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Using liquid cell TEM, we imaged the formation of CoO nano-

particle rings. Nanoparticles nucleated and grew tracing the

perimeter of droplets sitting on the SiNx solid substrate, and finally

formed necklace-like rings. By tracking single nanoparticle trajec-

tories during the ring formation and an estimation of the forces

between droplets and nanoparticles using a simplified model, we

found the junction of liquid nanodroplets with a solid substrate is

the attractive site for CoO nanoparticles. Coalescing droplets were

capable of pushing nanoparticles to the perimeter of the new

droplet and nanoparticles on top of the droplets rolled off toward

the perimeter. We propose that the curved surface morphology of

the droplets created a force gradient that contributed to the

assembly of nanoparticles at the droplet perimeter. Revealing the

dynamics of nanoparticle movements and the interactions of

nanoparticles with the liquid nanodroplet provides insights on

developing novel self-assembly strategies for building precisely

defined nanostructures on solid substrates.

There has been significant recent interest in the self-assembly
of nanoparticles to form thin films or other patterned
structures for the application of nanoparticles in functional
devices, such as solar cells, batteries, electronics, and infor-
mation storage. Bottom-up self-assembly is highly promising
for building complex nanostructures with well-defined
patterns and geometries using nanoparticle building blocks.
van der Waals forces,1 electrostatic or magnetic forces,1,2 capil-

lary forces,3,4 liquid flow,5,6 etc., can be exploited to control the
motion of individual nanoparticles for self-assembly. In
addition, other physical or chemical means, such as Pickering
emulsions,7 micellization,8 etc., may be used for nanoparticle
self-assembly. A wide variety of patterns from nanoparticle
self-assembly ranging from one-dimensional chains to two-
dimensional thin films and three-dimensional crystals has
been achieved.6,9–13 Nanoparticle rings are a two-dimensional
structure which could offer plasmonic properties useful for
solid-state devices, such as antennae or waveguides.14 Solution
based nanoparticle self-assembly has been demonstrated
previously for making nanoparticle rings, for instance, Co
nanoparticle ring formation by magnetic dipole-directed self-
assembly or evaporation-driven hole formation in viscous
wetting layers,2 Ag nanoparticle rings by protein templates,15

and solvent drying mediated nanoparticle coffee rings.5

Many previous studies are on the macro-scale. There are
limited studies on nanoparticle self-assembly with liquid
nanodroplets.

The nanodroplets of liquids with a circular liquid–gas–solid
contact line may be used as a template for nanoparticle self-
assembly into rings. The non-uniform curvature of sessile
nanodroplets near solids provides unique properties. The
contact line front is a transition region, where the liquid/solid/
gas coexist and nanoscale forces exist in very short distances.
In this transition region, the droplet surface is not only a
simple liquid/gas interface but it is also affected by inter-
actions with the substrate. There is competition between long-
range forces from the substrate and capillary forces on the
droplet surface.16 This transition region is typically in the
1–2 nm range.17 which is negligible for macroscale droplets.
However, it may dominate the behavior of nanodroplets and
play a critical role for nanoparticle self-assembly. The direct
observation of nanoparticle ring formation with nanodroplet
templates may provide critical insights on the properties of
liquid nanodroplets and future practical applications.

In the past few years, in situ liquid cell TEM has been
demonstrated as an effective method for the study of dynamic
nanoscale systems in solution, including nanoparticle nuclea-
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tion and growth,18–20 nanoparticle coalescence1,21 and the self-
assembly of super-lattices.22 Many previous liquid cell
studies focused on solid nanocrystals suspended in a liquid
and rarely involved the analysis of the interfaces of liquid dro-
plets on a solid. Recently, Lin et al. reported a liquid cell TEM
study of the self-assembly of small nanoparticle rings using
nanodroplets dispersed in solution. This study described the
liquid/liquid interfaces and its interaction with nanoparticles
leading to a Pt nanoparticle assembly.23 The droplets were
on the same size order as the nanoparticles and of about
5 nanoparticles. In this work, the sessile liquid droplets on a
solid with a triple-phase (solid/liquid/gas) junction provide a
new scenario for nanoparticle growth and assembly. We used
in situ liquid cell TEM to study CoO nanoparticle ring
formation at the solid/liquid/gas interfaces of liquid nano-
droplets on a solid silicon nitride substrate. These rings
consist of ten or a hundred nanoparticles per ring. We show
that these structures are maintained upon drying of the thin
liquid droplets. We quantify the growth, dynamics, and forces
involved to elucidate the mechanism and parameters of the
process.

