters and nanoparticles are particularly valuable due to their out-
standing catalytic activity. Studies show that the properties of Pd nanomaterials depend on shape and size.
Therefore, optimizing the synthesis to control the final size and shape of Pd nanoparticles is important for a
large number of current and future applications. In this work we exploit in-situ liquid cell scanning transmis-
sion electron microscopy to track at the atomic scale the growth of Pd nanoparticles form the very early stage
to mature, crystalline nanoparticles. We find that the formation of Pd nanoparticles consists of multiple steps.
The first step in nanoparticle formation, representing a non-classical nucleation step, can be described by the
formation of agglomerates of Pd atoms. In the second step, these agglomerates grow via atomic addition to
form primary nanoclusters which coalescence to form amorphous clusters. In the third stage, these clusters
continue to coalescence leading to the formation of amorphous Pd NPs, while in parallel growth by monomer
attachment continues. Then, in the fourth step, the amorphous nanoparticles undergo a nanocrystallization
process where the continuous improvement of crystallinity and the establishment of a distinct morphology
eventually give rise to the formation of facetted, crystalline nanoparticles. Similar to our earlier work with
Au and Pt nanoparticles, these results confirm that even for simple systems non-classical nucleation and
growth processes dominate, and that these multi-step mechanisms are highly element specific. Despite the
fact that the synthesis conditions are identical, the element specific interactions define the pathway of the

formation of crystalline nanoparticles.
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Introduction

Similar to other noble metals like gold and platinum, palladium nanoparticles (NPs) have unique chemical
and physical properties, which differ from those of the corresponding bulk material. Sub-10 nm NPs are well-
known catalysts for hydrogenation > as well as oxidation reactions.® # The particles' catalytic activity and
selectivity significantly depend on particle size® and shape.® Thus, knowledge about the intermediate products
during nucleation and growth is of great importance to control the desired size and shape of NPs and thus to
outline an optimal synthesis strategy for producing specific NPs. In literature, only few syntheses of Pd NPs
are described which commonly rely on the use of surface modification, stabilizing agents in particular.” In
addition, the syntheses are often carried out in organic solvents that are unfavorable for applications.”-3 More-
over, surface modifications can decrease the catalytic activity of NPs by blocking their active sites which
might also be most attractive for these surface agents. Consequently, reliable protocols for Pd NP syntheses
in aqueous solution without any stabilizing agent are in high demand.® The NPs free of organic stabilizers or
ligands ("pristine NPs") can be used directly for catalysis both in aqueous solution and on solid supports.
Yet, reliable protocols for the synthesis of Pd NPs in aqueous solution are rarely found, which might indicate
that the actual formation mechanism in aqueous solution is complex and does not follow a classical nuclea-
tion-and-growth reaction. Understanding the exact atomic mechanism of Pd NPs growth could thus enable

the design of reliable protocols for engineering pristine sub-10 nm Pd NPs in aqueous solution.

Descriptions of particle-growth reactions often rely on the classical nanoparticle growth model by LaMer
(from 1950s) which is based on the classical nucleation theory developed by Becker and Doring in the
1930s.1% 11" Although valuable, recent experimental studies, including our own works, have provided clear
evidence that the classical nucleation theory and its translation to nanoparticles are insufficient to explain the
complex reactions observed.'?!” There is thus consensus that reliable experimental information at high tem-
poral and spatial resolution is needed in order to uncover the fundamental principles that govern the nuclea-

tion and growth of nanoparticles.

Microfabrication-based technologies allowed transmission electron microscopy to overcome limits imposed
by vacuum and provide new opportunities for imaging particles in a liquid environment?’->4, While commer-
cial liquid cell holders are beneficial for various liquid phase studies in electron microscopy, they do not
routinely enable atomic resolution imaging with single atom sensitivity.?> 2°Alternatively, non-commercial
graphene liquid cells (GLCs) provide an opportunity to observe nanoparticles at the true atomic-level, with
single atom sensitivity. The employed "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.?” In addition, the impermeability and the mechanical flexibility of graphene enable the entrapment of
liquid nanoreactors with minimal risk of leakage to the surrounding vacuum environment of the electron
microscope. Moreover, graphene's chemical inertness and electrical conductivity minimize unwanted irradi-
ation effects that could interfere with the chemical reactions, which are controlled by the electron beam and

intended to be monitored.28-30

Our previous in-situ studies of the growth mechanisms of Pt3°, Au?® and binary Pt-Pd NPs already revealed
unexpected element-specific atomic pathways when crystalline nanoparticles are formed. The aim of the
present work is to apply the previously optimized methodology of time-resolved in-situ studies by scanning
transmission electron microscopy (STEM) of Au-NPS and Pt-NPs to another metallic system, namely, pal-
ladium nanoparticles (Pd-NPs), in order to identify common trends in the aqueous-based synthesis of these
rather simple metallic particles. The results are then discussed in the context of the widely referenced model
of LaMer. And as such, this work challenges the hypothesis of a classical nucleation-and-growth process

underlying the formation of monatomic nanoparticles.
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Experimental

