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Abstract - Understanding the atomic-scale mechanisms governing the structural evolution of
ultra-small metal nanoparticles (NPs) is critical for controlling their synthesis and properties
in catalysis and nanomedicine. Using aberration-corrected high-resolution transmission

electron microscopy in graphene liquid cells, we investigated the dynamics of ultra-small gold

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

colloids at the atomic scale during their growth by Ostwald ripening. This slow coarsening
process in which atoms fluxes between NPs can make them grow or shrink allows us to shed

new light on the size-dependent amorphous—crystalline phase transition in gold colloids.

Open Access Article. Published on 09 March 2026. Downloaded on 3/31/2026 2:11:05 PM.

Indeed, NPs larger than 2.3 nm are crystalline while NPs smaller than 1.7 nm are always

(cc)

amorphous. Interestingly, the phase transition between these two phases is systematically
observed between 1.7 and 2.3 nm both during the growth and the dissolution of NPs. The
reversibility of this transition suggests a size-dependent equilibrium between amorphous and
crystalline phases that is confirmed by Monte Carlo simulations performed within a tight-
binding framework. Beyond offering quantitative insights into the phase diagrams of ligand-
free gold colloids, these in situ observations provide mechanistic insights into the formation
of monocrystalline nanostructures that could help rationalize the growth control of metal

NPs.
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1. Introduction

Understanding the atomic-scale mechanisms involved in the nucleation, growth and etching
of ultra-small metal nanoparticles (NPs) is essential for generating new concepts and
protocols in nanochemistry. Moreover, given their wide applications in medicine and
catalysis,’ 2 deciphering the structural dynamics of metal colloids in the 0.5- to 3-nm range is
also crucial for developing efficient nanotechnologies. In this context, liquid-phase
transmission electron microscopy (LPTEM) has opened the possibility of visualizing the
formation processes of metal NPs, providing mechanistic information inaccessible to
ensemble measurements (absorption spectroscopy, X-ray scattering...).3>® Remarkably,
atomic-scale LPTEM investigations revealed that the nucleation mechanisms of metal NPs 7°
and nanoalloys 1° go through an amorphous phase-mediated crystallization. This two-step
process involves the formation and growth by coalescence of amorphous nanoclusters in
which crystallization occurs when the amorphous nanostructures reach a size of a few
nanometers. When stabilized by specific ligands, the coalescence of “magic number” clusters
can be involved in the growth of the intermediate amorphous Au NPs.!! Therefore, the phase
transformation of ultra-small NPs from an amorphous to a crystalline state is the key step in
controlling the structure of the first crystalline seeds formed in solution, which impacts the
growth mechanisms and the final shape of NPs. However, given the difficulty in monitoring
the dynamics of ultra-small NPs, the many kinetic and thermodynamic factors that dictate this
phase transition, especially the effects of NP size, remain poorly understood, preventing the
fine control of the crystallization pathways. 1> One way of determining whether the
amorphous phase of ultra-small NPs corresponds to a size-dependent thermodynamic
equilibrium or to a non-equilibrium structure due to rapid nucleation and growth processes
would be to detect the same phase transition during NP dissolution. So far, LPTEM has been
exploited to reveal the role of reaction kinetics, defects, and functionalization on the etching
mechanisms of metal nanoparticles. 34 However, amorphous intermediates in the very last

steps of ultra-small NP dissolution have never been demonstrated.

Computational methods have also been deeply employed to determine the structural stability
of ultra-small gold nanoparticles. Using semi-empirical and first-principles approaches to
describe the bonding in gold nanoclusters, Garzon and co-workers found essentially equal
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structural stability for amorphous and crystalline isomers of Aun (n = 38, 55, 75) clusters With'. /o175
sizes in the range 1-1.5 nm.% Molecular dynamics simulations using the Gupta potential also
revealed very small energy differences (below 0.001 eV/atom) between Ausg clusters with
amorphous, Face-Centred Cubic (FCC) and icosahedral structures up to room temperature.1®
Given the degenerate state of these amorphous and crystalline isomers, conflicting results
are found in the literature about the effects of NP size on their thermodynamic equilibrium,
since the most stable structure is highly affected by the employed potential and simulation
protocol.’” Therefore, combining experimental and theoretical skills is a way to obtain

unambiguous results on the phase diagram of ultra-small gold colloids.

