
Journal of Colloid and Interface Science 607 (2022) 1661–1670
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Controlling supraparticle shape and structure by tuning colloidal
interactions
https://doi.org/10.1016/j.jcis.2021.09.035
0021-9797/� 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: kappl@mpip-mainz.mpg.de (M. Kappl).
Wendong Liu a,b, Michael Kappl b,⇑, Werner Steffen b, Hans-Jürgen Butt b

a School of Chemical Engineering, Dalian University of Technology, Linggong Road 2, Dalian 116024, PR China
bDepartment of Physics at Interfaces, Max Planck Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 15 July 2021
Revised 3 September 2021
Accepted 6 September 2021
Available online 8 September 2021

Keywords:
Supraparticle
Evaporation
Crystallization
Forces
Superamphiphobic surface
Colloid
Assembly
a b s t r a c t

Hypothesis: Assembly of colloids in drying colloidal suspensions on superhydrophobic surface is influ-
enced by the colloidal interactions, which determine the shape and interior structure of the assembled
supraparticle. The introduction of salt (electrolyte) into the assembly system is expected to influence
the colloid interactions and packing during the evaporation process. Hence, both the outer shape and
internal structure of supraparticles should be controlled by varying salt concentrations.
Experiments: Suspensions of electrostatically stabilized polystyrene particles with specified salt concen-
trations were chosen as model systems to conduct the evaporation on a superhydrophobic surface. A sys-
tematic study was performed by regulating the concentration and valency of salt. The morphology and
interior of supraparticles were carefully characterized with electron scanning microscopy, while the col-
loidal interaction was established using colloidal probe atomic force microscopy.
Findings: Supraparticles displayed a spherical-to-nonspherical shape change due to the addition of salts. The
extent of crystallization depended on salt concentration. These changes in shape and structure were correlated
with salt-dependent single colloid interaction forces,whichwere not previously investigated in detail in radially
symmetric evaporation geometry. Our findings are crucial for understanding assembly behavior during the dry-
ing process and offer guidance for preparing complex supraparticles to meet specific applications requirement.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2021.09.035&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcis.2021.09.035
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kappl@mpip-mainz.mpg.de
https://doi.org/10.1016/j.jcis.2021.09.035
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


W. Liu, M. Kappl, W. Steffen et al. Journal of Colloid and Interface Science 607 (2022) 1661–1670
1. Introduction

Supraparticles are assemblies of primary nano- or microscale
colloids with a typical size from several tens of microns to several
hundreds of microns [1,2]. Colloids agglomerate into larger supra-
particles, which are easier to handle and recover and have com-
bined functionalities of nano- and/or microscale colloids, e.g.,
high specific surface area, intrinsic material properties, catalytic
activity, etc.[1] Benefiting from the synergism, coupling, and colo-
calization of colloids, supraparticles may perform improved func-
tions while reducing the hazards caused by the high mobility of
nanoscale colloids [1,3–5]. Therefore, supraparticles have attracted
considerable attention and shown specific structure and applica-
tions [6,7], e.g., heterogeneous catalysis [8,9], photonic materials
[10–12], drug delivery [13–15], or energy production-related
materials [16–19].

Most supraparticles are fabricated in solution, either by kinetics
or thermodynamics-controlled growth or by template-based syn-
thesis [1,20–28]. These approaches have the advantage of large-
scale production. Nevertheless, they depend on additional chemi-
cals, especially for structural engineering. The chemicals need to
be removed from the assemblies for disposal, which may harm
the environment and consume additional resources. With the
aim of reducing or completely avoiding the use of hazardous sol-
vents, emulsifiers, templates, or any other processing liquid,
researchers introduced evaporation-driven self-assembly as a
promising method for supraparticle preparation [29,30]. On sur-
faces, droplets usually assume a shape of spherical cap, except
for the case with a contact angle of 90�, which forms a hemisphere.
The nonradial symmetric shape undergoes anisotropic evaporation
and induces internal colloids to aggregate at the three-phase line
to form ring-like or doughnut-like structures (coffee-stain effect)
[31,32]. In contrast, on super liquid-repellent surfaces (superhy-
drophobic, superoleophobic, and superamphiphobic surfaces), sus-
pension droplets have a nearly spherical morphology. This
spherical morphology results from the large contact angle
(CA > 150�) and small roll-off angle (tilt angle less than 10�) [33–
38]. As contact line pinning can be neglected and surface tension
forces dominate over the viscous forces, the droplet on super
liquid-repellent surfaces shrinks virtually simultaneously in all
directions. Even though the evaporation of a droplet on a superhy-
drophobic surface will not be fully isotropic [31,32], the minimal
contact area (� V2=3, where V is the volume of the drop) between
the liquid and solid and the porous structure of the liquid-repellent
surface will also allow the evaporation into the highly porous sub-
strate side, resulting in an almost radially symmetric evaporation
[2,39,40]. This makes the process like spray drying, but with the
advantage that the kinetics can be slowed down and direct obser-
vation of the process is straightforward.