Window-type liquid cells were fabricated with a micro-fabri-
cation process reported previously.24 100 μm ultra-thin silicon
wafers with a 15 nm SiNx membrane were used and the
viewing windows formed on each chip. The top and bottom
chips were assembled face to face, separated by an indium
spacer, forming a 100–120 nm thick gap between the windows
(refer to the schematic diagram in the table of contents). The
reaction solution was prepared by dissolving 1 mmol of Co
(acac)2 in oleylamine, oleic acid and benzyl ether (12 : 4 : 1 in
volume and 10 ml in total). 10 nL of the growth solution was
injected into the cavity, forming a liquid layer sandwiched
between the viewing windows. The cell was then sealed with
epoxy before loading into the TEM as a standard sample.
In situ TEM experiments were carried out in a JEOL 2100 TEM
(LaB6 filament) operating at 200 kV. Movies and images were
captured by a Gatan CCD camera during the experiments and
analyzed with imageJ and Matlab.

When the electron beam illuminated the liquid film
(∼100 nm thick), a very thin liquid layer was created on the
SiNx membrane by liquid film being pushed away.
Subsequently, the liquid layer was ruptured, forming many
small droplets (typically <10 nm diameter). These liquid nano-
droplets tended to coalesce, as seen in ESI Movie S1 and
Fig. S1.† After the liquid nanodroplets formed, we reduced the
electron beam intensity for imaging (from ∼103 e− Å−2 s−1 to
∼10 e− Å−2 s−1). Most nanoparticles nucleated and grew
around the droplet perimeters, forming necklace-like nano-
particle rings while the electron beam was maintained. In
addition, nanoparticles grew around the droplet, resulting in
ring widening locally and nanoparticles being squeezed out of
the ring, as shown in ESI Movie S2.†

To obtain detailed information on the nanoparticle ring for-
mation, we tracked and analyzed nanoparticle sizes over time
in one typical nanoparticle ring from ESI Movie S2,† as shown
in Fig. 1A. As shown in Fig. 1B, the average particle diameter

increases approximately linearly from 2 nm to 4 nm over the
course of 5 minutes. However, the diameter variance shows a
two-stage evolution; the size distribution is sharpening at an
early stage and then broadening (Fig. 1B and C). At the early
stage, the size focusing is mainly due to smaller nanoparticles
growing faster than larger ones. Moreover, as proposed in our
previous in situ liquid cell study of Pt nanoparticles,25 nano-
particle coalescence is a pathway for nanoparticle size focus-
ing. Small nanoparticles coalesce into larger particles followed
by a relaxation period, allowing these particles to catch up to
form larger simple growth particles. During the nanoparticle
ring growth, the reagent was supplied by the droplet, making
the total reagent in one droplet finite and decreasing over
time. In the later stage of growth, Ostwald ripening was
observed, leading to nanoparticle size broadening.

More ex situ TEM characterizations were performed to
investigate the nanoparticle ring structure and composition.
Liquid cells were disassembled and dried. The reaction areas
are reserved for further analysis. With lower magnification
TEM images, large numbers of rings were found within the
beam illuminated area, as shown in Fig. 2A. The nanoparticle
rings in our experiments show a wide range of sizes from tens
to hundreds of nanometers in perimeter (histogram inset
Fig. 2A) with the nanoparticles traced around the original
droplet perimeter. Regardless of ring sizes, the average dia-
meter of the nanoparticles is ∼4 nm, reflecting the size distri-
bution of terminated growing nanoparticles. By HRTEM, nano-
particles on the ring are highly crystalline (Fig. 2B). These
nanoparticles are possibly Co or Co oxides. By carefully com-
paring the measured lattice with Co and Co oxides (i.e., CoO,
Co2O3 or Co3O4), a cubic CoO with lattice constant a = 0.43 nm
was identified (Fig. 2C). EDS mapping and spectra were
further acquired using an FEI titan equipped with super-EDX,
and the STEM mode was employed to get the localized elemen-
tal distribution. EDS mapping by the Co L-edge (Fig. 2C and
Fig. S2†) illustrates the Co composition for clarity; while O was
found everywhere (not shown) due to the oxygen content in
the liquid residue.

