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Abstract

The diffusion of colloids, nanoparticles and small molecules near the gas-liquid interface presents
interesting multiphase transport phenomena and unique opportunities for understanding interactions near
the surface and interface. Stratification happens when different species preside over the interfaces in the
final dried coating structure. Understanding the principles of stratification can lead to emerging
technologies for materials fabrication and has the potential to unlock innovative industrial solutions, such
as smart coatings and drug formulations for controlled release. However, stratification can be perplexing
and unpredictable. It may involve a complicated interplay between particles and interfaces. The surface
chemistry and solution conditions are critical in determining the race of particles near the interface.
Current theory and simulation cannot fully explain the observations in some experiments, especially the
newly developed stratification of nano-surfactants. Here we summarize the efforts in experimental work,
theory, and simulation of stratification, with an emphasis on bridging the knowledge gap between our
understanding of surface adsorption and bulk diffusion. We will also propose new mechanisms of
stratification based on recent observations of nano-surfactant stratification. More importantly, the
discussions here will lay the groundwork for future studies beyond stratification and nano-surfactants.
The results will lead to the fundamental understanding of nanoparticle interactions and transport near
interfaces, which can profoundly impact many other research fields, including nanocomposites, self-

assembly, colloidal stability, and nanomedicine.
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Introduction

Interfaces are crucial to numerous science and engineering fields, including nano-materials, phase
transfer, and energy harvesting.> It has even been suggested that the presence of interfaces directly
contributes to the origin of life. The ability to control the materials composition and properties at
interfaces may lead to better medicines,* more efficient chemical reactions,® and next-generation energy
storage devices.® Therefore, it is crucial to comprehend how molecules and particles move near the
interfaces. In other words, who wins the race at the end? The answer will not only advance the
fundamental knowledge of interface science, but also unlock transformative solutions to countless
applications, including coating materials and drug formulations.

In general, the race near the interface can be determined through two steps. One is the diffusion
through the bulk, which determines who gets to the finish line first;’ the other is the adsorption to the
surface,® which decides who can pass the finish line, stay at the surface, or replace other species at the
interface. These two steps often interplay with each other and create a rather complicated scenario under
different conditions. Therefore, many prior studies have created model systems that separate the two steps
and only study them independently. For example, studies on stratification of colloidal mixtures through
diffusion often chose particles that do not adsorb at the interface, while studies on surface adsorption
often ignore the diffusion through the bulk.>*? In this perspective review, for simplicity, we will mainly
discuss diffusion and adsorption separately, as the physics involved in each term is different. However,
for many systems, it is critical to consider both to fully understand the phenomena observed in
experiments and pave the way for engineering interfaces in practical applications.

An overview of different factors contributing to the final stratified structures and major physical
processes has been summarized in Fig. 1. Early models of stratification simplified the system by
eliminating the adsorption (using non-adsorbing particles) and ignoring interactions among particles
(section 1, model 1). However, this model failed to explain many experimental observations. A more
sophisticated model was developed by including the excluded volume of particles and diffusion of
different particle species through structures formed by particles near the surface (model 2). Furthermore, a
quantitative model was established by considering the interactions between colloids in the framework of
colloidal diffusiophoresis (model 3). The system becomes even more complicated when incorporating
charge and adsorption (sections 2 & 3). An epitomizing example is the stratification of nano-surfactants
(section 4), which involves both diffusion and adsorption and presents a unique close-packed monolayer
structure. When the particle size is small (< 50 nm), the adsorption becomes reversible, the scenario can

be even more complicated.

One way to think about how different species race near the interface during a drying process is

actually to consider their “escape” from the interface while the surface or interface is receding. Therefore,
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diffusion plays a significant role in determining the final structure of a dried film consisting of a mixture
of homogeneous particles. Diffusion rate quantifies the bulk particles' ability to move away from the
surface, driven solely by thermal motion. Thus, different amounts of accumulation will occur at the
drying front, depending on variances in the diffusion rate for various particle sizes. The scenario is
described in the early theories by Routh and Russel et al.,"* which introduced the Péclet number (Pe), i.e.,
the ratio of evaporation rate to diffusion rate, to predict stratification behavior. Under the same
evaporation rate, a higher Pe number corresponds to slower diffusion, leading to particle accumulation
near the receding interface during the drying process. However, this theory could not explain the
experimental observations of fast diffusing small particles enriched at the top surface. To match
experiments, Atmuri et al.* extended the diffusion model to include a surface interaction term illustrating
how particle surface charge has an impact. Fortini et al.™® presented a different model to explain particle
migration in an osmotic pressure gradient, which is produced by the concentration gradient of particles
towards the top of the drying film. This process was known as colloidal diffusiophoresis. The migration
velocity of larger particles is qualitatively predicted to be higher in this model, leading to the small-on-top
stratification. Zhou et al.,’® Howard et al.,'® and He et al.'” further expanded on the quantitative theory of
diffusiophoresis. Recently, the diffusiophoresis theory was extended to include hydrodynamic interactions
and particle jamming, but these effects are still under lively debate.

