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ABSTRACT: Colloidal nanoparticles are synthesized in a
complex reaction mixture that has an inhomogeneous chemical
environment induced by local phase separation of the medium.
Nanoparticle syntheses based on micelles, emulsions, flow of
different fluids, injection of ionic precursors in organic solvents,
and mixing the metal organic phase of precursors with an aqueous
phase of reducing agents are well established. However, the
formation mechanism of nanoparticles in the phase-separated
medium is not well understood because of the complexity
originating from the presence of phase boundaries as well as
nonuniform chemical species, concentrations, and viscosity in
different phases. Herein, we investigate the formation mechanism
and diffusion of silver nanoparticles in a phase-separated medium
by using liquid phase transmission electron microscopy and many-body dissipative particle dynamics simulations. A quantitative
analysis of the individual growth trajectories reveals that a large portion of silver nanoparticles nucleate and grow rapidly at the phase
boundaries, where metal ion precursors and reducing agents from the two separated phases react to form monomers. The results
suggest that the motion of the silver nanoparticles at the interfaces is highly affected by the interaction with polymers and exhibits
superdiffusive dynamics because of the polymer relaxation.
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■ INTRODUCTION

Many chemical reactions incorporate multiple phases in a
reaction medium. These reactions dynamically interact with
each other. Examples include chemical transduction across a
cellular matrix,1,2 synthesis of polymers,3 colloid formation,4,5

and phase-transfer catalytic synthesis of organic molecules.6

Colloidal nanoparticles are also synthesized by exploiting
inhomogeneous chemical environment generated by a phase-
separated medium. Metal nanoparticles smaller than 5 nm in
diameter are conventionally synthesized from the reaction
mixture composed of an organic phase containing metal
precursors and an aqueous phase with reducing agents.7,8 In
addition, fine control of the nanoparticle synthesis with respect
to the size, the crystal structure, and the morphology has been
achieved in methods based on micelles,9,10 emulsions,11,12 flow
of different fluids,13,14 and injection of ionic precursors in
organic solvents.15

Despite the experimental success of the nanoparticle
synthesis in these systems, the formation mechanism of
nanoparticles in the phase-separated medium is not well
understood because of the complexity originating from the
presence of phase boundaries as well as nonuniform chemical
species, concentrations, and viscosity of different phases.16,17 In

addition, the dimension of the phase-separated domains in the
nanoparticle synthesis can be small, in the range of nanoscale,
and the phase boundary in the reaction mixture is presumably
not static, and rather, continuously fluctuating.18−20 The liquid
phase transmission electron microscopy (LPTEM) has the
capability to directly visualize chemical reactions in a fluidic
medium, possibly ideal for investigating the complex formation
mechanism of nanoparticles in the phase-separated me-
dium.21−28 For example, it was found that there is spinodal
decomposition occurring prior to nucleation in the formation
of metal nanoparticles and metal-organic frameworks by using
LPTEM.29,30 LPTEM also revealed the structure of polymer
vesicles in the assembly of a block copolymer.31

In this report, by using LPTEM and many-body dissipative
particle dynamics (MDPD) simulations, we investigate the
formation and diffusion of silver nanoparticles in a complex
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medium composed of two phases with different concentrations
of polymer ligand molecules and metal ion precursors. The
LPTEM observations reveal that the interface of the two
phases plays a critical role in the synthesis of nanoparticles and
drives the motion of synthesized nanoparticles.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3, 99.9%), ethylene glycol (99%),

and poly(vinylpyrrolidone) (PVP, Mw = 40 000) were purchased from
Sigma-Aldrich and used without further purification. Silicon (100
μm)/silicon nitride (50 nm) wafers were purchased from Semirod.
Photoresist (AZ-5214 and MIF-715) solutions were purchased from
MicroChemicals. Potassium hydroxide solution was purchased from
Samchun Chem.
Liquid Phase TEM Experiment. We prepared top and bottom

chips of liquid cells for TEM via photolithography. For this
experiment, 50 nm silicon nitride thin films were deposited onto
the 100 μm thick silicon wafers using the chemical vapor deposition
method. Rectangular-shaped windows were patterned on the wafers
using photolithography for each grid. Silicon nitride was selectively
etched with SF6 gas in a reactive ion etcher, and silicon was etched
with potassium hydroxide solution. Indium spacers were deposited to
a thickness of 20 nm using a thermal evaporator. A schematic
illustration of the fabrication processes is depicted in Figure S1a.
The top and bottom chips were aligned and bonded via indium

spacers. We prepared a 0.01 M AgNO3/poly(vinylpyrrolidone)

(PVP) ethylene glycol solution. The precursor−polymer solution
was loaded into the reservoir of the liquid cell. The liquid cell was
sealed with a vacuum grease-applied aperture grid with a hole size of
600 μm (Figure S1b). The entire manufacturing process was
inspected to check for breakage of windows, the alignment of the
two chips, and contamination (Figure S2).