In order to understand the evolution of nanoparticle assem-
bly, the dynamics of the nanoparticles and droplets were
tracked and the forces that the droplets exerted on the nano-
particles were estimated. Fig. 3A and B show the sequential
images of nanoparticle motion between two coalescing dro-
plets from ESI Movie S3.† Nanoparticles were pinned on the
droplet perimeter and pushed forward by the contact bridge
between the droplets. Nanoparticles were finally extruded out
to the newly-formed droplet perimeter. Fig. 3C gives the trajec-
tory of the nanoparticles and droplets, which reveals that the
motions of the nanoparticles were perpendicular to the
droplet coalescing direction. This clearly shows that nano-
particles were squeezed in the gap between a newly formed
droplet and another droplet. It is likely that the compressive
force exerted by the droplets on both sides aligned and verti-
cally stacked the nanoparticles (see nanoparticles 1 + 4 and 2 + 3
in Fig. 3A) in the gap. This chain of double stacked nano-
particles was fixed in the gap, which probably prevented
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Fig. 1 In situ TEM observation and analysis of the CoO nanoparticle ring evolution in a liquid cell. (A) Selected image sequence of one nanoparticle
ring (colored) from Mov. S2.† (B) Statistics on data of nanoparticle size as a function of time; black solid dot refers to nanoparticle average diameter
(left side scale), blue open square dot refers to diameter variance (right side scale). (C) Histograms reflecting nanoparticle size distribution evolution
by time. Colored rings in (A), dots in (B) and histogram in (C) correspond to each of the four time points that have the same color.

Fig. 2 Characterization of the CoO nanoparticle rings. (A) TEM image shows a mass of as-grown rings within the beam irradiated area. The histo-
gram gives statistics on the ring size. (B) HRTEM image of the highly crystalline nanoparticles, nanoparticles are colored. (C) HRTEM and corres-
ponding FFT (inset) indicate a zone axis along CoO [0 0 1]. (D) STEM-EDX elemental mapping (right) reveals Co in the ring within the yellow squared
area (left).
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further droplet coalescence. During the coalescence process,
there appeared to be strong repulsive forces between the nano-
particle and the droplet surface such that nanoparticles did
not merge into the droplet. This clear interface between the
nanoparticles and droplet can be seen in the images of
Fig. 3A. We consider two important factors that may contribute
to the maintaining of a distinct liquid droplet. Firstly, a repul-
sive nanoparticle surface may have formed from the oleyl-
amine surfactant molecules covering the nanoparticles.18,26

Secondly, a very small droplet radius leads to a high capillary
pressure difference Δp across the interface, as described by the
Young–Laplace equation Δp = 2γ/R, in which γ is the surface
tension and R is the radius of curvature.

We also investigate the overall droplet kinetics in order to
elucidate the unique behaviors of liquid nanodroplets com-
pared with macro scale droplets. Nanoparticle rings made low
contrast droplet perimeters more visible when observing
droplet behavior. Two typical values were tracked during the
droplet coalescence, a contact bridge width Wb (Fig. 3E and F)
and the combined length La+b (Fig. S4†). As shown in Fig. 3E,

with an initial size ratio of ∼1 : 1 for the two coalescing dro-
plets, Wb shows an expanding rate of ∼0.5 nm s−1. This
coalescence rate is size ratio dependent. With a large ratio of
2 : 1, coalescence slows down dramatically (Fig. 3F). With an
initial size ratio of ∼1 : 1, La+b gives a shrinking rate by
∼0.05 nm s−1. Comparing with macro scale counterparts,27

these nanodroplets show a several orders of magnitude slower
evolution speed (nm vs. μm), which is comparable with nano-
scale solid evolution, such as nanoparticle coalescence in a
liquid.28 It is likely that the high surface to volume ratio of the
nanodroplet leads to dominant surface effects, meaning inter-
actions with the substrate and nanoparticles slow down the
droplet coalescence and movement.