As shown in Fig. 2, extensive work has been done on the investigation of small molecules,*® *°

21-23 and nanostructures® that are involved in stratification and transport

polymers,? colloidal particles,
near interfaces. However, very few previous experiments studied mixtures and the stratification of
surface-active species. For example, surfactant molecules or particles with intermediate hydrophobicity,
can adsorb strongly at surfaces and interfaces. When these are mixed with other species, the stratification
behaviors can drastically change. Obviously, both adsorption and diffusion are important here. When the
adsorption is reversible, the scenario can become even more complicated. One excellent example is the
nano-surfactant, defined as amphiphilic nanoparticles with a Janus geometry.?>2” When the concentration
of Janus particles is high enough, aggregates and clusters may form, similarly to the micelles formed by
the surfactant molecules. In addition, nano-surfactants are known to strongly adsorb at interface and form
unique structures with surface active molecules.?®* The formation of these self-assembled structures will
definitely change the fluid dynamics and stratification behaviors.

Recently, Li et al. studied the stratification behaviors of nano-surfactants.® It has been shown that
when mixed with homogeneous particles, Nano-surfactants easily won the race to the interface and
stratified into a complete and closely packed monolayer after solvent evaporation. Experimental data
suggests that nano-surfactants move toward the interface three orders of magnitude faster than

conventional Brownian motion, even across a significant distance (~ 200 um) from the interface. The
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intriguing question here is: why did nano-surfactants win the race to the interface so decidedly?
Unfortunately, there is no clear explanation from current theory or simulation. Experimentally,
conventional confocal microscopy is not responsive enough to accurately measure the fast dynamics. The
experiments suggest that nano-surfactants are driven toward the interface by homogeneous particles,
because the stratification only happens after mixing the two species. However, it is also noted that the
system here is fundamentally different from “active particles” powered by external fields or surface
reactions with fuels. In addition, the stratified structures of the mixtures are drastically different from
clusters and fractal networks formed in the interfacial adsorption of pure Janus particles.?” 28 303233
Furthermore, it is very unusual to observe particles stratified into a complete, close-packed monolayer, as
all previously reported stratification only showed gradual concentration changes from the interface.
Although the detailed mechanism for nano-surfactant stratification is unclear, we proposed a hypothesis

based on the current experimental results later in this report.

Overview of stratification and its application

When a colloidal dispersion of particles with various sizes or surface chemistries is dried over a substrate,
the colloids may self-separate into different domains or layers.*** The direction of separation is normal
to the surface or interface, having a regional variation in the local volume proportion of each type of
particle. This phenomenon is called colloidal stratification. Facile and reproducible ways to control the
colloidal stratification could enable innovations in many applications, including paints, inks, and
adhesives.***? For example, a stratified film can be used to form coatings with better performance. The
lower region of the coating can be designed to have strong adhesion to the substrate, while the surface
region can provide other functional properties, such as tackiness and water resistance.*® In addition,
compared with many surface engineering techniques, colloidal stratification is a much more effective way
of tailoring surface properties of coating films from the bottom-up, which may significantly reduce the
cost and usage of harmful solvents and additives. Understanding the mechanism of stratification will lead
to novel formulations in the end applications. We will start with the discussion on theories of stratification
of colloidal particles. Then we will consider adsorption and even broader systems including polymers and

small molecules.
1. Diffusion and evaporation

Model-1: Competition between diffusion and evaporation rate

Single particle model and Péclet number

The simplest system to determine which important factors affect the particle distribution in the direction

normal to the substrate is a monodisperse colloidal film. (Fig. 3).** The vertical drying of a dispersion
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with evenly sized particles was modelled by Routh and Zimmerman.* The concentration of these
particles near the film-air interface was higher when they were cast as a film.* % In the drying film, the
evolution of particle distribution is governed by the competition between evaporation and diffusion. The
characteristic timescale of particle diffusion is proportional to the square of the initial height of the film H
and inversely related to the diffusion coefficient D: tairusion ~ H?/D. The characteristic time for the film
evaporation is proportional to H and inversely correlated with the rate of evaporation E (represented by
the descending velocity of the surface): Tevaporation ~ H/E. The Péclet number for the film formation is

determined by the ratio of these two timescales:

HZ
pe — _Uiffusion _ D~ _ 6TnRHE
Tevaporation ﬂ kT

Where 1 is the solvent viscosity, R is the particle radius, H is the initial film thickness, k is the Boltzmann
constant and T is the temperature. Here, the Stokes-Einstein diffusion coefficientis D = kT /6mnR. The
ultimate profile of dried films is determined by the Péclet numbers of the component particles. Based on
the definition of a single-sized particle system, it is generally known that faster-diffusing small particles
with Pe < 1 will be evenly distributed, and slower-diffusing large particles with Pe > 1 will accumulate at

a descending air/water interface.*
Theory of stratification determined by Péclet number