Recently, researchers have utilized this evaporation-driven self-
assembly approach for the fabrication of supraparticles from
monotonic or binary dispersions of nanoscale colloids. They
demonstrated the formation of highly porous structures, with
broad potential applications of such supraparticles in catalysis
[2,40,41].

To date, research on supraparticles has mainly focused on the
properties and functions of the obtained supraparticles but not
the structure formation process. In our previous work, we have
demonstrated that specific drying conditions lead to the segrega-
tion of different size particles during the drying of binary colloidal
dispersions [39]. In this case, the supraparticles exhibited a core–
shell morphology. The outer layer was mainly occupied by small
colloids that formed a close-packed crystalline structure. Toward
the core, the concentration of large colloids increased, and they
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packed amorphously. The extent of this stratification decreased
when the evaporation rate was reduced [39]. Sperling et al.
reported the effect of ionic strength on the apparent shape of
supraparticles prepared by evaporating a silica suspension droplet
on a superhydrophobic surface [42]. By increasing the ionic
strength, the supraparticle buckled due to the accumulation of sil-
ica nanoparticles at the liquid–air interface. Buckling was stronger
with increasing ionic strength. At a high salt concentration
(25 mM), highly anisometric (boat-like) supraparticles were
obtained. These observations indicate that electrostatic double-
layer forces influence structure formation in drying droplets of col-
loidal suspensions.

Here, we investigate in detail the influence of intercolloid forces
on the structure and shape of supraparticles. We experimentally
explored the drying process of polystyrene (PS) colloids dispersed
in aqueous electrolytes with different salt concentrations. Of par-
ticular interest is the crystallization of monodisperse PS colloids
within the supraparticle, i.e., whether they form completely crys-
talline supraparticles or if the degree of crystallization changes
with salt concentration. By measuring the interaction between
individual colloids with colloidal probe atomic force microscopy
(AFM), we can correlate changes in the structure and shape of
the supraparticle with the interaction between individual colloids
at different salt concentrations. Our results show that the change
in the interaction between colloids caused by the screening of elec-
trostatic repulsion by adding salt has a drastic effect on the struc-
ture and morphology of the supraparticles. An improved
understanding of the assembly process in drying droplets on
superamphiphobic surfaces will be beneficial to specific supra-
particle fabrication, and extend new research and application areas
in colloid and interface science.
2. Materials and methods

2.1. Materials and chemicals

Methyl trichlorosilane (TCMS, 99%) and hexadecane (Reagent
Plus, 99%) were purchased from Aldrich. 1H,1H,2H,2H-
Perfluorodecyltrichlorosilane (PFDTS, 96%) was purchased from
Alfa Assar. N-Hexane (95%) was purchased from Fisher Chemical.
Sodium chloride (NaCl, � 99.5%) and calcium chloride (CaCl2,
�98%) were provided by Carl Roth GmbH + Co. KG. VWR CHEMI-
CALS provided toluene, acetone, and absolute ethanol. Ultrapure
water with a resistivity of 18.2 MX�cm was produced using a Sar-
torius Arium 611 VF water purification system. Glass sides
25 mm � 75 mm in size were provided by Menzel-Gläser, Ger-
many. Polystyrene colloids (negatively charged, � � 48 mV, with
–COOH groups on the surface) with a diameter of 440 nm and
4 lmwere prepared by the copolymerization of styrene and acrylic
acid using surfactant-free emulsion polymerization [43]. The molar
ratio of styrene to acrylic acid in both cases was maintained at 60:1
to achieve similar surface chemistry, and the as-prepared colloids
were purified by several cycles of centrifugation and redispersion
in ultrapure water.
2.2. Preparation of silicone nanofilaments-based superamphiphobic
surfaces