As the TEM images only give a projection of the assemblies
and droplets, the 3D profile could not be revealed directly.
However, the 3D morphology of a liquid nanodroplet can be
inferred from the nanoparticle configuration and movements.
During the nanoparticle ring formation, nanoparticle motion
was strongly biased towards the droplet perimeter. We studied
this process by tracking the motion of nanoparticles in Movies

Fig. 3 Dynamic behaviors of nanoparticles and nanodroplets. (A) TEM image sequence from Mov. S3† and (B) its schematic illustration; four typical
nanoparticles are labeled with numbers and different colors to indicate their motions, with 1 and 2 stacked onto 3 and 4 by droplet squeezing,
respectively; all nanoparticles are aligned in the inter-droplet gap. (C) The trajectory of all the nanoparticles and coalescing droplets in (A) and (B)
reflects their motions. (D) Time-series TEM images show nanoparticle motions on a coalesced nanodroplet surface, with off-perimeter nanoparticles
finally trapped on the nanoparticle ring; inset, schematic illustration gives a cross-section view. (E and F) Nanodroplet coalescence. (E) Coalescence
of two droplets shown with time-series TEM images; the contact bridge width Wb is indicated. (F) Wb by time. Blue boxes correspond to (E).
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S1 and S3† and comparing them to a control video of the
motion and assembly with no liquid droplets. In the control
video (ESI Movie S4†), nanoparticles were assembled into a
2-D lattice on the flat substrate. To illustrate the relevant dis-
tances of these interparticle forces, we measured the distance
over time of pairs of particles. The results in Fig. 4A demon-
strate that nanoparticles are strongly attracted only when the
surface to surface distance is <4 nm, which is on the order of
the particle diameter. By investigating the motion of several
particle trajectories, it is clear that the motion of nanoparticles
is uncorrelated for pairs of particles when separated by more
than 7 nm. These results are consistent with previous studies
and nanoparticles are attracted by weak magnetic and van der
Waals forces.22 On the contrary, nanoparticle trajectories when
influenced by droplets revealed a different behavior. Due to
the rapid droplet coalescence, it appears that some nano-
particles were lifted onto the droplet top surface (Fig. 4B).
These nanoparticles were found moving rapidly on the liquid
surface straight towards the droplet boundary (∼0.5 nm s−1,
accelerating slightly faster upon approaching the triple line).
The distance to the edge of the droplet is up to 15–20 nm,
such that nanoparticle force interactions alone would be too
weak to explain this behavior. These nanoparticles finally
stopped on the droplet perimeter and became part of the
nanoparticle ring. The average velocity profile in Fig. 4C
reflects that there is a clear directional force directing the
nanoparticle toward the droplet perimeter. This demonstrates
the 3D elevation of the droplet which drives the particles to

roll off toward the droplet perimeter as well as the attractive
forces from the particles in the ring.

To study nanodroplet morphology more quantitatively, we
analyzed stacked nanoparticles which lean on the droplet
surface to calculate a rough value of the contact angle for the
nanodroplet. The nanoparticle projection reveals the stacking
relationship as well as nanoparticle size, which can be used to
calculate the contact angle; detailed calculations are illustrated
in ESI.† According to our measurements, the average contact
angle of the droplet shown in Fig. 4D is ∼60°. Because of the
relatively large size of the nanoparticle (average 4 nm by
diameter), we cannot directly analyze the detailed profile of
the contact line.