Different scenarios are illustrated in Fig. 4 and the relevant factors to be considered in those processes.’
Diffusion and evaporation are the two most important factors. Routh and coworkers expanded on the
single-particle model by taking into account a film with two different Péclet values and two particle sizes.
Since the Péclet number is proportional to particle size when all the other conditions remain the same, a
large particle always has a greater Péclet number. The first theory on stratification simply relies on the
Péclet numbers. Within a drying particle suspension, the Péclet number of each component determines the
dried film's final concentration profiles. For the colloidal mixture of two types of particles with different
sizes, Peclet number for the large particles was defined as Pe., and for the small particles as Pes. In a
binary mixture of large and small particles, if Pe. > 1 and Pes < 1, bigger particles (which have higher
Péclet numbers) are expected to accumulate more at the top surface due to the slower diffusion. In
contrast, the fast-diffusing smaller particles with Pes < 1 will distribute more evenly across the film

matrix. As a result, a self-stratifying matrix can be made.*"*®

However, Fortini et al. showed that stratification can be much more complicated.'® In computer
simulations of a binary mixture of spherical particles with diameter size ratio 7, they found the

paradoxical "small-on-top" stratification in the regime of Pe_ > Pes > 1. An instance of colloidal
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stratification in a drying process like this has never been reported. This striking result was subsequently
corroborated by many other experimental and simulation studies. Interestingly, the Langevin dynamics
simulation conducted by Tatsumi et al. further showed that, at a given particle size ratio, the evaporation
rate does not affect this stratification monotonically.* There exists an optimal Péclet number at which the
“small-on-top” stratification is mostly enhanced. Apparently, this behavior cannot be explained based

only on the difference in the particle Péclet numbers because it would predict a “large-on-top” structure.

Model-2: Colloidal diffusiophoresis

A diffusiophoretic model was developed by Fortini et al. to resolve this counterintuitive “small-on-top”
stratification, where both large and small particles have Péclet numbers greater than one.™ The early
Routh model does not consider the excluded volume of particles - in other words, the model allows
particles to overlap with each other, which is unphysical. When excluded volume is considered, the
accumulation of particles near the top of a drying colloidal film will create a concentration gradient
induced by the descending interface when Pe > 1. Therefore, the particles diffusing through this layer will
experience a corresponding osmotic pressure. Here, diffusiophoretic motion is referred to as the motion of
colloidal particles in a concentration gradient created by other particles. In summary, the model describes
three steps contributing to the observed “small-on-top” stratification: 1) arrest of both large and small
particles with higher concentrations near the interface as a result of Pe > 1; 2) a downward osmotic
pressure gradient is produced by the concentration gradient of particles near the top of a drying colloidal

film; 3) larger particles have a stronger downward force than smaller ones.>

The Fortini model predicts that the segregation of individual particles can be determined by their relative
downward velocity under the osmotic pressure gradient. The interaction between the large and small
particles produces asymmetric effects on the phoretic drifts, which is a critical component of the
diffusiophoretic model. Quantitatively, it was expected that in a binary mixture, the velocity difference of
the large and small particles would scale with o in the low-volume fraction regime and with o in the
high-volume fraction regime. Here, a is the size asymmetry, defined as the size ratio of larger particles
over smaller particles (a. = di /ds). The size asymmetry also determines the difference in the Péclet
numbers. Therefore, o is a critical parameter that controls the hierarchical structures of the matrix. Larger
a tends to yield the “small-on-top” stratification. In short, the larger particles experience greater
downward forces than smaller particles. Therefore, the larger ones are pushed farther away from the

interfacial region by this diffusiophoretic force than their smaller counterparts.'®

Furthermore, when @smai, Which is the volume fraction of the smaller particles near the interface,
increases after specific level is reached (also depends on Pes), the larger particles are continuously pushed

out of the interfacial zone by the diffusiophoretic force produced by the concentration gradient of the
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small particles. As the interface continues to recede, the thickness of the layer depleted of large particles
grows with time. As shown in Fig. 5a, Howard et al. investigated stratification in binary colloidal
mixtures with implicit-solvent molecular dynamics simulations.® It is shown that with large particle size
ratios and Péclet numbers greater than unity for all components, a stratified layer of small particles

thickened and increased faster when a was higher, creating a “small on top” stratification.>

Statt et al. conducted non-equilibrium molecular dynamics simulations to compare the stratification
behavior with and without explicit modeling of surrounding solvent, focusing on the influence of
hydrodynamic interactions.®? They modeled a binary mixture of long-chain and short-chain polymers as a
surrogate system for colloidal mixtures. Their simulation results showed that the extent of stratification is
overpredicted in previous numerical studies due to the absence of hydrodynamic effects from the solvent.
The explicit solvent model highlights the necessity of incorporating hydrodynamic interactions into future
modelling and simulations of stratification. However, including explicit solvents will demand a lot of

computation power, which is challenging for many studies.

Since stratification is directly related to particle size, Martin-Fabiani et al. showed that stratification can
be externally controlled by modulating the particle size with pH. The system contained pH-responsive
smaller particles coated in hydrophilic poly(methacrylic acid) (PMAA) chains and large particles
unaffected by pH. Under low pH, the PMAA chains became protonated, thereby reducing the charge and
causing the chains to retract. When the pH was raised, these chains were deprotonated and extended as
their affinity with water increased. Thus, the hydrodynamic diameter of small particles and the ratio
between the large and small particles can be modulated by pH. As shown in Fig. 5b, at low pH (large o),
they showed that an aqueous dispersion that was diluted and had an initial volume fraction of 0.1
stratified, with the smaller particles on top. When the pH was raised, small particles were swollen so that
the size ratio decreased to 4.1 and the volume fraction increased up to 0.45. The stimuli-responsive
change in the particle size results in the elimination of stratification. This strategy can be used to create
smart coatings, which can be switched between homogeneous or stratified structures by controlling pH.
These experimental results agree with the previous Langevin dynamics simulations on the effects of the

particle size ratio.’