Here, we exploit the outstanding time and spatial resolutions of aberration-corrected high-
resolution transmission electron microscopy (HRTEM) in graphene liquid cells (GLCs) and
Monte Carlo (MC) simulations performed within a tight-binding framework to shed new light
on the size dependency and reversibility of the amorphous-crystalline phase transition in

ultra-small gold colloids.

2. Results and Discussion

GLCs containing an aqueous solution of HAuCl; were analysed by TEM (see experimental

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

section for details). The very first second of observation at low and medium magnifications

generates the nucleation of gold NPs via beam-induced water radiolysis (Figure 1a). As

Open Access Article. Published on 09 March 2026. Downloaded on 3/31/2026 2:11:05 PM.

described in many liquid-phase TEM studies,'® 1° the products of water radiolysis include

(cc)

strong reducing agents, namely aqueous electrons and hydrogen radicals, that reduce metal
precursors and generate the nucleation and growth of nanocrystals by monomer attachment.
However, as graphene liquid pockets do not allow the injection of precursor solutions during
TEM observations, the concentration of precursors decreases rapidly and the continuous
growth of all the NPs in the irradiated area, which is characteristic of radiolysis-driven
formation processes, is no longer observed after a few seconds. By measuring the density (~
1000 NPs per um2) and the mean size (3.1 nm) of NPs formed after this nucleation and growth
phase driven by radiolysis, one can estimate the total amount of gold atoms in the NPs. By
comparing this amount of gold at the metallic state with the amount of gold precursor
molecules before irradiation in the liquid pockets, whose volume is estimated using low
magnification images (~ 102 nm3 for the pocket seen in figure 1a), we can deduce that the vast

3
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majority of gold precursors have been reduced in the early stages of this experipight;
Consequently, in the subsequent HRTEM analyses, the absence of radiolytic growth allows
studying coarsening processes mainly driven by Ostwald ripening (OR). This key process in the
synthesis and the life-cycle of nanoparticles in their application media affects their size
distribution through the dissolution of smaller nanostructures that redeposit onto the larger
ones, due to differences in chemical potential. 2922 Many in situ TEM studies in liquid or on
substrates allowed quantifying the atomic exchanges between NPs during OR. 2326 As
illustrated in the video V1 in SI, neighbour NPs constantly exchange atoms with each other,
leading to a continuous restructuring of their surface and a synchronized variation of their
size. Thus, OR induces a slow growth of the stable NPs at the expense of the ones that slowly
dissolve in the solution until they disappear. Such conditions where OR dominates the
dynamics of colloids are here used to explore size effects on the phase diagram of

nanostructures since phase transitions can be observed during NP growth and etching.

Figure 1c shows that two types of Au NPs are found in the GLCs after the main nucleation
phase, namely small spherical amorphous clusters and larger crystalline NPs. Obviously,
amorphous objects cannot generate diffraction contrast on HRTEM images. Therefore, the
only peaks observed on the Fourier transform of areas containing only amorphous NPs (red
square in figure 1c) come from the interaction of the beam with the graphene layers.
However, given the differences in scattering strength, projected electrostatic potential and
mass density between the gold NPs and the GLCs, amorphous gold NPs also generate mass—
thickness and phase contrasts which make them darker than the backgoung.?’ As illustrated
in figure S1, these two contrast formation mechanisms result in a significant reduction in the
signal from amorphous NPs, with a clear intensity transition at the edges, allowing their size
to be measured accurately (+ 0.2 nm). As seen in figure 1b, amorphous clusters present a
Gaussian size distribution ranging from 0.8 nm to 2.3 nm, while crystalline NPs have a broader
size distribution between 1.7 nm and 12 nm. These HRTEM analyses reveal a clear correlation
between the size and the structure of gold NPs with a slight overlap in the size distributions
of the two NP populations. Phase transitions between these two structural configurations
were studied during the dynamic observations of OR processes at the atomic scale. As
illustrated in Figure 2a and associated video V2 in SI, the nucleation of amorphous gold

