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Size-Focusing of Au Nanoparticles through
Dissolution—Renucleation Process Imaged with In Situ TEM

Wenhui Wang, Mingyun Zhu, Ivan Erofeev, Guoming Lin, Kuibo Yin, Litao Sun,

and Utkur Mirsaidov*

The transformation of large polydisperse nanoparticles (NPs) into

small monodisperse ones by adding ligands is an important and powerful
post-synthesis method for tuning the size and morphology of NPs. However,
the mechanism of this widely used process is not well understood. Here, using
in situ liquid-phase transmission electron microscopy (TEM), we show that the
steps of this transformation are a complete dissolution of the original NPs and
a subsequent renucleation and growth of new, smaller, uniformly-sized NPs.
This work offers mechanistic insights into the synthesis of monodisperse NPs
and highlights the importance of direct imaging in identifying the physical
and chemical details of nanoscale processes that occur in a liquid phase.

1. Introduction

Monodisperse sub-10-nm nanoparticles (NPs) are highly ap-
pealing for applications in catalysis,'*] energy storage,[*3! and
biomedicine.[®’] For example, it is well known that the cat-
alytic performance of NPs depends on their size, shape, and
composition.’ %) Hence, to accurately assess how shape or
composition affects the activity of NP catalysts, one must use

W. Wang, M. Zhu, G. Lin, U. Mirsaidov
Department of Physics

National University of Singapore

Singapore 117551, Singapore

E-mail: mirsaidov@nus.edu.sg

W.Wang, M. Zhu, I. Erofeev, G. Lin, U. Mirsaidov
Centre for Biolmaging Sciences

Department of Biological Sciences

National University of Singapore

Singapore 117557, Singapore

M. Zhu, K.Yin, L. Sun

SEU-FEI Nano-Pico Center

Key Laboratory of MEMS of the Ministry of Education
Southeast University

Nanjing 210096, China

I. Erofeev, U. Mirsaidov

Centre for Advanced 2D Materials and Graphene Research Centre
National University of Singapore

Singapore 117546, Singapore

U. Mirsaidov

Department of Materials Science and Engineering
National University of Singapore

Singapore 117575, Singapore

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.202501033

DOI: 10.1002/smtd.202501033

Small Methods 2025, 9, e01033

€01033 (1 of 7)

monodisperse NPs as a test system.
The common one-step wet chemical
synthesis approach'''*] to produce
monodisperse sub-10-nm NPs requires
fine-tuning of solvents,[’®] ligands,[1¢-18]
additives,[*! and the temperaturel?)! at
which these NPs are synthesized,?!!
making the process laborious and time-
consuming. Alternatively, monodisperse
NPs can be obtained from NPs with
an arbitrary size distribution through a
post-synthesis process known as diges-
tive ripening.!?223 The key steps involved
in the digestive ripening have been
identified as 1) breaking the polydisperse
NPs in a colloid into smaller NPs by the addition of ligands, 2)
isolating this colloid from the reaction side products, and 3) heat-
ing the isolated colloid in the presence of the ligand molecules to
form monodisperse NPs.!?*] The most interesting chemistry be-
tween the NPs and ligands happens in the first step, where small
NPs are generated upon the addition of ligands into the polydis-
perse NPs. The primary role of ligands is to regulate NP shape
and size by selectively binding to specific crystal facets, thereby
slowing their growth relative to other facets, and to stabilize the
NP surface sterically or electrostatically, preventing uncontrolled
aggregation and limiting overall size.['®17%] However, beyond
these intended functions, ligands can also cause unintended ef-
fects, such as cracking or dissolving NPs.[??] For example, smaller
metallic NPs can be obtained by increasing the ligand-to-metal
molar ratiol??) or by increasing the binding energy of the ligand
to the metal.[?®] Earlier studies attributed the formation of small
NPs to ligand-induced cracking of larger NPs at defects and/or
with mass transfer from large NPs to smaller ones.?22¢2] The
driving force here is the strong binding of ligands to the NP sur-
face, which significantly decreases the effective surface energy of
the NP (and even makes this energy negative).*%! The global min-
imum of free energy in such a ligand—NP system is thus reached
when mass is transferred from bigger particles to the smaller
ones, such that all particles become identical in size. This mass
transfer process is opposite to the Ostwald ripening process and
thus can be used to generate monodisperse colloids. However,
this proposed transformation path is deduced only from indirect
observation (i.e., by comparing the initial and final NPs)[222931]
and lacks validation based on direct evidence. Hence, it remains
unclear whether the product NPs evolve from splitting or etching
of initial NPs into smaller ones by ligands,3!] or by their partial
or complete dissolution, renucleation, and growth into smaller
monodisperse NPs.
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Figure 1. As-prepared and thiol-treated Au NPs. A) Schematic illustration of a transformation of polydisperse Au NPs into small monodisperse Au
NPs in an IPA solution of NDT. B) TEM image (left) of as-prepared polydisperse Au NPs. Low- and high-magnification TEM images (middle and right,
respectively) of NDT-treated Au NPs. Red and yellow lines mark the spacings of Au {200} and {111} crystal planes, respectively. C) Comparison of Au