Model-3: ZJD model

Despite the success of the “colloidal diffusiophoresis” model in explaining the “small on top”
stratification, a mechanistic understanding of diffusive driving force was missing in those early studies,
leading to unsatisfactory predictions of stratification kinetics on the quantitative level.>* To fill this gap,
Zhou et al. provided a quantitative theory (commonly referred to as the ZJD model) in the framework of

colloidal diffusiophoresis.’® Similar to Trueman et al.,** they introduced an explicit expression of
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chemical potential gradients of different-sized particles, which drive their diffusion. By assuming a dilute
binary hard-sphere mixture, they approximated the free energy functional through the second-order virial
expansion, from which the chemical potentials can be obtained. The second virial term captures colloid-
colloid interaction, including the interactions between particles of the same size and those between
particles of different sizes. The model reveals that the cross interaction between particles of different sizes
has an asymmetrical impact on colloidal motion: it is much stronger on the larger colloids than on the
smaller colloids and pushes the larger colloids towards the bottom of the film. Given the same magnitude
of chemical potential gradients, the average velocity of the large particles is greater than that of the small
particles. This difference in particle velocity results in the small-on-top structure. The ZJD model presents
a critical improvement from the model proposed by Trueman et al.,** which did not consider the effect of
inter-particle interactions. Zhou et al. also derived the condition required for stratification of small
particles on top of large particles to be “a?(1 + Pes) s > C”. In this equation, Pes is the Péclet number
for the small particles, ¢s is the volume fraction of small particles and the constant C is taken to be on the
order of one.X® As shown in Fig. 6, Zhou et al. created the state diagrams to illustrate the parameter space
where stratification is likely to occur. a?(1 + Pes) is plotted versus gs in the ZJD diagrams, as shown in
the red line. The region in the upper right corner, which lies above the boundary indicated by the
equation, is expected to stratify small particles at the top. The region in the upper left corner, which lies
above the boundary indicated by the equation, is expected to stratify large particles at the top. Figure 6
gives an example of a diagram with the size ratio was set as 7. Because the large particles' downward
velocity is greater than the small particles', Zhou et al. discovered a number of variables where the large

particles will remain concentrated at the top when close-packed.

Stratified structures created through the control of diffusion and evaporation

As the most feasible method to create stratified structures, tuning the drying conditions has been widely
used for the experimental studies, Dong et al. showed stratification driven by the evaporation rate. Using
aqueous mixtures of latex particles and ZnO nanoparticles at various evaporation rates, they developed
and manufactured colloidal composite films (fast, medium, and slow). It was feasible to regulate the
distribution of ZnO across the matrix of polymer nanocomposite films by tuning the evaporation rate and
volume fraction of ZnO. The smaller ZnO nanoparticles migrated to the top surface of coating matrix
during the drying process. As shown in Fig. 7a-c, the highest ZnO volume fraction and slow film drying

were used to get the largest ZnO surface coverage.>

Despite the fact that trimodal and bimodal particle systems have been well explored, the case of
polydisperse systems (multi-type particles exhibiting a broad distribution of sizes) has remained

unexplored. Due to the widespread use of industrial powders and particles, such as inks, paints, and
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coatings, are by nature polydisperse, it is essential to investigate the stratification involved in such
systems. Cusola et al. suspended polydisperse colloidal particles in aqueous media and achieved
polydisperse stratification via self-assembly induced by evaporation.>* As shown in Fig. 7d, they found
that the stratification of the particles which exhibit a wide range distribution of sizes could be adjusted by

changing the drying conditions.

At intermediate drying rates, colloidal segregation in the various coating layers reached a maximum. As
drying rates increased, the degree of segregation was reduced due to particle jamming. Using electron
microscopy, cross-sectional imaging revealed a distinctive structure from that obtained by using particles
with a mono or bimodal distribution. Polydisperse particles were segregated into different regions with
various average sizes. Experimental findings and computer simulations suggested that the interaction of
particle diffusion led to the development of segregation patterns. Utilizing similar strategies, Dong et al.
synthesized an aqueous polydisperse colloidal system composed of smaller and larger zwitterionic
particles, along with medium-sized standard acrylic binder particles.>> Atomic force microscopy (AFM)
showed that the content of both large and small zwitterionic particles in the film upper layer increased at
faster evaporation rates, and the top surfaces could be covered mainly by zwitterionic groups for a variety
of evaporation rates. Based on the differences in zeta potential, they hypothesized that a layer of large
particles was trapped at the air/water interface and remained there after jamming. Thus large particles
remained at the top of the dry film. Underneath, small particles were arranged above the medium
particles, since the zeta potential of the medium particles was much greater than that of the small
zwitterionic particles. They demonstrated that polydisperse systems are promising for overcoming the
evaporation rate dependence of stratification processes in drying colloidal blends. This finding offers a
route to enhance the robustness of stratification within coatings and other soft products where the

evaporation rate cannot be finely tuned.