clusters has been recorded very occasionally during the coarsening of the NP assembly. Due
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to OR, some amorphous clusters grow isotropically by monomer attachment, but they,al\igdys ;oo

remain spherical and amorphous up to a diameter of 1.7 nm. Structural analyses in the real
and Fourier spaces show that crystallization systematically occurs when clusters reach a size
between 1.7 and 2.3 nm, leading to the formation of monocrystalline NPs with a truncated
octahedron shape. Once above 2.3 nm, NPs remain crystalline and keep evolving in size via
OR. Remarkably, the inverse phase transition is observed in the same size range during the
dissolution of NPs (Figure 2b and video V3 in Sl). Indeed, under isotropic etching,
monocrystalline NPs maintain their crystal structure up to a size of 2.3 nm. Then, their
amorphization occurs in a size range between 2.3 and 1.7 nm before complete dissolution.
Fast HRTEM imaging reveals that between 1.7 and 2.3 nm, NPs can transition several times
from one phase to another (Figure 3 and the videos V2, V3 and V4 in SI) which indicates that

both amorphous and crystalline structures are stable in this size range.

The loss of atomic contrasts on HRTEM images could possibly be due to the rotation of NPs
that could place them in orientation conditions where no Bragg peak can be detected on the
FFT of HRTEM images. By simulating one thousand HRTEM images of a 1.5 nm cuboctahedral
gold NP with random orientations (see experimental section and figure S2), we show that
such orientation conditions where a crystalline NP appears amorphous on an aberration-

corrected TEM image are observed in only 4% of the images. The narrowness of the angular

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

range in which the NPs are completely out of Bragg conditions and the very slow motion of

NPs in GLCs due to their strong interaction with the graphene, make a misinterpretation of

Open Access Article. Published on 09 March 2026. Downloaded on 3/31/2026 2:11:05 PM.

their structure due to their rotation very unlikely. Moreover, during the crystallization and

(cc)

the amorphization of monocrystalline NPs, both amorphous and crystalline areas are
frequently observed within the same NPs (Fig S3). The detection of such intermediate states
confirms that in situ HRTEM monitoring can indeed capture the dynamic of phase transition
in ultra-small metal colloids. To fully understand this last statement, we suggest watching
videos V3 and V4 in slow motion to see the many transitions between the amorphous and
crystalline phases when the NPs reach the biphasic size domain and the intermediate states

captured during the phase transitions.

To investigate the impact of NP size on the relative stability of crystalline and amorphous
structures, MC simulations at atomic scale were performed (see experimental section for

details). More precisely, cuboctahedral NPs ranging in size from 1 to 4 nm are considered in
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vacuum. Amorphous structures have been obtained after heating the NP beyond the meltiHg
point and quenching at low temperature to reach an equilibrium configuration. Since
amorphous structures are not unique, ten configurations were considered for each size. As
seen in Figure 4, between 1 and 1.5 nm, the energy differences between the two phases is
below kT corresponding to a structural bistability. When NP size increases, the competition
between the different amorphous and crystalline phases evolves significantly in favor of a
more stable crystalline structure. From 2 nm, the energy difference is significant (around 75
meV/at), clearly indicating that large NPs tend to preferentially adopt a crystalline structure.
Therefore, these atomistic simulations confirm the size effects evidenced experimentally on
the atomic structure of ultra-small NPs. The slight discrepancies between our experimental
and theoretical results regarding the size range of the biphasic regime are most likely due to
electron beam irradiation that can destabilize nanocrystal structures and slightly increase the
size range at which the phase transition occurs. Indeed, several ex situ high resolution (S)TEM
studies have demonstrated that the structure of ultra-small ligand free gold NPs fabricated
on amorphous carbon by vapor phase deposition technique is unstable under electron beam
irradiation.?®31 |n line with the many local energy minima predicted by atomistic simulations,
gold NPs with a size below 2 nm, exhibit various structural configurations ranging from
icosahedron, decahedron, FCC, octahedron or amorphous but beam-induced surface
diffusion and even structural fluctuations from one configuration to another have been
systematically observed. In vacuum, knock-on damage and relaxation of collective electronic
(plasmon) excitations possibly contribute to the structural instability of clusters under the
electron beam.3? 33 In liquid, on the one hand, the radiolysis of the solvent affects the
chemical environment of the NPs (pH, redox potential) which can also influence their
structural configuration through surface reaction mechanisms.'® On the other hand, the high
thermal conductivity of both water and graphene reduces the beam induced temperature
increase of the GLCs way below the melting temperature of gold clusters. 18 34 3> Thus, while
thermal effects can be neglected, considering energy transfers from the beam to the NPs
through ballistic effects or inelastic scattering phenomena, as well as the influence of
radiolysis on the local environment of the NPs, remains essential to reduce the gap between
in situ TEM investigations and atomistic simulations of ultra-small colloid structural