We used a 5 mM aqueous solution of Na,PdCl4+2H-0 to study nucleation and growth of Pd nanoparticles.
The illumination of water by a high-energy electron beam, 300 kV in our case, can generate a set of well-
established primary products®!, namely hydrated electrons (ex’), hydrogen radicals (H"), hydroxyl radicals
(HO"), hydrogen peroxide (H20>), hydronium ions (H3O%), hydroperoxyl radicals (HO;"), and hydrogen (H>).
Strong reducing agents, such as ep” and H°, react with the complex ions of the Pd precursor at diffusion
controlled rates. Uniformly distributed within the irradiated area, these reactive species reduce the Pd ions to
zerovalent metal atoms and labile atomic clusters.?? This indirect reduction of the encapsulated Pd precursor
by the electron beam thus triggers the formation of Pd nanoparticles, once the Pd concentration exceeds the
solubility limit. We should keep in consideration that the radiochemistry in the solution might be affected by
the local change in temperature induced by electron beam heating.33-3¢, Despite the fact that we cannot meas-
ure the temperature inside the graphene-based nanoreactors, we conclude that the temperature increase in
these liquid pocket is moderate and that it is the radiochemistry of the electron beam that governs the observed
reaction, because the aqueous solvent remains liquid and does not form gaseous pockets. Moreover, the gra-
phene windows and the small volume warrant that possible heat can be dissipated quickly, particularly when
considering the scanning mode of imaging, which does not stationary illuminate the entire field of view as

this is the case in the broad beam transmission electron microscopy (TEM) mode.

The time ¢ = 0 s in the movies and in Figures represents the starting point of imaging in that particular area,
while the preceding optimization of the imaging conditions is done in a different area in order to minimize
unwanted beam effects in the area of observation. The electron dose (i.e. 4.2 10° electrons/A%s) and the imag-
ing conditions were optimized to enable the growth of Pd nanoparticles with kinetics suitable to track the

nucleation without altering the structures under observation.

Results

Figure 1 shows a sequence of annular dark-field (ADF) STEM images depicting the growth of Pd nanopar-
ticles (see movie S1 for more details). In the beginning, while the electron beam indirectly reduces the Pd
precursor, many small nanoclusters are formed. After this initial step, the growth is dominated by nanoclus-
ters interacting with each other to form nanoparticles with different shapes and sizes (see Figure S2 for more
details). As shown in Figure 1b, at the end of the growth, distinct single crystalline nanoparticles with a size
of around 5 nm are present (see Figure 1b). High-resolution ADF-STEM images and the analysis of their
Fourier transforms (FT) show the presence of face-centered cubic (fcc) Pd nanocrystals with a high degree
of crystallinity and a lattice constant of about 0.39 nm, similar to the bulk value of Pd*’. Figure 1c presents
the size and number of nanoclusters in the field of view as a function of time (red and blue successively).
During the first growth stage, the number of nanoclusters gradually increases and reaches its maximum at
~33 s, after which, suddenly, the number of nanoclusters drops significantly whereas the average particle size
increases from less than 1 nm to more than 4 nm. Therefore, at about ~45 s the growth process enters a second
growth stage, where the sudden decrease in the number of particles and the correlated increase in particle

size is mainly due to the coalescence of individual nanoparticles. The diagram in Fig. 1¢ depicting the number
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of particles in the field of view is divided into three slots highlighted with different colors, where at the
beginning the number of nanoclusters increase until the maximum is reached after ~32 s. Thereafter, the
number of nanoclusters decreases slowly between 32 and 45 s, which can be related to a first coalescence
process to form bigger nanoclusters. Finally, a sharp decrease in the number of nanoparticles can be observed
corresponding to a second coalescence process. These different steps clearly indicate that the formation of

these Pd NPs is a multi-step growth process governed, as explained below, by coalescence.