The solution in the liquid cells was imaged with TEM with an
acceleration voltage of 200 kV and beam current of <5000 e/A2. The
resulting in situ TEM images were processed using homemade
MATLAB code that binarized the TEM images into black and white
images. The code utilizes the Gaussian, Wiener, and Laplacian filters
and the Bradley−Roth method. We tracked translational motion of
individual nanoparticles, as shown in Figure S3.

■ RESULTS AND DISCUSSION

The formation of silver nanoparticles from ethylene glycol
solution containing PVP and AgNO3 in a silicon nitride liquid
cell is monitored by LPTEM (Figure 1a). Evaporating the
extra ethylene glycol solvent in a liquid cell before TEM
imaging promotes a condition that readily induces a spinodal
decomposition of the solution, two phases of which have high
and low concentration of PVP and AgNO3 (Ag-PVP-rich and
Ag-PVP-poor phases, respectively). The in situ LPTEM image
series clearly shows the formation of the two phases, exhibiting
different contrast (Figure 1b, Figure S4, and Figure S5). The

Figure 1. Formation of a phase-separated medium and nanoparticles in the LPTEM. (a) Left to right, schematics of LPTEM experiments including
(i) loading the solution containing poly(vinylpyrrolidone) (PVP) polymers and metal precursors, (ii) evaporating the solvent, and (iii) sealing the
liquid cell and imaging the samples in TEM. In the liquid cell, polymer solution is separated into a Ag-PVP-rich phase and a Ag-PVP-poor phase. A
large portion of nanoparticles nucleate, grow rapidly, and exhibit superdiffusive dynamics. (b) Snapshots of a TEM movie that show the phase-
separated medium and growth of nanoparticles at t = 0, 120, 240, 360, and 480 s. (c) Left to right, snapshots from MDPD simulations at t = 0.1, 1,
10, 100, and 1000 MDPD time units, respectively, illustrating the formation of a polymer-rich region (green beads), whereas the nanoparticle (red)
resides at the interface of polymer-poor (cyan semitransparent beads) and -rich phases. Pink beads indicate the top and bottom plates, which
encapsulate the polymer-poor and -rich phases, in the LPTEM.
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significant difference in solubility parameters of PVP and
ethylene glycol, about 10 (Hildebrand value),32,33 leads to a
phase separation of the Ag-PVP-rich and Ag-PVP-poor phases.
The different contrast is presumably from the different amount
of Ag ions, having high electron density (Z = 47), dissolved in
each phase. Because the Ag ions can interact with partially
negatively charged carbonyl groups in PVP, more Ag ions are
located in the Ag-PVP-rich phase, showing relatively darker in
contrast.34−36

The phase separation is also supported by MDPD computer
simulations.37−39 MDPD is a coarse-grained particle-based
computational method and can simulate multiphase mixtures

on the mesoscale while accounting for hydrodynamic
interactions.40,41 Figure 1c illustrates the progression of
polymer-poor (semitransparent cyan region) and -rich (green
beads) phase separation at different times using MDPD
simulations with kb = 5. Here, kb is the bending stiffness of the
polymers normalized by kT in the simulations. To exclude the
effect of the bottom and top plates in LPTEM on the dynamics
of polymers and nanoparticles and their interactions with
interface of the two phases, we prevented the polymers and
nanoparticles from getting too close to the bottom and top
plates by having a short-range repulsion between the plates and
polymers and nanoparticles in the simulations. This way, the

