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A B S T R A C T   

Understanding particle motion during drying of colloidal and nanoparticle mixtures can be of great significance 
to processes such as stratification during film formation. Much of the current research in this field focuses on 
theory and simulation; however, additional experimental approaches are needed to support these studies. Here, 
we report a novel way to study film structures by applying an in-situ small angle X-ray scattering (SAXS) 
approach. We present studies of binary films containing two different sizes of silica particles. Our analysis allows 
us to probe the difference in particle packing in different layers and at different drying times. Furthermore, we 
can compare film samples consisting of particles with different initial concentrations and size ratios. Although 
the sample series presented here is limited, the data demonstrates proof-of-concept of the experimental tech
nique. The method will be beneficial for future studies of structure formation in relatively thick films containing 
inorganic nanoparticles.   

1. Introduction 

Functional coatings are critical for many industrial applications and 
thus are in increasing demand for a variety of purposes, such as anti- 
bacterial coatings, anti-mold coatings, and so on [1–3]. Under many 
of these circumstances, multicomponent film fabrication is utilized to 
achieve a layered coating with desired properties at the interfaces. There 
are currently some attempts to make multi-layered films via a single-step 
deposition of mixtures of materials followed by evaporation of solvents, 
while traditional processes rely on only one layer of materials being 
applied at a time, which is not as time- or cost-effective as a single-step 
process. 

The understanding of how different particles migrate during evap
oration is of great importance. Theory by Routh and Russel [4–6] pur
posed that colloidal particle motion during film formation is determined 
by the Peclet number (Pe) where the competition is quantified between 
evaporation and Brownian motion: 

Pe =
6πηRHE

kT
(1)  

where η is the solvent viscosity, R is the particle radius, H is the initial 
film thickness, E is the rate of evaporation, k is Boltzmann’s constant, 
and T is the temperature. They predicted that, as the solvent front moves 

down during evaporation, particles are able to diffuse away and 
distribute uniformly in the mixture when diffusion dominates (Pe ≪ 1) 
or remain trapped at the air-film interface when evaporation dominates 
(Pe ≫ 1). Furthermore, Trueman et al. suggested that having particles 
with two different sizes so their Pe straddle unity can encourage strati
fication, where large particles enrich the top of final dried film and small 
particles enrich the bottom [7]. This is sometimes referred to as a “large- 
on-top” structure (Fig. 1). 

Many recent studies have a different observation of inverted strati
fication, with small particles enriched at the top surfaces of dried films. 
This has also been referred to as “small-on-top” stratification (Fig. 1). 
These studies focused on film formation under fast evaporation condi
tion (Pe ≫ 1 for both particles). Fortini et al. [8] believed the inverted 
stratification can be a result of differences in an osmotic pressure 
gradient between particles, while Panagiotopoulos et al. [9] attributed it 
to chemical potential gradient differences. Other studies of Zhou et al. 
[10] further discovered that various stratification states with large 
particles on top, with small particles on top, and no stratification (uni
form distribution) are all possible scenarios depending on drying con
ditions, particle size ratios and particle volume percentages. 

Much of the recent research of this phenomenon has been supported 
by computational simulations, which have some limitations such as 
difficulties in correctly estimating interactions between particles and 
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solvent. These models generally neglected hydrodynamic effects and 
treated the continuous phase as a liquid with a certain viscosity, while 
Sear and Warren’s diffusiophoresis model [11,12] explicitly considered 
hydrodynamic effects. Relatively few experiments have been performed 
to investigate dried film structures. Atomic force microscopy (AFM) has 
been one of the most widely used approaches to investigate the surface 
compositions. Both large and small particles enriched at the top surfaces 
were observed via AFM under different drying conditions [13–15]. 
However, AFM can only characterize a limited area and only be applied 
at or near the film upper surface. Moreover, the composition of the 
upper surface may be affected by interfacial interactions. Depth- 
resolved composition of dried films becomes important to the under
standing of the stratification mechanism, yet these experiments are 
difficult to perform. Cryo-SEM and conventional SEM have been used to 
characterize the film structure during drying [14], though this possesses 
difficulties in quantification and preventing artifacts. Confocal micro
scopy, which was used by Fortini et al. [8], can be applied, although this 
technique also poses challenges in quantifying the results. Baesch et al. 
recently utilized three-dimensional Raman spectroscopy to study the 
composition and morphology of dry films [16]. 