In the subsequent part of the manuscript, we will consider ultra-small nanoclusters the (primary) nanoclusters

of size below 0.5 nm and bigger nanoclusters for the (secondary) clusters below 1.5 nm, while nanoparticles

are considered to exceed 1.5 nm in diameter.
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Figure 1: The growth of Pd nanoparticles in a GLC during exposure to the electron beam. a. Sequential ADF-
STEM images showing the real-time growth of Pd nanoparticles via nanoparticle attachment. b. High-resolution
ADF-STEM image of a nanoparticle formed during complete growth with corresponding FT pattern. ¢. Average
particles size evolution (red) and the number of particles (blue) as a function of time. Images are shown in false

colour.

Although Fig. 1a and the analysis in Fig. 1c provide evidence for different steps, they do not provide infor-
mation about the atomic mechanisms that control particle formation due to the limit in terms of resolution
related to general view of the growth. In order to identify these atomic mechanisms of the formation of Pd
NPs, we first examined the initial step where individual Pd atoms are present and their transition into aggre-
gates of diameters less than 0.5 nm, using high-resolution ADF-STEM images with a temporal resolution of
2 frames per second. Figure 2a shows sequential atomic-resolution snapshots depicting the nucleation of
rather lose Pd aggregates in the imaged area. The bright dots in Fig. 2a correspond to Pd atoms, which after
9 s of illumination start to form the above mentioned aggregates (highlighted with dashed white lines). Then,

the formed aggregates appear to act as seeds for the atoms in the surrounding liquid area, which rapidly attach
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to form ultra-small nanoclusters, which we refer to as primary nanoclusters. The primary nanoclusters con-
tinue growing by single atom attachment. Figure 2b shows a schematic illustration of this non-classical nu-

cleation and the formation of primary Pd nanoclusters.
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Figure 2: Nucleation and growth of ultra-small nanoclusters. a. Image sequences from movie S2 showing the
nucleation and growth of Pd nanoclusters, where atoms migrate through the liquid to attach to each other to form
aggregates. At the end of the series, a set of ultra-small nanoclusters less than 1 nm in size are formed. b. Schematic

illustration of the nucleation and growth of nanoclusters. Images are shown in false colour.

In the second step, primary nanoclusters (< 0.5nm) are involved in a coalescence process to form bigger
nanoclusters, which is documented in Fig. 3a (see movie S3 for details), where two groups of nanoclusters
are highlighted. In the red rectangle three ultra-small nanoclusters less than 0.5 nm are present. The time-
resolved high-resolution ADF-STEM images in Figure 3a show that a pair of nanoclusters, formed during
the first growth stage undergo a coalescence process. Here, during the whole process the two nanoclusters
are in the same focus, which allows us for considering the projected distance between them as the real sepa-
ration distance. Initially, both nanoclusters of s about 0.2 nm diameter are separated by about 0.3 nm att=>5
s. Then, both nanoclusters in the solution start to continuously move and rotate in an apparently random
fashion, while slowly approaching and then move away from each other (see Movie S3 for details). When
they finally get closer, to a distance of about 0.2 nm at t = 15 s, these nanoclusters start to interact to form a
bigger nanocluster. Initially, at 25 s two nanoclusters approach and form a nanobridge, marked by the black
arrow in Fig. 3a. The thickness of this nanobridge increases until the nanoclusters completely merge at 40 s
to form a bigger nanocluster. This coalescence is followed by an attachment of the third nanocluster. In the
second example (green rectangle), four primary nanoclusters undergo coalescence to form a larger cluster
whose structure can still be explained as being amorphous. These experimental observations are summarized
in the schematic representation in Fig. 3b, where the primary nanoclusters are shown to undergo coalescence
mostly bridge-induced.?® The nanoparticles formed during these early stages continue to move and float in
the liquid, with no apparent crystallinity. In addition, more primary nanoclusters emerge during the ongoing

coalescence processes to form these secondary nanoclusters (see Figure S3 for details).
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Figure 3: Growth of Pd nanoparticles from aqueous solution under electron beam illumination via nanocluster
attachment. a. Time-lapse series of atomic-resolution ADF-STEM images showing the growth of Pd nanoparticles
via nanoclusters coalescence. b. Schematic illustration of the growth of Pd nanoparticles via nanoclusters coales-

cence. Images are shown in false colour.