properties.
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3. Conclusion

In this study, we have demonstrated that the atomic structure of ligand-free gold colloids is
strongly governed by NP size. By studying the growth of gold NPs induced by Ostwald ripening
by using aberration-corrected HRTEM in GLCs, we revealed that gold NPs below 1.7 nm are
systematically amorphous, while those above 2.3 nm are always crystalline. Most
importantly, we observed a reversible amorphous—crystalline phase transition within the
critical size range of 1.7-2.3 nm during both growth and dissolution. This quantitative
information on the nanophase diagram of gold colloids is confirmed by atomistic simulations.
The reversibility of this phase transition and the good agreement between the experimental
and theoretical results provide direct evidence of a size-dependent thermodynamic
equilibrium between amorphous and crystalline states and rule out the kinetic stabilization
of ultra-small amorphous gold NPs. Interestingly, this intrinsic structural property of gold
nanocrystals could explain the sharp size threshold around 2 nm in the catalytic activity of
gold nanoparticles that has been reported for several reactions.3% 37

Furthermore, these in situ TEM observations also provide the opportunity to evaluate the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

impact of the nucleation and growth pathways on the final structure of NPs. Indeed, although

the coalescence of nanocrystals was occasionally observed long after their crystallization (see

Open Access Article. Published on 09 March 2026. Downloaded on 3/31/2026 2:11:05 PM.

video V5 in Sl), it is worth noting that the coalescence of amorphous clusters was never

(cc)

detected, even when several clusters are very close to each other (see video V2 in SI). By
comparing our observations with the study of Jin et al.,'* where amorphous cluster growth
was driven by coalescence leading to the formation of polycrystalline NPs, we can assume
that slow growth by monomer attachment of amorphous clusters favours the crystallization
of monocrystalline NPs. Altogether, these results provide a better understanding of both the
size-dependent phase diagram and formation pathway of ultra-small gold colloids that can
help rationalize their synthesis and explain their performance in catalysis. As seed-mediated
synthesis is a very powerful and popular method to control the shape of metal
nanoparticles,3® one of the most interesting avenues opened up by our study would be to

investigate the effects of ligands commonly used to control the size and shape of gold seeds,
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such as cationic surfactants, citrates or thiols,3% 40 on the amorphous-crystalline p

transition and OR processes.

4. Experimental section

4.1 In situ HRTEM imaging in GLCs.

A stock solution of 10 mM gold (lll) chloride trihydrate was prepared to be encapsulated
within the GLCs. The chemicals were purchased from Sigma Aldrich and used as received. The
GLCs were assembled using the Naiad-1 system from Vitrotem. The latter enabled the
automation of GLCs assembly in less than ten minutes and moreover, 5 liquid cells could be
prepared simultaneously. The grids were first placed in the flow cell to be etched for 5 hours.
The TEM grid is placed on the grid carrier together with blotting paper. 1uL of gold precursor
solution is placed on the grid and the graphene is then automatically deposited by the Naiad
system via the transfer loop placed on the loop carrier. The equipment comprised an etching
solution, a buffer solution, ethanol, water, a loop cartridge, a disk carrier and TEM grids. A
single layer of graphene was deposited on the TEM grids to have an optimal resolution during
the experiment. After assembly, the GLCs were ready immediately to be examined in the
microscope.