Recently, our group performed microbeam small-angle X-ray scat
tering (SAXS) experiments on dried colloidal films and quantified the 
final compositions [17,18]. In these experiments, a micro-focused beam 
was applied to a very small thickness (~20 μm) of colloidal films and 
samples were moved along the vertical direction to analyze the depth- 
resolved structures. Intensity differences were obtained and further 
quantified. Interestingly, in addition to large-on-top and small-on-top 
stratification, our group also discovered “sandwich” structures 
(Fig. 1), where one type of particle was enriched at both the top and 
bottom surfaces, and the other particle was enriched at the center. These 

“sandwich” structures had not be discussed in detail previously, 
although there is some evidence that similar types of structures were 
observed in earlier experiments and simulations [19,20]. 

In order to learn more about the process of stratification, we devel
oped an approach for in-situ measurements of film composition during 
the drying process. We designed a SAXS experimental system where wet 
samples were consistently heated until they dried, and we performed 
conventional SAXS at different positions within the samples by moving 
them along the vertical direction. To our knowledge, this type of 
approach has not been used previously to study stratification of multi
component systems in situ during the drying process. These experiments 
are best performed on films that contain inorganic nanoparticles, which 
ensure sufficient intensity of the scattered X-ray beam. We elected not to 
focus the beam down for this series of experiments, as the wet films have 
a relatively large initial thickness (about 16 mm). The downside of this 
approach is that the final dried film becomes too thin to be studied with 
the relatively wide X-ray beam. If desired, the approach could be 
modified and performed with a narrow microbeam instead, and fewer 
data points taken in the early stages of drying. In either case, the X-ray 
scattering spectra from different depths of film during drying can be 
obtained and compared. 

2. Experiment 

Silica dispersions, purchased from Nanocomposix, Sigma-Aldrich 
and Grace, were used as provided or after necessary dilution with 
deionized water. Information on particle sizes is given in Table 1. The 
Peclet number is calculated based on water viscosity at 60 ◦C and a 
solvent evaporation rate measured during the SAXS experiments, as 
described below. 

Fig. 1. An illustration of an initially uniform dispersion of colloidal particles of two different sizes, developing into different kinds of stratified/uniform dried films 
during solvent evaporation. 
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We paired different samples to achieve different particle size ratios as 
well as different initial volume percentage (from 0.19% to 1.9% diluted 
with de-ionized water). Single-component samples, which have one kind 
of particles with equivalent concentration as in binary mixtures, were 
also measured for data reduction and analysis. Information on mixed 
binary samples is given in Table 2. The particle size and initial volume 
percentage is shown as particle-radii (nm)-volume percentage (%) under 
columns “Particle 1” and “Particle 2”, e.g. silica with radii as 112 nm and 
initial volume percentage as 0.19% is shown as Silica-112–0.19. 