Under the influence of the electron beam, the secondary nanoclusters were observed to further grow and
coalesce. Figure 4 shows a sequence of frames from movie S4 showing the coalescence dynamics of primary
nanoclusters with sizes less than 1 nm undergoing a first coalescence process to generate secondary nanoclus-
ters, which are involved in a second coalescence process to form amorphous nanoparticles. While the primary
and secondary nanoclusters' surface is not well defined, the resulting, larger amorphous nanoclusters exhibit
well-defined shapes and surfaces, and thus can be classified as nanoparticles. The exact process of this sec-
ondary coalescence process is depicted in the schematic illustration of Fig. 4 (more details can be found in
movie S4). Figure 4b reveals another mechanism of particle coalescence in this second step, where the clus-
ters approach and form an ultra-thin bridge, indicated by the green arrow in Fig. 4b (more details can be
found in movie S5). The bridge broadens over time until the nanoclusters merge to form a bigger nanoparticle
after 175 s. Please note, primary nanoclusters in the surrounding area are observed to attach to the bigger

ones involved in the coalescence process.
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Figure 4: Growth of Pd nanoparticles via coalescence from aqueous solution under electron beam illumination.
(a) Top: Time-lapse series of atomic-resolution HAADF-STEM images showing a group of ultra-small-nanoclus-
ters less than 1 nm in size undergoing coalescence to form amorphous nanoparticles. Bottom: the corresponding
schematic illustration. (b) Top: Time-lapse series of atomic-resolution HAADF-STEM images showing a group
of ultra- nanoclusters around 1 nm in size undergoing coalescence to form amorphous nanoparticles. Bottom: the

corresponding schematic illustration. Images are shown in false colour.

After these two coalescence processes, initially from primary clusters to secondary clusters and then to amor-
phous nanoparticles, these amorphous nanoparticles exceeding ~1 nm in size undergo nanocrystallization
and reshaping where the Pd NP transform to a crystalline state and change from a roundish shape to a distinct
facetted morphology. Figure 5 documents this nanocrystallization mechanism in a series of images taken
from movie S6. Figure 5a highlights sequential high-resolution ADF-STEM images that depict the coales-
cence of two amorphous nanoclusters to form an amorphous nanoparticle which undergoes nanocrystalliza-
tion and related reshaping. Please notice, that due to the coalescence of two nanoclusters a twin boundary is
observed in Fig. 5b, which, as part of a ripening process, is eliminated at the end of the crystallization step.
Moreover, after 200 s the crystalline nanocrystal starts to change its shape, from a roundish shape to a facetted
morphology (designed by yellow dashed lines). This observation can be explained by the fact that the surface
energy of the amorphous particle is isotropic, enabling a roundish particle shape, while the crystalline particle

favors crystalline planes of low surface energy, leading to the facetted morphology.
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Figure 5: Nanocrystallization and reshaping of Pd nanoparticle. Top: a and b. Time-lapse series of atomic-reso-
lution HAADF-STEM images shows transition of one amorphous nanoparticle formed via coalescence to crystal-

line phase and reshaping. ¢. The corresponding schematic illustration. Images are shown in false colour.

Discussion and Conclusions

Our observations of the formation of Pd nanoparticles can be summarized as follows. In a first step aggregates
of Pd atoms are formed which act as seeds for Pd atoms to attach and form primary Pd nanoclusters. These
primary nanoclusters undergo coalescence to form secondary, still amorphous nanoclusters. In the second
coalescence process, the secondary nanoclusters undergo, mostly bridge-induced, coalescence to form roun-
dish and amorphous nanoparticles with well-defined surfaces. These amorphous nanoparticles eventually
become crystalline, which also leads to the formation of pronounced facets, defining the morphology of the
formed Pd nanocrystals. Figure 6 schematically summarizes the entire growth mechanism of Pd nanoparticles
as we observed it in the graphene liquid cell. While our observations allow us to document the diversity, the
complexity and dynamics of nanoparticle growth processes in liquid, uncovering the atomic mechanisms
controlling and triggering particle growth, it needs to be distinguished from the study made by Cao ef al, for
example, where at the atomic level particle growth is investigated that occurs heavily confined in single-
walled carbon nanotubes.** Moreover, our work confirms mechanisms suggested by theory, while linking
classical and non-classical aspects of the corresponding theories. Indeed, our results support the work by
Polte and co-workers about the mechanism of Pd nanoparticle growth where they found that after formation
of Pd atom clusters, metastable particles emerge and finally stable nanoparticles, both via coalescence.*’ Yet,
our study goes beyond that work as it also uncovers the intermediate processes and products such as the
formation of aggregates as the trigger of the reaction and it provides information about the (non-)crystallinity

of the clusters after the first and second step.
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Figure 6: Schematic illustration of the deduced growth mechanism of Pd nanoparticles from in situ GLC

observations.