The superamphiphobic surfaces were prepared by the grow-
from method [2,44,45]. In brief, cleaned glass slides were treated
with oxygen plasma (30 W for 2 min). Then activated substrates
were immersed in a mixture of TCMS (250 mL) and toluene
(360 mL, 166 ppm water) for 12 h to graft silicone nanofilaments.
The water concentration in toluene was evaluated using a Karl Fis-
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cher coulometer (Mettler Toledo C20 Compact KF coulometer). The
silicone nanofilaments-grafted glass slides were again activated
with oxygen plasma (120 W for 2 min) and immersed in a mixture
of PFDTS (100 mL) and hexane (120 mL) for 30 min to further
reduce the surface tension to achieve superamphiphobicity. The
obtained silicone nanofilament-grafted glass was homogeneous
over a large area (Fig. S1a,b). Water and hexadecane droplets
formed spherical shapes. Water droplets possessed a static contact
angle over 162� (Fig. S1c) with a roll-off angle of approximately 2�,
while hexadecane droplets had a contact angle of approximately
156� (Fig. S1d) with a roll-off angle of approximately 8� at a vol-
ume of 5 mL.

2.3. Evaporation of PS suspension droplets on superamphiphobic
surfaces

Mixtures of PS colloids with a diameter of d ¼ 440 nm (polydis-
persity index = 0.088 ± 0.023) and NaCl were prepared. The volume
fraction (vol%) of PS colloid in the water was fixed at 8%. The con-
centration of NaCl in the mixture was 0 mM, 1 mM, 5 mM, 10 mM,
50 mM, 100 mM, 500 mM, 1 mM, 5 mM, 10 mM, 50 mM, and
100 mM. Approximately 2 mL of these suspensions were dropped
onto the superamphiphobic surface. Drops were evaporated at
22 �C, either under ambient conditions (relative humidity 32%) or
at a relative humidity of 96% (measured with a TFA Digital
Thermo-Hygrometer). High humidity was achieved by putting sev-
eral opened water bottles around the superamphiphobic sub-
strates in a chamber and allowing the system to equilibrate for
approximately 0.5 h before placing the drop.

2.4. Measurement of colloidal interaction

The forces between individual PS colloids were measured using
colloid probe AFM [46]. As the colloids need to be mounted onto
AFM cantilevers under an optical microscope, we used larger PS
particles with diameters of 4 mm, which were prepared by using
PS particles from the previous synthesis as seeds and repeating
the same synthesis procedure for several cycles. The colloids were
attached to AFM cantilevers (Bruker NP-O) with a nominal spring
constant of 0.12 N/m using a micromanipulator (Narishige MMO,
Narishige, Tokyo, Japan) using a two-component epoxy glue
(UHU endfest, Henkel, Germany) to form colloidal probes. The
spring constant for each probe was measured using the thermal
noise method [47] integrated into JPK III Nanowizard AFM soft-
ware. The probes were mounted to the liquid cell holder of a JPK
Nanowizard III AFM (JPK Instruments, Berlin, Germany). A small
droplet of PS colloid dispersion was deposited on a glass slide that
had been modified with 3-aminopropyltriethoxysilane to render
the glass surface positively charged and improve attachment of
the PS particles. After drying, the colloid attachment to the glass
substrate was strong enough to allow the exchange of electrolyte
solution in the liquid cell without washing off the particles. The
glass slides were mounted under the AFM on top of an inverted
optical microscope to form the bottom of the liquid cell. The col-
loidal probe was roughly positioned above an area that was cov-
ered by a sub-monolayer of PS particles on the glass slide using
the micrometer screws of the microscope stage. To locate the exact
position of individual PS particles, we used the AFM to record a
force map by taking force curves on a 10 � 10 mm2 area with a ras-
ter of 32 � 32 points. Then 25 force curves were recorded on top of
individual PS particles. The AFM raw data (vertical deflection signal
in volts vs. z piezo position) were converted into force vs. distance
curves and averaged using a in-house software. The averaged
force-distance curves were then fitted with the DLVO equation
for the force between two spheres of radius R:
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where w is the surface potential, D is the distance between the
surfaces of the spheres, kD is the Debye length and AH is the
Hamaker constant [48]. The Debye length is given by:
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Here, kBis the Boltzmann constant, T is the temperature, e is the
elementary charge, and NA is the Avogadro number. I is the molar
ionic strength of the electrolyte given by:

I ¼ 1
2

Xn
i¼1

cizi2 ð3Þ

Where, the prefactor one half accounts for the inclusion of
both cations and anions, ci is the molar concentration of ion i(M,
mol/L), zi is the charge number of that ion, and the sum is taken
over all ions in the solution. For a 1:1 electrolyte such as sodium
chloride, where each ion is singly-charged, the ionic strength is
equal to the concentration. As a Hamaker constant, we used a fixed
value of 10-20 J [49]. To account for surface roughness of the PS col-
loids, we allowed for an additional positive offset of D, which was
introduced as additional fit parameter. Without this offset, which
resulted in values between 0 nm and 4 nm from the fitting results,
it would not have been possible to match the attractive van der
Waals part of the force curves in all the fits. Note that the surface
potential of the PS colloids in AFM measurements is different from
that measured with a Zetasizer for high salt concentration. One
reason may be that we have used the constant potential boundary
condition for our calculations for direct comparison of the values.
When the colloids are brought in close contact at high salt concen-
tration, the interaction may be intermediate between the constant
charge and constant potential cases (charge regulation) which can
lead to a reduction of the zeta potential [50]. The Debye length and
surface potential of the PS colloids were calculated by fitting the
experimental results.

2.5. Characterization

The structure of silicone nanofilaments and supraparticles was
imaged by scanning electron microscopy (SEM, low voltage LEO
1530 Gemini, Germany). The samples were sputter-coated with a
7 nm layer of Pt using a BalTec MED 020 modular high-vacuum
coating system before taking images to avoid charge buildup. Static
and roll-off angles of 5 mL water and hexadecane droplets on the
nanofilament-based superamphiphobic surfaces were measured
with a Dataphysics OCA35 goniometer (Data Physics instruments
GmbH, Germany). Optical micrographs were taken by an optical
microscope (Carl Zeiss Axiotech Vario 100HD). The polydispersity
and zeta-potential of the prepared PS colloids were characterized
by dynamic light scattering (Malvern Zetasizer Nano S90) and
the M3-PALS technique (Malvern Zetasizer Nano Z), respectively.

Colloidal suspension droplets were evaporated on a
nanofilament-based superamphiphobic surface at 22 �C and a rel-
ative humidity RH = 32%. As the radius of the droplet
(r � 770 lm) is lower than the capillary constant of j ¼ 2:7 mm,
the deposited suspension drop has a nearly spherical shape. The
volume of spherical droplets, which evaporate by diffusion-
limited evaporation, decreases according to V2=3 ¼ at; with the
evaporation speed a in units of lm2=s. The relationship is valid if
the matter exchange between the liquid surface and the vapor is
diffusive [51]. For the evaporation of a droplet on a superam-
phiphobic surface, the evaporation speed was calculated by Pick-
nett and Bexon [52]:
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with b ¼ ð1� coshÞ2ð2þ coshÞ with the contact angle h, and
f ¼ 0:00008957þ 0:633hþ 0:116h2 � 0:08878h3 þ 0:01033h4 for h
(rad) above 10�. To obtain evaporation speed values, we tracked
the droplet evaporation with a side-view camera (IDS uEye USB
camera) and calculated the changes in V2=3 with time. Then the
evaporation speed was obtained by a linear fitting of the
V2=3 vs. t plot.
3. Results and discussion

3.1. Structure and morphology of supraparticles as a function of salt
concentration

Complete drying of a colloidal suspension drop (� 2 mL) took
approximately 24 min (Fig. 1a). The changes in the horizontal
and vertical diameters during drying are shown in Fig. 2 and S2;
the insets represent side view images of the final supraparticles.
At the early stage, the droplets are spherical. The vertical diameter
is slightly smaller than the horizontal diameter as a result of a
small deformation due to gravity and a possible systematic error
in accurately measuring the drop height due to its shadow at the
lower end. The droplets all evaporate at a similar rate of approxi-
mately 800 lm2=s and the evaporation of liquid in all cases is iso-
tropic (the horizontal and vertical diameters decrease at a similar
rate). For distilled water and salt concentrations � 10 mM, PS sus-
pension droplets evaporate isotropically until the end, resulting in
spherical supraparticles (Fig. 2a,b and S2a-c). The resulting supra-
particles have a nearly spherical morphology (Fig. 1c). Since the
droplet shrinks virtually simultaneously in all directions with no
contact line pining (Fig. 1b), and the highly porous superam-
phiphobic surfaces will also allow evaporation from the bottom
side, we expect only minor liquid flow in the suspension droplet.
Fig. 1. PS supraparticles obtained after evaporation of PS colloid suspension droplets (2
superamphiphobic substrate. (a) Time evolution of particle shape. (b) Schematic illustrat
view of the spherical supraparticle (c) and the PS colloid ordering at the surface (d). (e-g)
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The surface of the supraparticle consists of large close-packed crys-
talline areas with some line and dot defects (Scanning electron
microscopy (SEM) images in Fig. 1d and 3a2). The crystalline order
at the surface correlates with the strong iridescence of the final
supraparticle (top view optical images Fig. S3) and iridescence is
already visible during the drying process itself, indicating order
formation in the early stage of the drying process.