NP size distributions before and after thiol treatment.

To better understand the NP-ligand interactions, we need to
draw a direct connection between the disappearance of large NPs
and the appearance of uniform small ones inside the ligand so-
lution. Time-resolved direct imaging in liquids via TEM allows
the full sequence of transformations to be tracked, unequivo-
cally connecting the starting NPs to the products.3**] Here,
using in situ liquid-phase TEM imaging, we investigated how
large polydisperse Au NPs evolve into monodisperse NPs in an
isopropanol (IPA) solution with 1,9-nonanedithiol (NDT) as lig-
and. Our results reveal that the transformation is a two-step pro-
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cess, where the initial NPs are first etched by the ligands un-
til they fully dissolve into the solution, followed by nucleation
of new NPs from the solution, which grow into monodisperse
sub-10-nm NPs.

2. Results and Discussion

Polydisperse Au NPs (Figure 1B; Figure S1, Supporting Informa-
tion) were synthesized via the reverse micelle approach using di-
dodecyldimethylammonium bromide (DDAB) surfactants.[2428]

© 2025 Wiley-VCH GmbH
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Figure 2. In situ evolution of Au NPs in NDT solution. A) In situ liquid-phase TEM image series showing the evolution of Au NPs in an IPA solution

containing NDT (Video S1, Supporting Information). The image series was acquired with an electron flux of ~ 1 e A% B) Enlarged view of Au NPs
in the boxed regions shown in (A) (Videos S2-S4, Supporting Information). C) Changes in the number and the size distribution of Au NPs within the
boxed regions in (A-B). t, corresponds to the time point when the dissolution of the NPs was first noted.

To test the functionality of NDT as a ligand, we treated the
as-prepared Au NPs with 60 mm NDT in IPA at room tem-
perature (see the Experimental Section). Note that we used
a non-aqueous solvent because thiols are insoluble in wa-
ter, and we arrived at the optimal ligand concentration of
60 mm through numerous screening tests (Figure S2, Sup-
porting Information). After the NDT treatment, the polydis-
perse Au NPs transformed into smaller monodisperse spheri-
cal Au NPs with a narrow size distribution (Figure 1B,C). To
generalize this post-synthesis treatment method, we also ex-
plored two other thiol-containing molecules as ligands, and in
both cases, the polydisperse Au NPs were converted into sub-
10-nm monodisperse Au NPs (Figure S3, Supporting Informa-
tion). Moreover, we also confirmed that a single NDT treat-
ment step is enough to achieve this monodispersity (e.g., the
NPs after four repeated treatments are very similar to those af-
ter a single thiol treatment, as shown in Figure S3, Supporting
Information).
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To understand how polydisperse Au NPs evolve into monodis-
perse NPs in an NDT solution, we tracked the process using
in situ liquid-phase TEM. Figure 2A shows that most of the
NPs were fully etched and disappeared after introducing the
NDT solution into the liquid cell, with smaller-sized NPs dis-
appearing earlier than the larger ones (Figure 2A, ¢t — t, = 0
— 100 s). As the original NPs dissolve, new NPs start to nucle-
ate everywhere in the solution in a more or less uniform man-
ner across the entire field of view (Figure 2B,C). This nucle-
ation and growth process is consistent with the LaMer model
of burst nucleation.[®>*] It is worth mentioning here that even
in our control benchtop synthesis experiments, we occasionally
find NPs with diameters of less than 3 nm (Figure S4, Support-
ing Information), which, again, is indicative of nucleation and
growth.