Figure 2. Inhomogeneity in the nucleation and growth of nanoparticles in the phase-separated medium. Snapshots of nanoparticles (at t = 190,
221, 268, 315, 354, 420, and 570 s) (a) in the Ag-PVP-poor phase and (b−d) at the interfaces. Blue-colored images represent the TEM images
before nucleation and the green-colored ones show the TEM images of nanoparticles after nucleation. Red lines represent the nucleation time of
nanoparticles. The pink-colored images indicate the TEM images after dissolution of nanoparticles. Purple line represents the dissolution time of
nanoparticles. (e) Numbers of nucleation events in the Ag-PVP-poor phase (top) and at the interface (bottom). (f) Histogram of the lifetime of
nanoparticles in the Ag-PVP-poor phase (top) and at the interface (bottom). (g) Temporal change in number of nanoparticles during a reaction for
particles at the interface (red line) and those in the Ag-PVP-poor phase (blue line).
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polymer-rich domain mostly stays in the bulk, as it will be
energetically costly near either plate, so we can study only the
interaction of the interface, polymers, and nanoparticles. The
first panel in Figure 1c, which nearly represents the initial
configuration of the polymer-poor and -rich domains, shows a
random distribution of polymers (green beads) in the middle
portion of the simulation box. As the polymers relax, and the
system goes through the spinodal decomposition, the polymers
aggregate, and the polymer-rich phase appears (green globular
region in the far right panel in Figure 1c). During the
simulations, the nanoparticle, shown in red (Figure 1c), stays
almost at the interface of the polymer-poor and -rich phase.
We summarize all parameters used in the simulations in Table
S1.
Different chemical potentials of each phase and interface

cause the inhomogeneity in the formation of Ag nanoparticles.
We quantitatively analyze the formation of Ag nanoparticles in
the two phases after the spinodal decomposition based on in
situ LPTEM observations. Ag nanoparticles begin to nucleate
after an induction period of about 200 s (Figure 1b, Figure
S5). While ∼30% of nanoparticles are nucleated in the Ag-
PVP-poor phase, ∼70% of them are generated within the Ag-
PVP-rich phase along the interface between the two phases
(Figure 1b, Figure 2a−d, and Figure S6). Interestingly, no
noticeable nucleation events are observed in the middle of Ag-
PVP-rich phase even if the concentration of Ag ions is
supposedly high in this phase. The inhomogeneous distribu-
tion of nanoparticle formation indicates that the kinetics of
nucleation events is highly influenced by the local chemical
environment. The high frequency of nucleation at the interface
between the two phases implies that encounter of Ag ions from
Ag-PVP-rich phase and ethylene glycol from Ag-PVP-poor
phase is important to initiate reductive nucleation to form Ag
nanoparticles. It is worth noting that ethylene glycol is a well-

known reducing agent used in bulk synthesis.34,42 The
important role of ethylene glycol in reductive formation of
Ag nanoparticles is further supported by the absence of
nucleation in the Ag-PVP-rich phase, where ethylene glycol is
relatively diluted because of the high concentration of PVP and
Ag ions.42 This site-dependent unevenness of nucleation
events is different from the expectation from the classical
nucleation model.
In addition, the temporal distribution of nucleation events is

deviated from the classical formation mechanism, where the
nucleation bursts up within a short period of time. Contrary to
the one-phase reaction, the nucleation time differs significantly
depending on the location within the two phases. Monomers
in the Ag-PVP-poor phase are nucleated within the 200−270 s
time period (Figure 2a, e), whereas nucleation events on the
interface mainly occur during the 250−460 s time frame
(Figure 2b−e). The average nucleation time in the Ag-PVP-
poor phase (268 ± 68 s) is shorter than that at the interface
(365 ± 57 s), because ethylene glycol serving as a reducing
agent is enriched in the Ag-PVP-poor phase. In addition,
nucleation events at the interface occurs intermittently for this
time period (Figure 2b−e). The supply of Ag ions and
ethylene glycol probably relies on their diffusion from the
different phases, slowing down the reduction reaction for the
formation of monomers. Furthermore, such a reaction would
become inevitably inhomogeneous along the interface because
the structure of the interface thermally fluctuates.43

These observations indicate important factors for the
formation of nanoparticles in a nonuniform reaction medium,
regardless of the different dimensions of the interface. In a one-
phase reaction, the reaction starts with a uniform concentration
of metal ions, reducing agents, and ligand molecules. Then the
monomer concentration abruptly decreases below the super-
saturation level after its consumption in the burst of a

Figure 3. Growth of nanoparticles in the phase-separated medium. (a) Temporal size change of growing nanoparticles located at the interface. The
number of growth trajectories is 17. (b) Average (black) and normalized standard deviation (red) of nanoparticle size at the interface. (c) Three
representative growth trajectories selected from the 17 trajectories in panel a for comparison. The three trajectories have different nucleation times
but show similar trends. (d) Individual growth trajectory of nanoparticles at the interface by setting t0 = 0 for their nucleation to eliminate the effect
of different nucleation time. (e) Average size and normalized standard deviation of nanoparticles at the interface after setting t0 = 0 for their
nucleation time. (f) Temporal variation in nanoparticle size in Ag-PVP-poor phase, showing a fast dissolution of the nanoparticles.
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nucleation event, inhibiting further nucleation. After a
nucleation, monomers are mainly used for the growth of the
nanoparticles that are already nucleated. Unlike this, for
systems that incorporate a nonuniform medium, it is suggested
that the nucleation events can be site-dependent in different
phases.29 Furthermore, the interface plays an important role in
proceeding the reaction that is highly diffusion controlled and
kinetically inhomogeneous.
The growth processes in the two phases are also different