SEM images of cross-sections reveal a core–shell structure
(Fig. 1e). The outer shell exhibits highly ordered crystalline struc-
ture (Fig. 1f), whereas the core consists of randomly arranged PS
colloids (Fig. 1g). The thickness of the outer crystalline layer is
approximately 44% of the supraparticle radius, which implies that
the crystalline structure occupies approximately 82–85% of the
supraparticle volume.

When the NaCl concentration increases, the supraparticles
change significantly. The iridescence of the dried supraparticles
(Fig. S3) indicates that the formation of crystalline structures starts
to diminish for salt concentrations above 1 mM. For 5 mM and
10 mM NaCl, structural colors could still be observed, but the area
and intensity of iridescence were much smaller. When further
increasing the NaCl concentration to 50 and 100 mM, no iridescent
color was found, indicating the loss of crystalline order. The shape
of the supraparticle was affected as well. For NaCl concentrations
of 50 mM to 10 mM, supraparticles were no longer spherical. We
observed flattening or inward buckling at the bottom side that
was in contact with the substrate (Fig. 2 and S2e-k). According to
the drying curves, toward the end of the drying phase, the vertical
diameter shrank more than the horizontal diameter due to flatten-
ing or buckling on the lower side. When the salt concentration
exceeded 50 mM, the droplet started to deform at the late stage
of evaporation. The vertical diameter decreased faster than the
horizontal diameter (Fig. S2e-h). This anisotropy becamemore pro-
nounced as the NaCl concentration reached 1 mM and above
(Fig. S2i-k). A typical example is 5 mM, where evaporation became
anisotropic sooner and led to strong deformation (Fig. 2c). The
resulting non-spherical shape of the supraparticles was always
2 �C at 32% relative humidity, the initial colloid volume fraction was 8% vol) on a
ion of the isotropic evaporation of droplets on a superamphiphobic surface. SEM top
Cross-sectional SEM image (e), with crystalline shell (f) and random core (g) phases.



Fig. 2. Horizontal and vertical droplet diameter versus evaporation time for PS suspensions with different NaCl concentrations (‘‘fast” evaporation at 22 ℃ and relative
humidity RH = 32%). The concentrations of NaCl were 0 lM (a), 10 lM (b), 5 mM (c), and 100 mM (d). Insets are photographs of dried supraparticles. The arrow in (c) shows
the onset of buckling.
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due to deformation at the bottom facing the superamphiphobic
surface. For a NaCl concentration of 500 lM, we observed just flat-
tening of the bottom, while for concentrations of 1 mM to 10 mM,
the supraparticles bulged inwards from the bottom side (Fig. S2i-
k). However, at even higher salt concentrations of 50 mM and
100 mM, the evaporation changed back to an isotropic process,
resulting in spherical supraparticles (Fig. 2d, Fig. S5l).

SEM characterization confirmed the structural changes with
salt concentration (Fig. 3, S4 and S5). For concentrations below
500 mM, the crystallinity at the surface is maintained (Fig. 3b and
S4d). However, the thickness of the crystalline shell decreases to
36–38% of the radius. When increasing the salt concentration fur-
ther to 1–10 mM, the crystalline order at the surface decreases, and
the thickness of the crystalline shell decreases further to 24%
(1 mM), 21% (5 mM), and 1.2% (10 mM) of the supraparticle radius
(compared to the largest radius of the supraparticles for the buck-
ling cases), respectively (Fig. 3c-e). When increasing the salt con-
centration to 50 and 100 mM, the supraparticles recover their
spherical shape. However, in these two cases, both the surface
and interior of the supraparticles show a random distribution of
the PS colloids without crystalline order (Fig. 3f and S4e), and no
iridescence is observed (Fig. S3).

When we used CaCl2 as the salt instead of NaCl, the shape and
degree of crystallinity of the obtained supraparticles showed the
same trends as those for NaCl. However, the onset of buckling
and the transition from crystalline to amorphous structures occur
at much lower concentrations (1 mM) of CaCl2 compared to NaCl
(Fig. S6).