In-situ SAXS experiments were performed at the Complex Materials 
Scattering beamline (CMS, 11-BM) at the National Synchrotron Light 
Source II (NSLS-II), Brookhaven National Laboratory (BNL). X-rays with 
energies ranging from 10 to 17 keV were delivered by a 3-pole wiggler 
source. X-ray beams pass through a double multilayer monochromator, 
a toroidal focusing mirror, and a series of beam-defining and condi
tioning slits. Samples were placed in BrandTech™ BRAND™ plastic 
cuvettes with dimensions shown in Fig. 2. The beam passes through the 
narrow section of the cell, while the large opening at the top enables 
solvent evaporation over a reasonable time scale. These cuvettes were 
selected to obtain a small path length for the beam within the gel while 
still allowing for solvent evaporation. Cuvettes were supported by a 
sample holder with heating from the bottom. The sides of the cuvettes 
were wrapped in Kapton tapes to ensure good heat insulation and 
transparency in X-ray scattering. The top openings of cuvettes were 
exposed to the air to allow evaporation. Temperature was maintained at 
60 ◦C, which allowed the samples to be completely dried in about 17–20 
h. The sample holder was moved perpendicular to the X-ray beam di
rection, and SAXS data was collected throughout each sample at a ver
tical spacing of 0.5 mm, at different points in the drying process. This 
experimental set-up, where different positions in the film are achieved 
by moving the sample stage, ensures that the path length through the 
film is the same at all film depths measured. The detector distance was 
set to 5 m. The evaporation rate can be estimated by calculating the 
downward moving velocity of the solvent front, which was found to be 
2.05 × 10− 7 m/s, using the experimentally-measured time for complete 
evaporation of the solvent of 17.2 h at 60 ◦C for a representative sample. 
This was used to calculate the Pe values listed in Table 1. 

3. Results and discussion 

In-situ SAXS experiments yield scattering spectra at different depths 
within the drying films. In Fig. 3, we show scattering curves at a depth of 
approximately 0.5 mm beneath the top interface. We did not choose the 
topmost layer to analyze because this first data point often has some 

edge effects from the beam not being fully in the film, and thus the in
tensity cannot be compared to data taken at other depths. SAXS scans are 
taken at different time points during the drying process, and we 
normalize these by the time it takes to fully dry the film; so for example, 
a film that is labelled 13% dry is at a time point that is 0.13 times the 
time it takes to fully evaporate the solvent. An estimate of the average 
uncertainty in the scattered intensity I can be estimated as Ierr = [errshot

2 

+ errstd
2 ]1/2, where errshot is the Poisson-like “shot noise error” associated 

with photon counting statistics for a signal of a given intensity in the 1D 
average curve, and errstd is the standard deviation of the 2D data along 
an arc at a particular q. This does not account for the fact I has been 
averaged over multiple detector pixels and over the time of the mea
surement, and thus provides an upper-bound on the error in I. Using this 
approach, the relative error in I was found to be approximately 1.4% for 
Mixture 1 at the 76% dry state in the q range 2.99 × 10− 3 to 1.80 × 10− 1 

Å− 1. 
Fig. 3 shows a series of SAXS data taken on Mixure 1 at time points 

ranging from 13% dry (red) to 92% dry (blue). As the solvent evapo
rates, the overall scattered intensity and the characteristic features from 
the particle form factors increase due to loss of solvent, and a peak 
corresponding to the structure factor appears, as expected. Much of the 
remaining discussion focuses on films that are 76% dry, at which point 
the majority of solvent has been removed. We are aware that there is still 
a significant amount of solvent remaining at this point in the drying 
process, but the resolution of this experiment does not allow us to probe 
film thickness smaller than X-ray beam size, i.e. fully or nearly dried 
films at the very end of the evaporation process. 

In order to study the stratification process for drying silica disper
sions, we plot the scattered intensity of Mixture 1 at different depths for 
films that are 76% dry in Fig. 4(a), where 10% is near the top (0%) and 
90% is near the bottom interface (100%). However, no obvious differ
ence is observed, other than upper layers having a slightly higher in
tensity than the lower layers in some regions of the curve. Similarly, if 
we compare these mixture data to the curves measured on a single- 
component film of Silica-112 (Fig. 4b), we also see barely any differ
ence in the scattered intensity at different depths at 76% drying time. If 

Table 1 
Characteristics of silica particles and processing conditions used in this study.  