because of the difference in monomer concentration and its
variation, as well as the viscosity of the media in the two
phases, which are correlated with the diffusion. Tracking
individual growth trajectories of Ag nanoparticles in LPTEM
enables classification of the trajectories corresponding to the
nanoparticle locations, either at the interface or in the middle
of the phases. The growth trajectories of nanoparticles in the
Ag-poor phase have short lifetime of 69 ± 30 s on average
(Figure 2f). Most of those nanoparticles dissolve, whereas
some of them move and stick onto the interface (Figure 2a, f).
As the desorption of monomers from nanoparticles becomes
faster than the adsorption of monomers onto the nanoparticle
surface in the Ag-PVP-poor phase with low monomer
concentration, nanoparticle can be dissolved at a later time.
In addition, the high interfacial energy at the two-phase
interface is likely to induce anchoring of the survived diffusing
Ag nanoparticles.
On the other hand, nanoparticles, which mainly stay in the

Ag-PVP-rich side at the interface, mostly survive and grow for a
prolonged period of time allowed in LPTEM. This is probably
because the monomers are continuously supplied from the Ag-
PVP-rich phase; hence, extend the growth of nanoparticles
with the average lifetime of 207 ± 56 s (Figure 2f, g). MDPD
simulations also confirm that, during the phase separation and
formation of a polymer-rich phase, the nanoparticle persists at
the interface of the two phases (Figure 1c). The average size of
the nanoparticles at the interface does not monotonically
increase but rather fluctuates, because nucleation events occur
intermittently while the preformed nanoparticles are growing

(Figure 3a, b). Such concurrence of the extended nucleation
and growth events results in fluctuating average size of growing
nanoparticles with large standard deviation. Nonetheless, from
single particle growth trajectories, it is clear that nanoparticles
grow in time (Figure 3c). Each nanoparticle grows rapidly for
the initial 50 s right after its nucleation because of the
abundant monomer concentration. After consumption of the
surrounding monomers, the slow diffusion rate of monomers
prevents them from being effectively supplied to the
nanoparticles and thus decelerates the growth rate. If all
trajectories are plotted from t0 = 0 corresponding to the start of
nucleation time (Figure 3d), all nanoparticles show similar
trajectories, leading to a focused size distribution (Figure 3e).
In contrast to the nanoparticles at the interface, the
nanoparticles in the Ag-PVP-poor phase do not grow; rather,
they dissolve out because of the low monomer concentration
(Figure 3f).
It is expected that the growing nanoparticles have different

diffusive motions depending on their locations in the phase-
separated medium because of the locally different viscosities
and concentrations of PVP polymers that interact with
nanoparticles. It is noteworthy that PVP is known to strongly
interact with the metallic surfaces, making it an efficient
stabilizer for colloidal metallic nanoparticles.34−36 Interestingly,
the nanoparticles at the interface do not escape from the
interface while their motion is synchronized with the
fluctuation of the interface (Figure 4a and Figures S3 and
S7a). The nanoparticle motion along the interface is
characterized by analyzing the mean squared displacement
(MSD) of the nanoparticle. The analysis shows that a
significant portion of nanoparticles at the interface undergoes
superdiffusive dynamics, which indicates that the nanoparticle
motion is affected by an external motion (Figure 4b, Figure
S8).44,45 The driving force for the nanoparticles to follow
superdiffusive dynamics and stay at the interface is the strong
binding of the nanoparticles with PVP in Ag-PVP-rich phase
(Figure S9).34−36 Note that this observation is different from
nanoparticle motions that show subdiffusive dynamics induced