To investigate the influence of evaporation speed on structure
formation, we increased the relative humidity (RH � 96%), which
resulted in slower evaporation at a rate of 41	 0:6 lm2=s (T = 2
2 �C). The evaporation time increased from 24 min to 5 h. Again
we observed a high degree of crystallinity at low salt concentra-
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tions and completely amorphous structures at high salt concentra-
tions (Fig. S7, S8). However, there were also differences. First, for
salt concentrations up to 100 lM, we observe crystalline order
within the full supraparticle without any amorphous core. How-
ever, within this range, an increase in salt concentration induced
an increase in the inner crystalline core with more short-range
crystalline order (Fig. S7, c3-f3). Only at 500 lM NaCl can we
clearly distinguish an outer crystalline shell and an inner amor-
phous core. Second, for salt concentrations of 5 mM and higher,
the supraparticle exhibits a fully amorphous structure. Third, buck-
ling is only observed for the 10 mM NaCl concentration, and the
deviation from the spherical shape is much less pronounced than
for the fast evaporation case; for 1 mM and 5 mM NaCl, only a
slight flattening of the bottom was detected from the evaporation
curves (Fig. S9).
3.2. Influence of salt on colloid interaction

To understand the influence of added salt on the final supra-
particles, we must recall that the PS colloids in a suspension are
stabilized due to their negative surface charge, which leads to elec-
trostatic repulsion between them. The total interaction between
the PS colloids is a combination of this electrostatic repulsion
and attractive van der Waals forces.

The first positive term in Equation (1) describes the electrostatic
repulsion, whereas the second negative term describes the van der
Waals attraction between spherical colloids. The electrostatic
repulsion decays exponentially with separation with a decay
length given by the Debye length. The Debye length strongly
depends on the salt concentration, as more ions in the electrolyte
lead to a more effective screening of the surface charges. For the
lowest salt concentrations of 1–10 mM NaCl, the true ionic strength
of the solutions will most likely have been higher than that from



Fig. 3. Shape (1), surface structure (2), and cross-section (3) of supraparticles obtained by evaporating suspension droplets with different NaCl concentrations. The
concentrations of NaCl were 10 lM (a), 100 lM (b), 1 mM (c), 5 mM (d), 10 mM (e), and 50 mM (f).
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the added NaCl salt because trace amounts of ions, autodissocia-
tion of the water and dissolved CO2 contribute as well. Therefore,
the Debye length is expected to be on the order of approximately
100 nm for the lowest salt concentrations, approximately 10 nm
for 1 mM NaCl, 3 nm for 10 mM NaCl, and approximately 1 nm
for 100 mM NaCl.

To quantify the interaction between PS colloids, we directly
measured the interaction between individual 4 lm PS particles
using colloidal probe atomic force microscopy, where one colloid
was attached to the AFM (atomic force microscopy) cantilever
and one was immobilized on the surface. When the particles were
brought closer together, there was a positive, repulsive force that
was due to the electrostatic repulsion of the electrostatic double
layer. Upon further approach, the repulsion dropped as the attrac-
tive van der Waals force to become dominant. Once the two par-
ticles were in hard contact, a strong repulsion was observed. By
using fits of the experimental data with Equation (1), we
extracted the Debye length and surface potential values. As the
NaCl concentration increased, the Debye length decreased from
approximately 14 nm (100 lM NaCl) to less than 2 nm
(100 mM NaCl), whereas the surface potential decreased from
more than �50 mV down to �20 mV. These two trends led to a
strong reduction in the potential barrier with increasing salt con-
centration (Fig. 4 and S10).
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With increasing salt concentration, the height of the potential
barrier diminishes, and its position moves closer to zero. At some
point, the repulsive barrier is no longer high enough, and the col-
loids come in contact, leading to irreversible adhesion due to the
van der Waals interactions. Although forces were repulsive as col-
loids approached and came into contact, there was strong adhesion
due to van der Waals attraction during retraction (Fig. S11). There-
fore, colloids start to form agglomerates when the salt concentra-
tion exceeds a critical value. This can occur if the added salt
concentration is high enough from the very beginning, as it was
the case for the 100 mM NaCl salt concentration. But is will of
course also happen when the salt concentration exceeds this criti-
cal value during evaporation as salt concentration increases with
decreasing liquid volume, as it is ecpected for the intermediate salt
concentrations.

3.3. Internal structures of supraparticles

During the evaporation of the colloidal suspension, several par-
allel processes contribute to the outcome: in the interior of the
droplet, the colloids diffuse due to Brownian motion and are in ran-
dom order. Close to the air–water interface, we have advection due
to the shrinking interface, which pushes the colloids inwards. The
relative ratio of diffusive motion and advection can be character-



Fig. 4. Single colloid interaction forces. (a) Schematic of the colloidal probe AFM; (b-c) Single colloid interaction forces at different NaCl concentrations (1 mM, 10 mM, and
100 mM). Blue circles represent the experimental forces measured using colloid probe atomic force microscopy; Red lines represent the forces calculated according to the
DLVO equation for the forces between two spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ized by the Peclet number (Pe), which is the ratio of diffusion and
evaporation time constants for our system.