On the other hand, it is well known that increased drying temperature leads to increased evaporation rates
and Péclet numbers. Evaporation-driven stratification has been studied under extreme conditions with the
help of numerical simulations. Tang et al. explored ultrafast evaporation rates in their large-scale
molecular dynamics simulations of binary colloidal film drying.%” They simulated evaporation by
allowing the solvent to escape into the vapor phase, leading to faster evaporation rates than those typical
in physical experiments. Due to evaporative cooling induced by rapid evaporation, there were
considerable temperature drops close to the film interface. A decreased density was found near the top
interface as a result of the resultant temperature differential. They found that the particles moved under
the density gradient by phoresis, and the effect was more substantial for the large particles. Thus, with

ultrafast evaporation, large-on-top stratification was enhanced due to the phoresis in the cooling-induced
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density gradient. This process overpowers the diffusive effects that lead to small-on-top stratification.
They also showed that as the evaporation rate was decreased, the commonly seen “small-on-top”
stratification was observed. Their findings underlined the significance of density gradients caused by
rapid evaporation and demonstrated the necessity of properly describing the solvent when simulating
evaporation-induced particle separation. Notably, the adsorption of colloidal particles at the interface can
also drastically influence evaporation itself. Yong et al. performed many-body dissipative particle
dynamics simulations to explore the evaporation of liquid film covered by nanoparticle monolayers.*®
They demonstrated that the adsorbed particles could suppress evaporation by reducing the accessible
interfacial area and blocking the evaporation path of escaping vapor. These results suggest that
stratification can be influenced by a complex interplay between evaporation, concentration change and
particle adsorption. All these factors should be considered in future modelling and simulation of

stratification.

Besides the stratification induced by the variance of diffusion and evoporation, which mostly manipulated
by drying conditions, other synergistic approaches of controlling stratification for colloidal systems have
been explored. Cardinal et al. reported an early example of stratification via combined mechanisms of
Brownian diffusion, gravitational sedimentation, and evaporation.®® As shown in Fig. 8a, the coating
mixtures were composed of silica particles of two sizes. The dynamics of smaller silica particles were in
the evaporation-dominant regime while the motions of large silica particles were dominated by
sedimentation. Upon drying, the non-sedimenting small particles mainly accumulated into a thick layer at
the top. Fig. 8b show that drying the suspension with poor colloidal stability leads to early sedimentation
and inhomogeneous film.®°

Although there have been comprehensive studies for colloidal stratification, both from simulations and
experiments, there are notable limitations and gaps in the knowledge generated with these model systems.
Therefore, it is challenging for the industry to develop product using the diffusive mechanisms. For
instance, the Péclet number was hard to define and control in industrial fabrication. The volume fraction
needed to be set accurately within an appropriate range to achieve reproducible stratification. Also, due to
technical difficulties, only recent theoretical studies have started to consider the overcrowding/jamming

effects, which are highly relevant in large-scale fabrication.
2. Particle interactions and surface charge

The surface charge has been reported to induce self-stratification during film formation of latex blends.
Previous simulations have shown that particle repulsions could repel particles away from the descending
air interface in a drying film. Atmuri et al. simulated combinations of same sized particles, where one

type was neutral and the other had charged repulsion.* They demonstrated a depletion region of repulsive

10



AIP

Publishing

particles from the air interface. In the experiments by Nikiforow et al., blends of particles with similar
sizes were studied.®? Coatings with vertical concentration profiles in composition were fabricated by
drying an aqueous colloidal dispersion containing both neutral and charged particles. Utilizing confocal
microscopy, they observed that the neutral component was abundant at the air/film interface after drying.
They concluded that the difference in collective diffusivity causes the two types of particles to separate
vertically spontaneously. As the film dried, a layer enriched in both neutral and charge particles
developed at the top. Because of to their mutual repulsion, charged spheres escaped from this layer more
quickly than their neutral counterparts, assuming that the total drying time was appropriately chosen,
between the diffusion times for the two types of particles. They comprehensively studied the experimental
factors that cause segregation and demonstrate that collective dispersion, not preferential agglomeration
or preferential wetting between the particles and the film/substrate interface, is what drives self-
stratification in this context. Generally, charged particles strongly resisted accumulation at the film/air
interface because of their mutual repulsion. They were driven away from the interface by electrostatic
forces. Neutral particles also experienced repulsion, but this repulsion was short-ranged and only became
important when the close packing of particles was almost reached. At that time, the dense packing
prevented rearrangements of the particles, and the two species' concentration profiles in relation to one

another were fixed.