Figure 4. Diffusion of nanoparticles in the phase-separated medium. (a) Trajectory of a nanoparticle at the interface. Orange colored region
represents the Ag-PVP-rich phase and the other region shows the Ag-PVP-poor phase. (b) MSD of nanoparticles at the interface taken from
LPTEM images. MSD is proportional to t1.23, indicating that the nanoparticle motion follows a superdiffusive dynamics. (c) A trajectory and (d)
MSD of the nanoparticle in Ag-poor phase, showing subdiffusive dynamics. (e) Trajectory and (f) MSD of the nanoparticle at the interface taken
from MDPD simulations. The bending stiffness of the polymer (kb) is set to 5, nondimensionalized by kT. Gray and pink shaded areas represents
the sub- and superdiffusive regime, respectively. (g) Trajectory and (h) MSD of the nanoparticle in the Ag-PVP-poor phase taken from MDPD
simulations.
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by the interaction with silicon nitride membrane, reported in
the previous LPTEM studies.46−48 Because of the diffusion of
the nanoparticles at the interface, they do not undergo
coalescence or aggregation, which are commonly observed in
the nanoparticle synthesis as a route to form polydispersity in
nanoparticle size distribution. This implies that the interfacial
synthesis of nanoparticles in a highly viscous medium can be
utilized to improve their monodispersity. In contrast to the
MSD of nanoparticles at the interfaces, the nanoparticles in the
Ag-PVP-poor phase do not show a superdiffusive dynamics
(Figure 4c, Figure S7b, and Figure S10). MSD analysis of the
nanoparticles in the Ag-PVP-poor phase shows subdiffusive
dynamics, indicating that nanoparticles in the Ag-PVP-poor
phase are not influenced by external motions or forces (Figure
4d).44,45 However, once freely moving nanoparticles come
closer to the interface, they are anchored to the interface and
follow the interfacial motions.
Figure 4e shows the top view of the trajectory of the center

of mass of a nanoparticle in the xy-plane during the MDPD
simulation. Here, a high initial concentration of polymer (100
polymer strands with bending stiffness of kb = 5 in the
simulation box of 10 × 10 × 10) was used. The trajectory in
Figure 4e was color-coded from red to blue, corresponding to t
= 1 and 1000. Figure 4f illustrates the MSD of the center of
mass of the nanoparticle during the phase separation and
formation of the polymer-rich phase, averaged over 10 MDPD
simulations. In Figure 4e−h, length, time, and energy scales are
in MDPD units (Table S1). Figure S11 represents the MSD of
the center of mass of the nanoparticle in MDPD simulations at
high concentration with different bending stiffnesses of the
polymer. The top view of the trajectory of the nanoparticle in a
very low polymer concentration (10 polymer strands in the
simulation box of 10 × 10 × 10), representing Ag-PVP-poor
phase, is shown in Figure 4g. The corresponding MSD ∼ t0.85

averaged over 10 simulations (Figure 4h) suggests a
subdiffusive dynamics for the nanoparticle, highlighted by the
gray shaded area. These simulation results indicate that in a
phase-separated medium induced by a high concentration of
polymers, the nanoparticle goes through an initial super-
diffusive dynamics, highlighted by the pink shaded area,
regardless of the polymer bending stiffness (Figure 4f and
Figure S11). Considering a power-law form for the dynamics
of the nanoparticle in the superdiffusive regime, MSD ∼ tα, we
notice that α = 1.1, 1.3, and 1.4, corresponding to kb = 1, 5,
and 25, respectively, depicted in Figure S11. Furthermore, the
transition point from the initial superdiffusive to the ultimate
subdiffusive regime seems to be inversely correlated with the
polymer bending rigidity, kb. This means that for very stiff
polymers like rigid rods, the nanoparticle dynamics quickly
shifts from super- to subdiffusive dynamics.
Overall, the simulation results in Figures 1 and 4 suggest that

the dynamics of the nanoparticle is strongly correlated with the
relaxation of polymers in the polymer-rich phase. We
conjecture that during the initial stages, before reaching the
equilibrium configuration of polymers, the relaxation of
polymers affects the dynamics of the nanoparticle at the
interface of the polymer-poor and -rich phases. Relaxation of
these polymers makes the nanoparticle move faster than a
normal diffusion. On the other hand, after polymer relaxation
and reaching an equilibrium, our simulation results indicate
that the interfacial attraction restricts the motion of the
nanoparticle, manifested in a subdiffusion dynamics for the

nanoparticle. If the interfacial adhesion increases greatly, it can
stall the motion of the nanoparticle eventually.

■ CONCLUSIONS
We investigate the nucleation and growth mechanism of
nanoparticles in a phase-separated medium by the LPTEM.
This study demonstrates that the interface plays an important
role in the formation and diffusion of nanoparticles. The direct
observation from this study will help understand the synthesis
of nanoparticles from a nonuniform solution, which is widely
used to form various metals, metal oxide nanoparticles, and
nanocomposites. Our observations can also aid in under-
standing the complex crystallization processes from multi-
component systems.
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