Pe ¼ sd=sev ¼ 1
2
ð 3
4p

Þ
2=3 a

Dp
ð5Þ

Here, sd is the characteristic time that a dispersed particle
needed to diffuse the distance of one initial droplet radius, sev is
the characteristic time of evaporation of a droplet, a is the evapo-
ration speed and Dp is the diffusion coefficient of the colloids. For
the case of fast (slow) evaporation at RH = 32% (RH = 96%), we
obtain a Peclet number of Pe = 192 (Pe = 9.9). This means that dif-
fusion is approximately 200 (10) times slower than the shrinking
movement of the interface. Close to the interface, the colloids will
therefore be enriched. The resulting high density of colloids causes
the formation of a colloidal crystal in the outer layer during the
early stage of evaporation. In these colloidal crystals, the colloids
are not yet in contact due to strong electrostatic repulsion. This
is in line with our observation that structural colors occur early
in the drying process for low initial salt concentrations. As the drop
is still evaporating isotropically during this phase, the mobility of
colloids within the colloidal crystal must be high enough to allow
this shell to reduce its surface area at the speed of the shrinking
interface. In the late stage of the drying process, there will be a
transition, where this outer layer of colloidal crystal (with the aver-
age surface-to-surface distance of the order of the Debye length)
transitions into a solid crystal, where the colloids get into direct
contact (Fig. 5a).

In the presence of salt, the average distance between the col-
loids in the colloidal crystal forming in the shell is smaller due to
screening by the electric double layer. Therefore, the transition
from a colloidal crystal to a solid shell occurs earlier, resulting in
a reduction in the thickness of the crystalline shell with increasing
salt concentration. When the shell solidifies, a significant volume
in the center remains in the dispersed state and water continues
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to evaporate. This leads to capillary pressure caused by the liquid
menisci formed between the colloids at the surface of the evapo-
rating drop. This pressure difference inside can induce buckling
of the outer shell (Fig. 5b), as observed for intermediate salt con-
centrations (red arrow in Fig. 2c). This phenomenon is similar to
the drying of polymer solution when the outer shell formed by
the polymer leads to buckling [54–56]. At this stage, part of the
inner core has not yet formed a colloidal crystal. As the outer solid-
ified shell suppresses advective motion, this driving force for den-
sification and subsequent crystal formation is lacking. Therefore,
the inner core will remain amorphous. In all cases where buckling
or flattening of the supraparticles was observed, it occurred on the
underneath. This indicates that even the slightly higher evapora-
tion rate at the top side shifts the moment of crust formation in
the shell for intermediate salt concentrations. For very high salt
concentrations of 50 mM and 100 mM, the electrostatic repulsion
is no longer strong enough to stabilize the colloidal dispersion. The
colloids, therefore, start to form agglomerates in solution before
the drying process (Fig. 5c). This process is enhanced as soon as
the colloid density starts to increase. The formation of aggregates
was confirmed in light scattering experiments, where we observed
an increase in the hydrodynamic radius for salt concentrations of
50 mM and 100 mM (Fig. S12). Therefore, the formation of a col-
loidal crystal at the interface is no longer possible. It should be
noted, that in our system, salt concentrations are too low to reach
saturation conditions before the supraparticles have solidified: the
interstitial volume between the PS colloids in the supraparticles is
large enough to retain enough water to stay below saturation.
Therefore, buckling of supraparticles is not related to salt crystal-
lization as it was observed for the case of liquid marbles at order
of magnitudes higher salt concentrations by Bormashenko et al.
[57]. At such high salt concentrations, interfacial crystallization
of NaCl may also play a role [53]. However, we can rule out the
contribution of interfacial crystallization to buckling in our case:



Fig. 5. Schematic of the colloids assembly behavior under low (a), medium (b) and high (c) salt concentrations.
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first, buckling for our supraparticles only occurs at low salt concen-
trations but not at high ones, second, buckling occurs for CaCl2 at
much lower concentrations than for NaCl and third, SEM images
do not show formation of any salt crystals in the buckled supra-
particles–neither at the interface nor in the inside.