Name Radius 
(nm) 

Peclet 
Number 

LOT# and 
Supplier 

Volume 
Concentration 
(as received) 

Zeta 
Potential 
(mV) 

Silica- 
112 

111.7 
± 0.8 

527 JDR0029, 
Fisher 
Scientific  

0.38% − 12.8 ±
2.9 

Silica- 
17 

17.8 ±
1.8 

94 MKBZ5447V, 
Sigma-Aldrich  

15.09% − 57.4 ±
2.9 

Silica- 
6 

6.2 ±
0.2 

33 2017850358, 
Grace  

15.47% − 57.2 ±
4.5  

Table 2 
A list of mixture samples with the information of particle sizes and initial volume 
percentage ratio.  

Name Particle 1 Particle 2 Size Ratio Volume Ratio 

Mixture 1 Silica-112-0.19 Silica-6-1.9  18.0 1:10 
Mixture 2 Silica-112-0.19 Silica-6-0.95  18.0 1:5 
Mixture 3 Silica-112-0.19 Silica-17-1.9  6.3 1:10  

Fig. 2. (a) An illustration of SAXS experiment set up. (b) A sketch of the cross 
section of the sample cells used in these measurements, with dimensions. 
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there is a weak variation in the structure with film depth, it is difficult to 
discern by looking at the total scattered intensity. This leads to the 
residual-type analysis described in the next section. 

To highlight scattering from one component in the binary mixture, 
we assume that the intensity of the binary mixture can be expressed as a 
linear combination of two individual components, and perform further 
analysis of the data by subtracting data taken on films containing one 
type of particle from the data taken on the binary mixtures. This 
assumption should be valid for the disordered, partially dried suspen
sions in this study. As drying proceeds, the impact of packing of two 
different particle types can give rise to local configurations, and thus 
scattering features, that are not present in the pure systems. We have not 
considered the very late stages of drying in this work. Thus, for the 
systems studied here, we expect that a linear combination of the pure 
material scattering curves provides a reasonable approximation to the 
total scattering curve. 

Fig. 5 shows the residual intensity of Silica-6 in Mixture 1, obtained 
by subtracting the measured intensity of Silica-112 from the Mixture 1 
data at the equivalent drying times and film depths. Interestingly, we 
observe regular peaks in the low q range, suggesting a well-ordered 
structure, that are not seen in the total scattered intensity from the 
mixture (Fig. 4). These peaks shift to a higher intensity and lower q as we 
proceed into deeper layers of the film. These are at a lower intensity than 
the intensity from the mixture, which explains why these characteristics 
are not readily apparent in Fig. 4. 

Comparing the residual scattering of Silica-6 with those of Mixture 1 
and Silica-112, the low q features do not necessarily match the positions 
of features seen in the form factors for larger silica particles, while the 
high q features overlap nicely in terms of both positions and intensity 
scales. In the residual intensity curves of Silica-6, we can see that the 
heights and positions of these peaks at low q vary with film depth. Layers 
closer to the bottom of the film have higher intensity, and the peaks are 
shifted to lower q. We do not believe that these features are due to the 
formation of aggregates or clusters, but rather due to structural factors 
and interparticle correlations of Silica-6 that are present in the mixture 
but not in the single-component sample. These features become more 
prominent in the bottom layers of the mixed film, and this together with 
the shift in q suggests that there may be a change in concentration of 
Silica-6 as we move through the bottom layers of the film. Additionally, 
the high q features that correspond to form factor of Silica-6 particles are 
of slightly lower intensity for deeper layers but do not show an obvious 

Fig. 3. Scattered intensity versus scattering vector q for the top 0.5 mm thickness of Mixture 1 at different representative drying times, from 13% to 92% dry.  

