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Porous structures containing pores at different length scales are often encountered in nature and are important in
many applications. While several processing routes have been demonstrated to create such hierarchical porous
materials, most methods either require chemical gelation reactions or do not allow for the desired control of pore
sizes overmultiple length scales.We describe a versatile and simple approach to produce tailor-made hierarchical porous
materials that relies solely on the process of drying. Our results show that simple drying of a complex suspension can lead
to the self-assembly of droplets, colloidal particles and molecular species into unique 3D hierarchical porous structures.
Using amicrofluidic device to produce monodisperse templating droplets of tunable size, we preparedmaterials with up
to three levels of hierarchy exhibiting monodisperse pores ranging from 10 nm to 800 μm.While the size of macropores
obtained after drying is determined by the size of initial droplets, the interconnectivity between macropores is strongly
affected by the type of droplet stabilizer (surfactants or particles). This simple route can be used to prepare porous
materials of many chemical compositions and has great potential for creating artificial porous structures that capture
some of the exquisite hierarchical features of porous biological materials.

1. Introduction

Porous materials are important in numerous applications,
including photovoltaics, catalysis, sensing, filtration, sorption,
thermal insulation, fabrication of lightweight structures, and
regenerative medicine.1-7 Pore sizes can vary many orders of
magnitude, ranging from 1-20 Å in zeolites3 to 5-30 nm in
mesoporous structures,8 1-100 nm in aerogels,9 and 100 nm to 4
mm in macroporous materials.10 Combining pore sizes spanning

multiple length scales has been explored to fabricate hierarchical
porous structures of great technological interest.11-22 Mesopores
(2-50 nm) andmacropores (>50 nm), for example, are desired in
catalysis and sensing to simultaneously provide high surface area
and enhance the accessibility of gases and liquids to reactive sites.
In regenerative medicine, hierarchical structures with large pores
(>300-400 μm) are required for vascularization of the implanted
scaffold,23 while small pores in the range of 50-100 nm are
desired to provide physical cues that promote cell migration,
proliferation, differentiation, and ultimately fast healing.24

Nature has ubiquitous examples of hierarchical structures
exhibiting pores spanning from a few nanometers to millimeters
in size. This includes, for instance, the intricate aquiferous system
of sea sponges,25 the elaborate network of multiscale canals and
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pores in cortical and trabecular bone,26 and the multiply bifur-
cated channels in lungs.27 Such hierarchical porous structures are
designed to exert specific biological and mechanical functions, as
well as to optimize flow and exchange reactions. Manmade
hierarchical porous materials have yet to achieve the level of
sophistication and the tailored architecture of their biological
counterparts. Control over the size, shape, and spatial distribu-
tion of pores of a few nanometers tomillimeters in size potentially
enables the fabrication of bioinspired artificial materials with
hierarchical porous structures exhibiting novel properties and
functions. In this context, simple and general methods to prepare
materials with well-controlled pore sizes over multiple length
scales are highly desired.

While the small pores in zeolites are defined by the crystalline
structure of the aluminosilicate minerals and their synthetic
counterparts, the larger pores inmeso- andmacroporous artificial
structures are often incorporated in the material through phase
separationphenomena28 orusing templatingamphiphilicmolecules,
particles, droplets, and bubbles to direct the assembly of ions/
particles and generate pores upon removal of the template.8,10,29-33

Although the formation of pores smaller than a few micro-
meters using molecules and particles as templates is very well
established,8,12-22,34-36 most three-dimensional (3D) templating
methods do not allow for an accurate control over pore sizes
larger than 10 μm. Bubbles and droplets are convenient templates
to obtain such large pores because they do not require further
thermal or chemical processing steps to remove large quantities of
templating material. The drawbacks, however, are that conven-
tional emulsification and foaming methods normally lead to
broad size distributions10,37 and that droplets and bubbles are
prone to coalescence and Ostwald ripening, which often requires

physical or chemical gelation reactions to fix the structure.30,38,39

Droplet condensation on the surface of polymer solutions is an
elegant physical method to produce monodisperse pores of a few
micrometers,40 but is mostly limited to two-dimensional struc-
tures and offers little flexibility to tune the pore size.

We report here a very simple and general method to assemble
3D hierarchical porous structures with tailor-made pore sizes by
merely drying complex suspensions containing droplets, colloidal
particles, and surface active molecules dispersed in a fluid. Given
the very different length scales covered by these building blocks,
several types of forces are involved in the assemblyprocess, namely,
gravitational, colloidal, and molecular forces. While individual
control over such forces is usually very challenging, we show that
their combined action can be exploited to assemble building
blocks of very different sizes into unique 3D structures. Although
the formation of polydisperse porous structures from ultrastable
particle-stabilized foams and emulsions containing partially gelled
networks has been reported in earlier investigations,31,33,41 we
demonstrate that simple drying of less stable surfactant-stabilized
systems can lead to surprising and unique porous structures in the
absence of any chemical or physical gelation.