Another important consideration involving particle interactions and the surface charge is colloidal
stability. The balance between attractive and repulsive interactions between particles influences the
colloidal stability in a suspension. An example of colloidal stratification via the colloidal stability was
demonstrated by Grillet et al. Silica nanoparticles were mixed with polymer binders during the drying
process.®® The colloidal stability of the silica particles in the mixed suspension dictated the final
morphology of the dry film. When water evaporation started for the stable mixed suspension, the silica
particles distributed evenly throughout the entire matrix. When drying started for the suspension with
poor stability, early aggregation took place and the silica clusters sedimented to the bottom. Thus,
controlling aggregation enables the manipulation of the final morphology of the dry film. In the
experiments of Sun et al., agueous latex/ceramic nanoparticle dispersions were prepared. The pH was
varied to control the colloidal stability, which further influenced the surface structures. Suspensions that
formed less aggregates created coatings with higher percolation thresholds and higher transparencies than

those made from unstable suspensions.®®
3. Absorption
The effect of surface energy also plays a vital role in fabricating self-stratified coating systems. The phase

with lower surface energy is driven to wet the air interface. There have been significant reviews and
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literature on colloidal adsorption at the interface. Here we first focus on the contribution of adsorption
during the drying and stratification process. Compared with other coexisting phases, polymers and latex
with lower surface energy could be energetically favorable to form a thick wetting layer near the film-air
interface during the drying process.®* Generally, particle surface energy plays a role in the phenomenon of
colloidal stratification in addition to the kinetic considerations. The work of Sun et al. and Roy et al.
included the interfacial tension and thermodynamic considerations, making it energetically favorable for
hydrophobic smaller particles to stratify to the interface that contains a layer of oil, so that the interfacial
energy and surface tension of the system decreases.®> ® Most colloidal systems with low surface energy
have been produced from fluorinated monomers. By seeded emulsion polymerization, Liu et al.
synthesized a series of core-shell polyacrylate latexes with different silicone/fluorine monomer
concentrations.®” As shown in Fig. 9, the self-stratification properties of the core-shell latex films were
verified by X-ray photoelectron spectroscopy and the static contact angle measurement. As the water
dried, their results showed that the latex films displayed a preferential distribution of fluorinated
composition near the matrix top surface. These core-shell fluorine/silicone-containing polyacrylate
latexes are expected to be used within protective coatings with multiple functions, including anti-wetting,
anti-icing, and corrosion-resistant properties.®

Exploring a similar idea, Wang et al. fabricated stratified semiconducting films with poly(3-
hexylthiophene) (P3HT) and poly(methyl methacrylate).®® The calculated surface energy of P3HT was
lower than that of PMMA. This difference provided a strong driving force for P3HT to segregate at the
air-film surface to minimize its surface energy. The vertically P3HT/PMMA are promising materials for
organic thin-film transistors and are also suitable for fabrication on flexible substrates.

When the particle size is small enough, the adsorption becomes irreversible. Hua et al. demonstrated the
competitive, reversible adsorption of nanoparticles and surfactants at fluid interfaces and independent
control of both the adsorbed species accumulation with surface pressure.** Fig. 10a,b presents how both
species they investigated interact reversibly with the interface. UV-vis adsorption and pendant drop
measurements of the adsorption and surface pressure isotherms define the equation of state for the
interface under conditions where the nanoparticles and surfactants are both in dynamic equilibrium with
the bulk phase. They found that the free surface-active ions compete with nanoparticles for space at the
interface and give rise to larger surface pressures upon the adsorption of nanoparticles. They also
demonstrated reversible control of adsorbed nanoparticle amount through changes in the surfactant
concentration or the aqueous phase pH. A recent study by Smits et al. brought about important
understandings into how surface-active substances and nanoparticles interact and self-assemble at the
liquid-liquid interface.’? As shown in Fig. 10c,d, they investigated well-controlled model systems

composed of hydrophilic, negatively, and positively charged silica nanoparticles and an oil-soluble
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cationic lipid octadecyl amine (ODA) with in-situ synchrotron-based X-ray reflectometry, which is
analyzed and discussed along with dynamic interfacial tensiometer. Their work indicated that negatively
charged silica nanoparticles only adsorbed when the oil-water interface was covered with the positively
charged lipid, suggesting synergistic adsorption. On the other hand, the positively charged nanoparticles
readily adsorbed on their own but competed with octadecyl amine and reversibly desorbed with increased
lipid concentrations. These results also suggest that through competitive adsorption, around the adsorbed
particles there exists an electrostatic exclusion zone, thus preventing the adsorption of lipid molecules
nearby and resulting in an unexpectedly high interfacial tension and a lower surface excess concentration
of surfactants. These studies highlight the importance of adsorption and interfacial interaction of charged
colloids and ionic surfactants for tuning the particle and surfactant contributions in complicated colloidal
systems. Further studies should explore the competitive adsorption between nanoparticles and surface-
active ions for the oil-water interface, through the reversible control of adsorbed amount via dynamic
changes in the surfactant concentration or the aqueous phase pH. Potentially more sophisticated stratified

structures can be achieved with fine control over the interface properties and surface packing densities.
4. Stratification of nano-surfactants