The gold NP dynamics was probed in real time using an aberration-corrected JEOL ARM 200F
equipped with a cold-FEG. High resolution TEM imaging was performed at 80 kV in continuous
capture mode (25 frames per second) with a One-view camera from Gatan. Upon the
assembly of the GLCs, liquid pockets are formed in several areas, within which the formation
and growth of gold NPs take place. These pockets (1-2 microns) are inspected in a first time
at a lower magnification and then zoomed in at atomic scale to examine the growth of NPs
by OR. HRTEM imaging was carried out at an electron dose rate of

3 10° electrons A2 s,

4.2 Atomic-scale simulations
We performed MC simulations in the canonical ensemble and based on the Metropolis
algorithm according to a Boltzmann type probability distribution to relax the structures. 4

The Au-Au interaction is modeled by a N-body potential derived from the second moment

8
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approximation (SMA) of the tight-binding (TB) scheme.*? This approach is particylaglyWells 5o
adapted for transitions and noble metals, where cohesive properties are driven by the d-
electron band. Regarding the TB-SMA potential more details can be found in Ref. 43 which
illustrates the transferability of the potential. The atomic interaction potential in
implemented in a MC code using the open source large-scale Atomic/Molecular Massively
Parallel Simulators (LAMMPS) package.** In the canonical ensemble, the MC procedure
consists of a series of cycles in which random displacement moves of Au atoms are attempted
and corresponding to a series of macro-step. Each macro-step randomly performs
displacement moves for Au atoms. Typical runs consist of 102 external MC loops, each of them
randomly performed 102 atomic displacement trials. This number of macro-steps is large
enough to reach the equilibrium state. Lastly, the average quantities are computed over the
second half of the final MC steps. Concerning the amorphous structures, they have been
obtained by performing simulated annealing. In this process, the ordered structures are
heated to 1000 K, above the melting temperature, to generate amorphous configurations.

These are then cooled down to 5K to obtain fully relaxed structures.

4.3 Multi-slice HRTEM image simulations

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Simulated HRTEM images were computed based on dynamical theory using the Dr. Probe

software package® and the multi-slice method.*® This software was chosen due to its

Open Access Article. Published on 09 March 2026. Downloaded on 3/31/2026 2:11:05 PM.

compatibility with scripting languages such as Python, which streamlines the process of

(cc)

generating large volumes of images. All simulation parameters are listed in Table S1 in Sl and
correspond optical parameters of the double aberration-corrected JEOL ARM200F electron

microscope.
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Figure 1. (a) Low magnification TEM image of a graphene liquid pocket just after the
nucleation burst of gold NPs. (b) Size distribution of amorphous clusters in red and crystalline
NPs in black. (c) HRTEM image of crystalline NPs (black square) and amorphous clusters (red
square) in a GLC. The Fourier transforms on the right show that only the signal of multilayer
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graphene is detected in the red area, where several amorphous clusters are obseyved, Whi
the signal of the gold lattice (indicated by white arrows) is seen in the black area.
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Figure 2. HRTEM image series with the corresponding Fourier transform below each image,
on which the signal of the gold lattice is indicated by white arrows. The acquisition time and
the size of the observed NPs are indicated in the top left and right corners of HRTEM images,
respectively. (a) Nucleation and growth by monomer attachments of an amorphous cluster
that crystallizes when its size reaches 2.1 nm (see associated video V2 in SI). (b) Complete
isotropic etching of a truncated octahedron that loses its crystallinity when its size reaches
1.9 nm (see associated video V3 in Sl).
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Figure 3. Ultra-fast amorphization and recrystallization of a 2.3 nm gold NP under etching.
HRTEM image series with the corresponding Fourier transform below each image, on which
the signal of the gold lattice is indicated by white arrows. The acquisition time is indicated in
the top right corner of HRTEM images (see associated video V4 in Sl).
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Figure 4. Monte Carlo simulations performed within a tight-binding framework at 150 K
showing the total energy difference between 10 amorphous NPs and a FCC monocrystalline
nanocrystal as a function of the number of atoms. The grey dots correspond to the energy
differences calculated for each amorphous NP and the black dot is to the average total energy
of all the amorphous configurations. The corresponding size of the NP is indicated next to
each data point. The 3D representations of an amorphous and a cuboctahedral NP extracted
from the Monte Carlo simulations are shown in the insert.
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