Since in situ studies are conducted under an electron beam
and on a SiN, surface, it is important to consider their impact
on the observed processes.[83%1 To assess the effect of the beam,
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Figure 3. Dissolution and growth of Au NPs in NDT solution. A) In situ liquid-phase TEM image series showing (i) the dissolution and (ii) the splitting
(Video S5, Supporting Information) of Au NPs. B) In situ liquid-phase TEM image series showing the growth by (i) monomer attachment and (ii)
coalescence (Video S6, Supporting Information) of Au NPs. ty corresponds to the time point when the dissolution of the NPs was first noticed. The

. . . . A2 -
image series was acquired with an electron flux of & Te"A™"s™".

we performed multiple control experiments. First, we replaced
the NDT (in IPA) solution with pure IPA and imaged the NPs
with a similar electron flux. The NPs remained stable under
these conditions, with no evident dissolution and nucleation of
new NPs (Figure S5, Supporting Information). Second, we com-
pared in situ synthesized NPs under typical imaging conditions
with benchtop-synthesized NPs, and for both cases, we found
the nanocrystals to have similar size and morphology (Figures 1
vs 2; Figure S6, Supporting Information). Finally, we increased
the electron flux to probe its effect on the final NPs morphol-
ogy and found that for a typical electron flux of 1 &= A~2 7!
or less used throughout our study, the in situ synthesized NPs
were similar to the benchtop-synthesized ones (Figures S7 and
S8, Supporting Information). To exclude the effect of substrates
(i-e., carbon film of a TEM grid or SiN, film of a liquid cell)
on which our size-focusing studies were performed on the dis-
solution and nucleation of NPs in the NDT solution, we com-
pared the NPs obtained from the same reaction conditions but on
different substrates. Figure S9 (Supporting Information) shows
that polydisperse Au NPs transformed into monodisperse NPs
when the reaction was carried out i) inside a solution, ii) on
an FDTS-treated hydrophobic substrate, and iii) on an APTES-
treated hydrophilic substrate, as those seen on a carbon film or
bare SiN, film (Figures 1B and 2A vs Figure S9, Supporting Infor-
mation). Hence, we conclude that the substrate has no significant
effect on the observed transformation of polydisperse NPs into
sub-10-nm NPs.

We took a detailed look at how individual NPs transform
during the reaction. The initial dissolution of large NPs occurs
mainly through two pathways, as shown in Figure 3A: i) di-
rect dissolution and ii) the splitting of big NPs into smaller
ones, followed by dissolution (Figure S10, Supporting Informa-
tion). Growth also occurs through two pathways, as shown in
Figure 3B: i) growth by monomer addition and ii) coalescence.
It is worth noting that while the coalescence of NPs at different
stages of their growth can produce NPs with varying sizes,[*041]
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it is a rare event, and only <1% of the final NPs here are formed
through coalescence.

Based on the presented data, the NP dissolution, nucleation,
and growth can be understood as follows. The original solu-
tion contains Au NPs capped with DDAB surfactant molecules.
Thiol-containing ligands have a much stronger affinity to Au than
DDAB, so when NDT is added to the solution, the NP surface
undergoes ligand exchange. Due to the strong S—Au bonding,
the adsorption of thiols on the surface of the Au NP weakens the
bond between the surface Au atoms and their nearest neighbors
(Figure S11, Supporting Information).l*”) When a thiol ligand de-
taches from the surface of the NP, it removes one Au atom. Over
time, thiols etch the original NPs, saturating the solution with
Au atoms. As Au atoms rapidly diffuse and spread uniformly in
the solution, saturation occurs everywhere simultaneously, lead-
ing to the rapid nucleation and growth of NPs everywhere. As Au
atoms in the solution are depleted, growth stops everywhere si-
multaneously, producing NPs of similar size that are stabilized
by NDT ligands in the solution, preventing their aggregation
(Figure 2C).