Nano-surfactants are created by integrating the features of both surfactants and nanoparticles.” Different
from homogeneous nanoparticles, nano-surfactants are defined as amphiphilic nanoparticles with a
Janus geometry.?® As shown in Fig. 11, Li et al. recently reported nano-surfactants can self-stratify to a
close-packed monolayer on top of a drying film when mixed with homogenous particles.®! This unique
feature enables the application of nano-surfactants as additives to improve the water resistance of
conventional coating materials. Contrasting with homogeneous particle mixtures where stratification is
driven passively by evaporation and form a concentration gradient near the surface, nano-surfactants can
vigorously accumulate at the air-water interface with fast kinetics to form a complete and densely packed
monolayer. The hydrophobic side faces the air, while the hydrophilic side maintains adhesion to the
binder matrix, thereby forming a hydrophobic coating with strong adhesion. The weak adhesion issue of
conventional hydrophobic coatings is addressed by this novel technology. Experimental work and
preliminary theoretical model studies have shown that, unlike homogeneous particle mixtures that stratify
largely through diffusion mechanisms, Janus particles have strong interfacial adsorption energy and can
accumulate completely at the air-water interface with rapid kinetics, thus forming a self-stratified
hydrophobic surface. It is well known that Janus particles can be thought of as colloidal surfactants that
strongly adsorb at surfaces. The adsorption energy, defined as the interfacial energy change when a single
particle moves from the bulk phase to the interface, is directly related to the Janus particle geometry.

Janus particles with the perfect 50-50 (hydrophobic-hydrophilic) geometry have the highest

13



AIP

Publishing

amphiphilicity, leading to the highest adsorption energy. The theoretical calculation also suggests that the
more Janus geometry deviates from 50-50, the less adsorption energy is. The detailed mechanism is still
under investigation; however, we propose that the self-stratification of Janus particles could be explained
by the interplay in the following events (Fig. 12): (1) depletion of negatively charged binder particles
from the interface due to the electrostatic repulsion; (2) accumulation of Janus particles toward the
interface to balance the osmotic pressure which was generated from the binder particles; (3) Janus
particles adsorbed irreversibly at the interface, due to their amphiphilicity and adsorption energy. They
also showed that increasing the surface charge or the solvent’s pH will strengthen the repulsion between
the binder particles and the interface, therefore, increasing the osmotic pressure and expanding the
depletion zone, and subsequently increasing the possibility for Janus particles to stratify onto the top
surface. Developing Janus particles into highly efficient self-stratified coating additives offers cost-
effective and commercially scalable solutions to many long-standing challenges in waterborne emulsion
coatings, including water resistance, adhesion, surface hardness and film formation. With the unique
monolayer and fast kinetics entailed by the chemical and structural properties of Janus particles, this
finding also opens up new fronts for the study of Janus particles and offers a cutting-edge method for
creating hierarchical structures that self-assemble. Beyond coating materials, this method may also find

use in 3D printing, cosmetics, adhesives, and pharmaceutical formulations.
5. Perspective and Outlook of Colloidal Stratification

The study of the race near the interface will help us reveal the fundamental principles of colloid particle
arrangement and diffusion near interfaces, which has far-reaching implications beyond stratification. The
discovery will profoundly change our fundamental view of how interfaces alter the behaviors of colloids
and nanoparticles. Although several models have already been established to explain the distribution of
particle mixture of different species in a dried film, they are far from comprehensive. The interplay
among particle interactions and surface adsorption has not been adequately addressed. The role of particle
surface chemistry and the influence of added small molecules have not yet been fully explored.

Experimentally it remains challenging to examine the behaviors of small nanoparticles.

On the other hand, the ability to modulate the surface properties through stratification will offer an
innovative approach to addressing many long-standing challenges in the industry.”* " For example,
water-dispersible nano-surfactants can produce more durable water-resistant surfaces without the need for
harmful organic solvents.”™ " Stratification can also be utilized to control the release of drugs and
concentrate functional groups at the surface, such as anti-bacterial and anti-viral reagents, for producing
innovative self-sanitizing coatings. These innovations may generate tremendous economic, health, and

environmental benefits.
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FIG. 2. Schematic chart of various items involved in stratification and transport near interfaces. Small
Molecules, reproduced with permission from Eur Phys J E. 42, 21 (2019). Copyright 2019 Springer.
Macromolecules, reproduced with permission from Langmuir. 33, 11390 (2017). Copyright 2017
American Chemical Society. Crystals, reproduced with permission from Langmuir. 24, 5552 (2008).
Copyright 2008 American Chemical Society. Particles, reproduced with permission from Soft Matter. 13,
6969 (2017). Copyright 2017 Royal Society of Chemistry. Janus Particle structures, reproduced with
permission from Materials Horizons. 7, 2047 (2020). Copyright 2020 Royal Society of Chemistry.
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FIG. 3. Schematic diagram of factors that affect the distribution of particles in a colloidal film. A particle
is suspended in a viscous liquid in a film of initial thickness, H. As a result of the evaporation of the
continuous liquid phase, the top interface descends at a constant velocity. If the density of the particle is
greater than the density of the liquid, then the particle will be subject to sedimentation. The particle will
also undergo Brownian diffusion. Reproduced with permission from Soft Matter. 14, 6181 (2018).
Copyright 2018 Royal Society of Chemistry.