Fig. 4. Scattered intensity versus scattering vector q on a log–log scale for (a) 
Mixture 1 and (b) Silica-112-0.19 at different film depths, at 76% dry time. 0% 
and 100% depth layers are defined as top and bottom interface, respectively. 
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difference in positions. 
In Fig. 6, we plot the residual intensity of Silica-6 for different depths 

at 13% dry time, obtained in the same way as above. The variations in 
peak positions are clearly weaker than in the 76% dry film. At this 
earlier stage of drying, we only observe some features near the bottom of 
the film, at depths between 68 and 72%. Based on this observation, for 
these particles and evaporation conditions, it appears that stratification 
may first become apparent in the bottom of the film. This is somewhat 

surprising, as we would normally expect that stratification effects would 
first occur in the upper part of the film, near the drying front. 

According to a previous computational study by Zhou et al., both the 
initial concentration of small particles and particle size ratio play an 
important role in stratification of drying binary mixtures [10]. They 
proposed a boundary condition for small particles to enrich the top 
surface, α2(1 + Pe1)ϕ01 > 1, where α is particle size ratio, Pe1 is Peclet 
number for small particle and ϕ01 is the initial concentration for small 

Fig. 5. (a) Residual scattered intensity versus scattering vector q on a log–log scale for Silica-6 in Mixture 1 at different film depths, at 76% dry time. The 0% and 
100% depth layers are defined as top and bottom interface, respectively. (b) Enlarged view of low q peaks in the residual intensity, of Silica-6. Symbols are the same 
depths as indicated in (a). (c) Position (blue) and residual intensity (red) for the first defined peak in (b) at different depth. (d) Scattered intensity versus scattering 
vector q on a log–log scale for Mixture 1, Silica-112 and residual scattering from Silica-6 at a depth close to top interface, at 76% dry time. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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particles. In our study, all systems are expected to have small on top 
stratification based on this model, while Mixture 1 should have the most 
stratified dried film because of the largest size ratio and small particle 
concentration used. 

In order to probe the effect of small particle concentration, we 
compare the residual scattering from Silica-6 for Mixture 2 (Fig. 7), 
which has an initial volume percentage of Silica-6 of 0.95%, with 
Mixture 1, which has an initial volume percentage of Silica-6 of 1.9%, at 

Fig. 6. (a) Residual scattered intensity versus scattering vector q on a log–log 
scale for Silica-6 in Mixture 1 at different film depths, at 13% dry time. The 0% 
and 100% depth layers are defined as top and bottom interface, respectively. 
(b) Enlarged view of low q peaks in the residual intensity, of Silica-6. Symbols 
are the same depths as indicated in (a). (c) Position (blue) and residual intensity 
(red) for the first defined peak in (b) at different depth. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 7. (a) Residual scattered intensity versus scattering vector q on a log–log 
scale for Silica-6 in Mixture 2 at different film depths, at 76% dry time. The 0% 
and 100% depth layers are defined as top and bottom interface, respectively. 
(b) Enlarged view of low q peaks in the residual intensity, of Silica-6. Symbols 
are the same depths as indicated in (a). (c) Position (blue) and residual intensity 
(red) for the first defined peak in (b) at different depth. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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76% dry time. Similar to Mixture 1, the residual scattering from Silica-6 
shows peaks in the low q range, and these peaks have the highest in
tensity for layers that are at 44–78% depth. The residual scattering in
tensity from Silica-6 increase as we proceed from top layer to bottom, 
but then drop at 89% depth, while the peak position shift to a lower q. 
This lower intensity at top suggests that the top layer to the film is less 
ordered. A right-shifted peak position at top indicates there is a larger 
spacing among particle arrangement. To compare these characteristics 
in Mixture 1 and Mixture 2, the variation in peak positions is similar. 
Nevertheless, the absolute intensity of residue peaks at low q are slightly 
higher for Mixture 1 showing a higher degree of ordering. A less defined 
development in intensity and peak position from top to bottom layer in 
Mixture 2 might be due to the competition of different effects on strat
ification and so that both interfaces end up becoming less ordered, 
which is believed to have the potential to cause “sandwich” structures 
where one type of particles enriches top and bottom layers and another 
enriches the center of a film. Although the intensity ratio between 
highest and lowest peaks is relatively large for Mixture 2, the highest 
peak appears near the center of the film and the intensity show a non- 
linear trend from top to bottom layer, which is quite different from 
Mixture 1. 