As has been shown above, nanoparticle ring formation
appears to be related to the region near the triple-phase
contact circle. Nucleation was preferential in this region and
nanoparticles were fixed on the ring. We propose that the
nanoparticle interacts with droplet surface in this perimeter
region due to a gradient in curvature. As illustrated in Fig. 4D,
there is a transition region between the assumed spherical
profile and the contact line. A microscopic interpretation
shows that, at this front, the liquid–gas interface directly inter-
acts with the solid substrate. A transition region near the
contact front is formed to compensate for this surface
deformation and thus the profile of this region is no longer
ideally spherical. When the droplet size is nanoscale, a notable
deviation from the ideal spherical cap is expected. We calcu-
lated a transition region profile using a model accounting for

Fig. 4 (A) The surface-to-surface distance of pairs of nanoparticles were tracked over time. The control trajectories were measured on a flat
surface without droplets with both interacting particles (red) and non-interacting particles (blue). The particle velocities at each distance from mul-
tiple trajectories were averaged. (B) A sample TEM image showing particle motion (blue) toward the edge of droplet with a reference particle (black).
(C) Nanoparticle motion based on trajectory measurements between the blue particle and the red reference particle. Droplet height not to scale. (D)
Nanoparticle leaning and stacking on the droplet surface near the droplet perimeter; the stacking relationship is illustrated by red (1st), blue (2nd) and
yellow (3rd) labeled nanoparticles as illustrated in the lower diagram. Schematic illustration (bottom) of the sessile droplet transition region near the
contact line with the estimated contact angle.
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attractive Van der Waal forces29 and parameters from our
experimental results. The equation is given by

h ¼ tan θe x� δ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos θe

p arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos θe

p
δ0

� x
� �� �

ð1Þ

where h and x are droplet height and horizontal position from
droplet edge, respectively. δ0 is a distance given by

δ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A
12πγð1� cos θeÞ

s
ð2Þ

where θe is the equilibrium contact angle (1 rad is adopted in
calculation), A is the attractive Hamaker constant (e.g. SiNx–

water–air is on the order of 10−20 J (ref. 30)), 1 × 10−19 J is
adopted in the calculation, γ is the surface tension (e.g. oleyl-
amine (31.4 mJ m−2), oleic acid (32.79 mJ m−2), benzyl ether
(40 mJ m−2)), 30 mJ m−2 is adopted in the calculation. In
Fig. S7† we calculate a possible profile for droplets of different
sizes demonstrating that the transition region dominates an
area of about 2–3 nm on the edge of the droplets and may
introduce some effect on the curvature up to 10 nm from the
droplet edge. Surface curvature is an important factor in
nucleation and may explain the preference for particle nuclea-
tion near the contact line. Previous reports demonstrated that
crystals nucleate more readily on lower curvature surfaces.31

This is consistent with our results, in which the lowest curva-
ture part of the droplet occurs near the perimeter due to devi-
ation from the spherical cap. Interaction between nanoparticle
and droplet surfaces is driven by van der Waals forces. As the
nanoparticles grow on the droplet surface, the lower curvature
part should give a stronger attractive force while a higher cur-
vature corresponds to a weaker interaction (for more details,
see ESI†). This local curvature difference near the droplet peri-
meter may further explain why nanoparticles grow and assem-
ble around the liquid nanodroplet edge. All the free off-
perimeter nanoparticles on the droplet are collected by the
nanoparticle ring as they roll off the top or are squeezed
toward the perimeter by coalescing droplets.

In summary, we observed CoO nanoparticle ring formation
in a TEM liquid cell. CoO nanoparticles tracing a sessile nano-
droplet perimeter resulted in necklace-like rings. The ring size
varied depending on the size of the droplet template, but the
ring width reflects the nanoparticle average diameter of
∼4 nm. The rings were ideally circular in most cases with
nanoparticles fixed in a 2D circle. We propose that the nano-
droplet morphology contributes to the nanoparticle ring for-
mation: firstly, nanoparticle nucleation and growth prefer the
region near the perimeter; secondly, the curvature of the nano-
droplet creates a gradient force that drives nanoparticles to the
perimeter forming a ring. The nanoparticles retained their
geometry on the substrate after liquid removal, demonstrating
that this approach is viable for applications. Our study
suggests a novel bottom-up nanostructure fabrication strategy,
which could be applied to other materials systems in the
future.
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