21



AlP

Publishing

0 Adsorbing
particle

° Non-adsorbing

0 particle

Air-water interface
© 0 ©50¢

concentration

° o lefuswn l gradient
0 g ©

Sedimentation

Particle

Leading mechanisms

Diffusion VS.

Colloidal
diffusiophoresis

Adsorption

FIG. 4. Schematic diagram of factors that affect the distribution of particles in a colloidal film. As a result

of the evaporation of the continuous liquid phase, the top interface descends, which will create a

concentration gradient for particles. Different types of particles can be suspended in a viscous liquid.

Studies have involved both adsorbing and non-adsorbing particles. Several mechanisms are proposed to

explain the distribution of particles in the dried films. If the density of the particle is greater than the

density of the liquid, the particles will also be subject to sedimentation. In addition, the particles exhibit

Brownian diffusion.
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FIG. 5. (a) Snapshots of drying film at different time points. Arrows indicate the stratified layer of small
colloids. Snapshots was captured using Visual Molecular Dynamics. Reproduced with permission from
Langmuir. 33, 3685 (2017). Copyright 2017 American Chemical Society. (b) On the left side, confocal
image of a binary colloidal film with size ratios as 7.1 and initial total volume fraction of 0.1. The small
particles contain a green fluorescent dye and are seen in a layer at the top of the film. A snapshot of the
final structure obtained from Langevin dynamics simulations for this system is shown to the left. On the
right side, image of the same materials system when size ratios as 4.1 and the initial volume fraction is
0.45. The red and green particles are distributed uniformly with depth. A snapshot of the corresponding
Langevin dynamics simulations is shown to the right. Reproduced with permission from ACS Applied
Materials & Interfaces. 8, 34755 (2016). Copyright 2016 American Chemical Society.
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FIG. 6. When “a” was set as 7, a representative state diagram was derived from the ZJD model. The
labels indicate the areas where stratification with large or small particles on top and homogeneously
distributed particles are anticipated. The ZJD equation was used to calculate the red line. Reproduced
with permission from Physical Review Letters. 118, 108002 (2017). Copyright 2017 American Physical
Society.
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FIG. 7. Film formation model for drying blends of large latex (red) and small zinc oxide (green) particles:

(a) initial configuration, homogeneous particle distribution, (b) slow evaporation scenario, and (c) fast

evaporation scenario. Reproduced with permission from ACS Applied Polymer Materials. 2, 626 (2020).

Copyright 2020 American Chemical Society. (d) SEM cross sections, coating layer thickness, and number

distribution by particle size for the bottom, middle, and top layers of the particulate assemblies. The
histogram shows the numerical distribution by particle size for the bottom, middle, and top layers of
particulate assemblies generated under optimized drying conditions. The initial volume fraction of LPs
was the same in all situations (same number of particles). The particles were separated into two bins or
fractions for ease of comparison and comparison. Namely, colloidal (<300 nm) and “settling” particles
(>800 nm). The layer thickness (out-of-plane direction) was separated into three equidistant zones,
bottom, middle, and top, each identified with a different color. Reproduced with permission from
Langmuir. 34, 5759 (2018). Copyright 2018 American Chemical Society.
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also part of the ion-pair covalently bound to the NP surface. (B) Total surface pressure caused by the

adsorption of 5 nm NPs from pH 11.7 solutions. Reproduced with permission from Langmuir. 34, 4830

(2018). Copyright 2018 American Chemical Society. Visual representation of the negatively (C) and
positively (D) charged silica nanoparticles adsorbed at the decane-water interface and their interaction
with the oil-soluble ODA surfactant molecules at intermediate to high concentrations. Reproduced with

permission from Langmuir. 37, 5659 (2021). Copyright 2021American Chemical Society.
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FIG. 11. (a) Schematic diagram for the coating structures formed by self-stratification of amphiphilic
Janus particles mixed with binder particles; (b) SEM image of the cross-section view of dried coating
structures. Scale bar is 2 um. Inset shows the asymmetric morphology of a typical Janus particle with
Janus balance (percentage of hydrophobic surface area) ~50%. Scale bar is 100 nm; (c) contact angles of
the coating surface before and after adding the Janus particles; (d) fluorescent dye labelled Janus and
binder particles: (i) hydrophobic side of 3 um amphiphilic Janus particles labelled with Nile red; (ii) 400
nm amphiphilic Janus particles labelled with Nile red; (iii) homogeneous 1.3 um binder particles labelled
with green FITC; (e) particle dispersion composed of red amphiphilic Janus particles and unlabeled
binder particles at different time points under the evaporation condition (open-lid); f) Theoretical
comparison of time evolution of particle concentration profiles for the binary mixtures: Janus particles
with binder particles (solid lines) and homogeneous particles with binder particles (dashed lines).

Reproduced with permission from Materials Horizons. 7, 2047 (2020). Copyright 2020 Royal Society of
Chemistry.
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FIG. 12. Schematic representation of hypothetical model about Janus particle stratification: (Stage 1)

Depletion of binder particles from the interface due to the electrostatic repulsion; (Stage I1) Accumulation
of Janus particles to the interface due to osmotic pressure from binder particles; (Stage 111) Adsorption of

Janus particles at the interface due to their amphiphilicity and adsorption energy.
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