While the dissolution-renucleation process produces uniform
NPs, there is another process that may impact the size dis-
tribution of these NPs. At later stages of the growth, as the
density of smaller NPs increases, some NPs may grow at the
expense of others through Ostwald ripening. This, in turn, may
broaden the size distribution as some NPs get larger, as shown
in Figure 4.1 While this is not a significant issue because
we found that only 5% undergo the Oswald ripening, our di-
rect observation provides insight into how to further improve the
monodispersity of the NP. Since Ostwald ripening happens at a
later stage of the growth, after the uniformity has already been
achieved (Figure 4B: t — t, = 205 — 421 s), one can envision
quenching the reaction earlier, before the onset of the Ostwald
ripening.

Another factor to consider is the impact of temperature
on size-focusing, as temperature affects the rate of ligand
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Figure 4. Ostwald ripening of Au NPs in NDT solution. A) In situ liquid-
phase TEM image series showing the Ostwald ripening of two adjacent Au
NPs from region Il, displayed in Figure 2. B) Diameter of NPs (in region
Il shown in Figure 2) as a function of time, showing the broadening of
their size distribution caused by Ostwald ripening at the later stages of the
growth (t —ty > 250 s). The curves are the Gaussian fits to the distribution.

. . . . -2
The image series was acquired with an electron flux of ~ Te"A™"s™1.

exchange.[22%] To investigate the effect of temperature on the
growth process, morphology, and size distribution of the NPs,
we first introduced the as-prepared Au NPs into an 80 °C NDT
solution and examined the products of the reaction. Figure 5A
shows that the reaction at 80 °C also produces monodisperse
spherical Au NPs, similar to those formed at room temperature.
However, in this case, we found that the NPs tend to cluster to-
gether. Interestingly, NPs in the clusters possess aligned lattice
orientations, as suggested by the selected area electron diffrac-
tion image in Figure 5A. Note that this clustering is not caused
by capillary forces during drying of the NPs on a TEM grid be-
cause a similar clustering process can also be seen in solution in
in situ liquid-phase TEM image series (Figure 5B). These image
series reveal that initially, several NPs nucleate and grow closely
to each other without coalescing (Figure 5B, t — t, = 18 s) un-
til they reach a stable size of ~8 nm (Figure 5B, t — t, = 44 s).
While it is beyond the scope of this study, it is worth noting that
the growth of NPs in assembled clusters during rapid growth at
higher temperatures is not unusual and often attributed to bal-
anced attractive and repulsive interparticle interactions between
ligand-capped NP.[*¢]

3. Conclusion

In conclusion, by directly following the size-focusing of Au NPs
with liquid-phase TEM, we identified the steps involved in this
process. These steps are: 1) the dissolution of initial polydis-
perse NPs induced by the thiol functional groups of ligands,
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followed by 2) the subsequent nucleation and growth of new,
smaller monodisperse NPs. These observations contrast with ear-
lier indirect studies that attribute size-focusing of NPs to etch-
ing and splitting processes. Hence, our study provides valuable
insights needed to synthesize uniform NPs for a wide range of
applications.

4. Experimental Section

Materials: ~ Following reagents were used in this study: Gold(lIl) chlo-
ride trihydrate (HAuCl,-3H,0, Cat. No. 520918, Sigma—-Aldrich Co., St
Louis, MO, USA), sodium borohydride (NaBH,, Cat. No. 452882, Sigma—
Aldrich Co., St Louis, MO, USA), 1,9-nonanedithiol (NDT, Cat No. N29805,
Sigma—Aldrich Co., St Louis, MO, USA), didodecyldimethylammonium
bromide (DDAB, Cat No. 359025, Sigma—Aldrich Co., St Louis, MO, USA),
1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS, Cat. No. AB111155,
abcr GmbH, Karlsruhe, Germany), 3-aminopropyltriethoxysilane (APTES,
Cat. No. AB110815, abcr GmbH, Karlsruhe, Germany), isopropanol (IPA,
Cat, No. VWRC20882.320, VWR Singapore Pte Ltd, Singapore), and
toluene (Cat No. 179418, Sigma—Aldrich Co., St Louis, MO, USA).

Polydisperse Au NPs Synthesis: Polydisperse Au NPs were synthesized
using a slightly modified reverse micelle method described by Prasad
et al.[*748] Specifically, 20 mg of HAuCl,-3H,0 was dissolved in 5 mL of
15 mm DDAB toluene solution and ultrasonicated for 5 min. Then, 60 uL of
4 m freshly prepared NaBH, aqueous solution was added to this mixed so-
lution dropwise while stirring mildly with a magnetic stir bar. After stirring
the reaction solution for 15 min, Au ions are reduced completely, forming
NPs, and the color of the solution turns dark purple.