In addition to the dominant effect of salt concentration on
supraparticle formation, the kinetics of the process is important.
For the lower evaporation speed, we observed the formation of
fully crystalline supraparticles at low salt concentrations without
amorphous cores. Again, iridescence is seen in the early stage of
evaporation. This indicates that advection is still strong enough
to induce densification at the interface with the formation of a col-
loidal crystal. However, the slower shrinking of the interface leaves
the system more time to equilibrate and reduces the likelihood of
the transition from the colloidal crystal (with colloids still dis-
persed) to a solid crystal with direct contact that leads to the for-
mation of an outer shell. Therefore, we observe neither an
amorphous core nor buckling under slow evaporation. However,
at higher salt concentrations, the final supraparticles show a lower
degree of crystallinity. We attribute this reduced order to the fact
that the system has more time for the formation of aggregates that
hinder crystallization. Therefore, the formation of fully amorphous
supraparticles was observed at salt concentrations of 5 mM,
whereas for fast evaporation, fully amorphous supraparticles were
observed at a 50 mM salt concentration.

3.4. Density and fracture strength of supraparticles

The degree of crystallinity within the supraparticles is impor-
tant for their density and mechanical stability. Both parameters
are essential for practical applications. Therefore, we estimated
the density of the supraparticles from their final volume and the
solid content of the original dispersion (Fig. S13). In addition, we
tested the mechanical fracture strength of supraparticles
(Fig. S15). We found solid fractions on the order of 60–65% even
for fully crystalline supraparticles, indicating that highly dense
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hexagonal packing did not occur, even though the SEM images sug-
gest long-range crystalline order on the outside. It appears that the
density of the short-range crystalline cores of the supraparticles
obtained by slow evaporation at low salt concentration was similar
to that of the fully amorphous core for fast evaporation, while the
density of the amorphous phase for slow evaporation was the low-
est due to the longer agglomeration time. The fracture strength of
the supraparticles was highest for the fully amorphous particles
obtained at high salt concentrations. This is counterintuitive, as
one might have expected that the particles with thick crystalline
shells should be more stable. However, the highly crystalline
supraparticles exhibited brittle fracture at lower forces, most likely
due to fast crack propagation through the highly crystalline layer,
once a crack is initiated at one of the defects (see supporting
information).

4. Conclusions

On the basis of the previously reported evaporation approaches
for supraparticle fabrication [2,29,39,40], this work demonstrated
that the final morphology and interior structure of supraparticles
could be controlled by regulating the colloidal interactions in sus-
pension droplets with the addition of salt. The change of salt con-
centration could modulate the contribution of electrostatic
repulsion and van der Waals attraction in colloid interaction,
resulting in the variation of the supraparticles’ morphology and
interior structure. For NaCl concentrations below 100 lM, the final
structure of the supraparticles was spherical and highly crystalline.
With salt concentrations increasing up to 10 mM, the supraparti-
cles were increasingly aspherical and less crystalline, similar to
the morphology changes observed from evaporating silica droplets
on superhydrophobic surface [42] and the aggregating behavior of
charged colloids in suspension [58]. For NaCl concentrations of
50 mM and 100 mM, the supraparticles were spherical, which
was not observed in previous work [42], but their inner structure
was fully amorphous. Reducing the evaporation speed by increas-
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ing the humidity favored crystallization at low salt concentrations,
leading to fully crystalline supraparticles. However, for slow evap-
oration and 5 mM salt or more, the supraparticles were fully amor-
phous, while for fast evaporation, this fully amorphous state was
found only for 50 mM and above.

By tuning the electrostatic interaction between primary colloids
during evaporation on superamphiphobic surfaces, the external
shape and the internal structure of the resulting supraparticles
were controlled. The dependence on salt concentration and salt
valency was correlated with the expected screening of the electro-
static repulsion between colloids. Increasing the salt concentration
accelerated the aggregation of colloids, leading to a reduction in
crystallization at low (micromoles) salt concentrations. At inter-
mediate (millimoles) concentrations, an outer crystalline shell
formed during evaporation led to buckling and non-spherical
shapes in the final stage of evaporation. For high salt concentra-
tions (tens of millimoles), the colloids aggregated at the initial
evaporation stage, leading to spherical amorphous supraparticles.
Therefore, the structure and physical properties of supraparticles
can be modulated by the right combination of evaporation rate
and salt concentration. This approach of tuning intercolloid forces
to form supraparticles with different shapes and structures will
allow us to fabricate supraparticles with specific structures (i.e.,
Janus, core–shell, disk, or doughnut-like), adjust their performance,
and expand the application of supraparticle materials. Meanwhile,
such an evaporation approach for supraparticle fabrication will
open a new direction for interface science and broaden the applica-
tions of colloids.
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