With the results presented we now can come back to LaMer's model for the growth of nanoparticles and
discuss its applicability for the system investigated here. In LaMer's model nucleation is instantaneous, at the
very beginning of the reaction when solute concentration reaches a critical value.'” Thereafter the number of
nuclei and final particles is set. This is clearly in contradiction to our experiments where we see a continuous
formation of nuclei and even during the growth process of nanoclusters and nanoparticles further nucleation
events can be observed. This discrepancy could be explained by the fact that during electron irradiation ad-
ditional Pt ions are being reduced thus leading to reach locally critical concentrations such that additional
nucleation events occurs. In respect to the rather small liquid volume we probe by the electron beam and
considering the overall reactive environment formed during nearly continuous electron irradiation, this ex-
planation does not seem to be appropriate. Hence, based on our observation, it seems more likely that an
instantaneous nucleation event is not a realistic description of a nucleation reaction, at least for the system
investigated here and for the systems we investigated in the recent past.?>3%4! Moreover, in LaMer's model
the number of nuclei reflects the number of formed nanoparticles. Another aspect, where our experimental
data contradicts LaMer's model concerns the growth of the clusters and nanoparticles. This aspect is more
important as the instantaneous nucleation does not refer to an actual process, except for the statement that
suddenly a certain number of nuclei start growing. When it comes to particle growth we can compare the
suggested process with the actually observed one. In LaMer's model, particle growth occurs solely via diffu-
sion-controlled addition of single atoms (or single molecules), but particle interaction, coalescence and ag-
gregation do not occur. In our experiments, we clearly see that coalescence and particle interactions are the
driving mechanism for particle growth, particularly during the early stages. This also explains the decrease
of the number of particles with increasing time (see Fig. 1¢), whereas in LaMer's model the number of parti-
cles is constant throughout the entire particle formation process and given by the number of nuclei formed at
the start. Hence, despite of its popularity, LaMer's model, involving two steps, namely sudden nucleation
followed by particle growth, does not seem to be an adequate approach to describe the rather complex nucle-
ation-and-growth reactions that we observe for the case of Pd. Nucleation appears to be an ongoing process
that accompanies particle growth, and particle agglomeration and coalescence are important mechanisms for
the growth of the Pd nanoparticles. Also the fact that particles undergo a crystallization step is an aspect that
cannot be related to LaMer's model. As already pointed out in literature (see, e.g., [42]), the simplicity of
LaMer's model, though attractive, is difficult to relate to realistic systems, because of its far-reaching approx-

imations.



It is not the goal of the present experimental study to derive a theoretical model for particle nucleation and
growth, but based on the results presented, we can suggest aspects that such an improved model would need
to encompass; (i) nuclei appear to form through a local condensation of lose clouds of individual atoms by
local concentration fluctuations (Fig. 2a), (ii) continuous nucleation events with (sub-critical) nuclei forming
and dissolving, (iii) multiple ways of particle growth; by single atom attachment, by attachment of small
clusters as well as by particle coalescence and agglomeration, (iv) a statistical variation of the local environ-
ment of the growing particles, as the local environment seems to control the local growth pathway of a se-
lected particle or cluster, (v) an increase of the mean inter-particle distance and thus a gradual change of
growth mode with time: from dominant particle agglomeration towards diffusion-controlled single atom at-
tachment until growth stops when the solution is depleted; and finally (vi) in the case of Pd, the early clusters
and particles are amorphous and only adopt the bulk crystalline structure in a later stage, when particles reach
a size larger than about 1 nm. As we clearly see differences in particle nucleation and growth for different
elements and alloys (Au, Pt, Pt-Pd, Pd), some of these aspects are likely dependent on the actual element or
system. Nevertheless, the variety of interactions that a generally applicable model would need to encompass
shows that such a model is of high complexity and requires addressing element-specific atom-atom interac-
tions and not just bulk properties translated to small volumes with large relative surfaces and whose atomic

structure might deviate from the bulk crystalline structure.

In summary, the present study emphasizes that particle growth processes are more complex than captured by
classical theory. Moreover, comparing the present results with our previous studies on Au and Pt particles
highlights that particle nucleation-and-growth processes are highly element specific. Overall, the present
work shows that Pd nanocrystals can form from supersaturated aqueous solution via a four-step mechanism:
decomposition, solidification, coalescence and nanocrystallization. Up to now, little success has been
achieved in controlling the shape and size of pure noble sub-5nm Pd nanoparticles during the synthesis in
aqueous solution. The results presented here, which reveal the underlying atomic mechanisms governing the
growth of Pd NPs in aqueous solution, will be of high importance to better control the synthesis of well
defined Pd nanoparticles.
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