Thiol Treatment on As-Prepared Polydisperse NPs: A simple post-
treatment approach was adopted for the as-prepared NPs. First, 3 L of
as-prepared polydisperse Au NPs dispersion was drop-cast onto a copper
grid with carbon film. The grid was dried under ambient conditions for
5 min. Then, 5 pL of 60 mm NDT in IPA solution was drop-cast onto the
grid. The grid was again left to dry under an ambient condition. The drop-
casting of the thiol solution was repeated at four different time points,
following the same procedure as described above for studies shown in
Figure 1B and Figure S3 (Supporting Information). For thiol treatment at
elevated temperature, after drop-casting the thiol solution, the grid was
dried at 80 °C for 10 min in an oven.

In Situ Liquid-Phase TEM Experiments: For room-temperature in situ
liquid-phase TEM studies, liquid cells comprising two custom-fabricated
chips with a 25-nm-thick SiN, window were used.[’l Approximately 500 nL
of as-prepared Au dispersion was drop-cast onto the bottom chip and al-
lowed to dry at ambient conditions. The top and bottom chips were as-
sembled together and sealed within a liquid flow holder (Hummingbird
Scientific, Lacey, WA, USA) after their SiN, film windows were aligned. Af-
ter checking and confirming that there were no leaks in the flow cell, the
entire assembly was loaded into a TEM for in situ imaging. A 60 mm NDT
in IPA solution was introduced into the cell through fluid tubing (with a
diameter of 200 um and length of ~50 cm) at a flow rate of 2 uL min~!
using a syringe pump, and the reaction was imaged in real time. After
the start of the flow, it usually took a couple of minutes for the liquid to
reach the window area of the liquid cell and come into contact with the
Au NPs.

For in situ heating studies, liquid cells comprising one custom-
fabricated top chip and one heating bottom chip were used. The heat-
ing chips were calibrated using the software and parameters provided by
Hummingbird Scientific, and the temperature was calculated based on the
resistivity of the heating element. The temperature fluctuation during the
experiment was ~+10 °C. Heating was initiated along with the flow of the
thiol solution.

Imaging and Image Processing: For the study, two TEMs were used.
High-resolution TEM (HRTEM) and STEM images were acquired using
a 300 kV Titan TEM (Thermo Fisher Scientific, Hillsboro, OR, USA) and
a Gatan K2 IS CMOS camera (Gatan Inc., Pleasanton, CA, USA). The
in situ liquid-phase TEM studies were performed using a 200 kV JEOL
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Figure 5. Au NPs ensembles formed in NDT solution at 80 °C. A) TEM image of benchtop-synthesized Au NP clusters after 60 mm NDT solution
treatment at 80 °C, size distribution of product NPs, and selected area electron diffraction of one NP cluster. B) In situ TEM image series of the growth
stage of the digestive ripening process, which displays the nucleation and growth of monodisperse NPs into clusters in 60 mm NDT (in IPA) solution

at 80 °C (Video S7, Supporting Information). The image series was acquired with an electron flux of ~ 1 e A%,

2010F TEM (JEOL Ltd., Tokyo, Japan) equipped with a Gatan OneView
camera (Gatan Inc., Pleasanton, CA, USA). The in situ image series was
acquired at a rate of 5 frames per second, using an incident electron flux of
<1e A%

All image processing algorithms for the analysis of in situ image
series files were written in Python 3.70°1 using Numpy,®"l Scipy,[*0]
OpenCV,152] HyperSpy,[*3] and matplotlibl>¥] libraries. The raw dm4 for-
mat files (Gatan Inc., Pleasanton, CA, USA) were converted into 8-bit.png
images. The images were first scaled down by a factor of 2, and then
the image sequence was drift corrected using cross-correlation template
matching,>®] followed by averaging over 2-10 frames, depending on
the contrast of the images, to improve the signal-to-noise ratio. After
these preprocessing steps, the boundaries of selected NPs were manually
segmented.

Statistical Analysis:  The number of NPs and their corresponding sizes,
displayed in histograms in Figures 1C, 2C, and 4B, were manually counted
and measured.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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