We also applied the technique to explore the effect of particle size 
ratio through Mixture 3, where the smaller Silica-17 particles are 17 nm 
in radius, and thus the size ratio is 6.3. Using the same analysis method, 
in Fig. 8 we show the residual scattering from the smaller particles, in 
this case Silica-17, from Mixture 3 at different depths for a sample at 
76% dry time. Peaks are again observed in the low q regime, and they 
are of an order of magnitude higher in intensity than in Mixture 1 and 
Mixture 2, implying a stronger ordering effect in this film. However, the 
intensity differences at different depths are small, i.e. the ratio between 
the highest and the lowest peak is 1.13 for Mixture 3 but is 1.80 for 
Mixture 1. In addition, there is no clear variation in the form factor of 
Silica-17 particles. This implies that a smaller size ratio of particles in the 
binary mixture results in a relatively uniform arrangements throughout 
the film, e.g. no or minimal stratification, which is not surprising based 
on previous studies [9,10,13,14]. 

Although we do not observe strong stratification in the overall 
scattering intensity at different depths as predicted by the boundary 
condition predicted by Zhou et al., this study still see some differences in 
particle ordering for these films. However, it is possible for particles to 
rearrange themselves at a late stage of drying [21], and the technique we 
used here cannot probe film structures at that point. The development of 
understanding how to promote or diminish stratification, such as by 
controlling volume concentration ratio and particle size ratio, can guide 
the fabrication and application of multifunctional coatings; for example, 
fabrication of anti-bacterial coatings through the incorporation of silver 
particles at the top surface, or optical coatings through production of 
samples with a specified gradient in silica or another componenty 
throughout. 

4. Conclusions 

In-situ SAXS was applied to provide a novel method to study the 
stratification process in drying colloidal films consisting of different size 
particles. Although we examined binary mixtures of the same material 
with different particle sizes, the technique can be applied to mixed films 
of two different types of inorganic or ceramic materials, or to composite 
films containing both inorganic and organic particles. The scattering 
spectra of a fixed layer in the film at different drying times shows there is 
some difference in the particle ordering as drying proceeds. Because 
features of each particle can be difficult to discern when looking at the 
total scattered intensity, we examined the residual scattering from a 
single component within the mixture, obtained by subtracting the in
tensity from a drying film containing only the other component. Per
forming this type of analysis to highlight the scattering from small 
particles provided some insights into the effects of initial small particle 

concentration and particle size ratio. However, the overall variation of 
the particle distribution across the film depths appear to be less signif
icant than expected, likely due to a large initial film height, long drying 
process, and high Peclet numbers. 

This proof-of-concept study demonstrates the utility of in-situ SAXS 
experiments in studying stratification in thick films containing inorganic 

Fig. 8. (a) Residual scattered intensity versus scattering vector q on a log–log 
scale for Silica-17 in Mixture 3 at different film depths, at 76% dry time. The 0% 
and 100% depth layers are defined as top and bottom interface, respectively. 
(b) Enlarged view of low q peaks in the residual intensity, of Silica-17. Symbols 
are the same depths as indicated in (a). (c) Position (blue) and residual intensity 
(red) for the first defined peak in (b) at different depth. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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nanoparticles. With the limited systems studied here, it is difficult to 
draw conclusive insight into the physics of the stratification process. 
However, future studies over a wider range of particle sizes and size 
ratios, as well as varying the sample cell and environment to enable a 
range of evaporation rates, is envisioned for future studies. In addition, 
the results can be integrated with complementary simulations of particle 
motion during drying to help verify predictions and provide directions 
for improving theoretical descriptions of evaporative assembly. 
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