2. Materials and Methods

2.1. Materials. Silica particles with diameter of 111( 10 nm
(gradeMP1040, 40wt%solids aqueous suspension) were acquired
from Nissan Chemical Industries Ltd., Tokyo, Japan. Poly(vinyl
alcohol) (PVA, 13000-23000 g/mol, 87-89%hydrolyzed, Sigma-
Aldrich Co., St Louis, MO, USA), toluene (>99.5% pure, EMD
Chemicals, Gibbstown, NJ, USA), octane (Sigma-Aldrich Co.),
hexadecane (Sigma-AldrichCo.), sorbitanemonooleate (Span 80,
Sigma-Aldrich Co.), glycerol (Sigma-Aldrich Co.), tetraethyl
orthosilicate (TEOS, Sigma-Aldrich Co.), trimethylolpropane ethoxy-
late triacrylate (average number molecular weight∼428 g/mol,
Sigma-Aldrich Co.), 1,6-hexanediol diacrylate (Sigma-Aldrich
Co.), 2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173,
Ciba SpecialtyChemicals Corp., Tarrytown,NY,USA), and nitric
acid (1N, Titrisol,Merck) were used as received for the preparation
of complex suspensions. Ultrapure water with an electrical resis-
tance higher than 18MΩ cm was used in all experiments (Milli-Q
Synthesis System, Millipore Corp., Billerica, MA, USA).

Monodisperse 400 nm polystyrene particles were synthesized
by surfactant-free emulsion polymerization. In a typical synthesis,
a mixture of 140 mL of distilled water, 10 mL of styrene (>99%,
inhibited with 4-tert-butylcatechol, Sigma-Aldrich Co.) and 22
mg of potassium persulfate (>99%, Sigma-Aldrich Co.) is placed
in a 200 mL one-neck flask, purged with nitrogen and sonicated
for 10 min. Styrene is used without any further purification to
remove inhibitors. The reaction flask is tightly sealed with a
septum and Teflon tape. The polymerization reaction is carried
out by keeping the solution at 70 �C for 20 h under a constant
tumbling speed of 60 rpm. The resulting suspension was concen-
trated to 26 vol%bycentrifugation (4400 rpm,Eppendorf 5417R),
followed by sonication for 4 min to fully disperse the polystyrene
particles (Ultrasonic Processor, GEX 600-5, Ace Glass Inc., Vine-
land,NJ,USA).Completedispersionwasachievedusing0.010mol/L
of hexadecyltrimethylammonium bromide (CTAB, > 99% pure,
Sigma-Aldrich Co.) in the aqueous phase.
2.2. Fabrication ofGlass CapillaryMicrofluidic Devices.

Monodisperse oil droplets were generated in glass microcapillary
devices using the coflow and flow-focusing geometries shown in
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Figure 1a,b. In these geometries, a tapered cylindrical inlet
capillary is fitted into an outer square capillary to enable the
simultaneous flow of two immiscible fluids through the device. A
square capillary with inner diameter of 1.1 mm and a cylindrical
inlet capillary with outer diameter of 1.0 mm were used to enable
easy assembly, while maintaining a good alignment of the capil-
laries. Tapered cylindrical capillaries were produced by axial
heating (World Precision Instruments, Sarasota, FL, USA) in a
micropipet puller (Model P-97 Flaming/Brown puller, Sutter
Instruments, Novato, CA, USA).42 Capillaries with initial inner
diameters of either 580 or 200 μm were used. The heating
conditions were adjusted to produce inlet capillaries with inner
diameters varying from 10 to 210 μm at the tip. In the coflow
geometry, the tip of the tapered inlet capillary was inserted into a
collecting capillary with an inner diameter of 200 μm (Figure 1a),
whereas in the flow-focusing devices the inlet capillary tip was
positioned a few tens of micrometers away from a tapered collect-
ing capillary (Figure 1b). The tapered collecting capillaries used in
the flow-focusingdeviceswerepreparedusing round (200or 580μm
inner diameter) or squared (1 mm inner side) capillaries following

the same procedure described for the inlet capillaries. The inner
diameter of the tapered capillary tip was varied between 24 and
834 μm.
2.3. Emulsification in Microcapillary Devices. Droplets

were produced in the dripping mode43 by pumping the oil phase
through the cylindrical inlet capillary and an aqueous suspension
of colloidal particles through the outer square capillary, as
indicated in Figure 1. The inner and outer flow rates used for
droplet formation were adjusted in the ranges of 100-500 and
500-36000 μL/min, respectively, using syringe pumps (Harvard
apparatus, PHD 2000 Programmable, Holliston, MA, USA). To
illustrate the broad range of monodisperse droplets that can be
created, we used a mixture of 99 wt % 1,6-hexanediol diacrylate
and 1 wt% 2-hydroxy-2-methyl-1-phenyl-1-propanone as the oil
phase. Table 1 shows the device geometry and the flow conditions
applied toobtain the droplet sizes depicted inFigure 1e. Thedroplet
sizes were evaluated fromoptical images using the software Image
J (version 1.42q, National Institutes of Health, USA).

Either silica or polystyrene was used as colloidal particles in the
aqueous continuous phase. The concentrations of particles, sur-
face active molecules and inorganic molecular species indicated

Figure 1. Formation of complex suspensions containing droplets, colloidal particles, and surface active molecules in glass microfluidic
devices. (a,b) Droplet formation inmicrofluidic devices in coflow and flow-focusing configurations, respectively. In the coflow geometry, the
tip of the inlet capillary is inserted in a collecting capillary of fixed diameter. In the flow-focusing geometry, the tip of the inlet capillary is
positioned a few tens of micrometers away from a tapered collecting capillary of small diameter, enabling the formation of smaller droplet
sizes. (c,d) The resulting droplets can be stabilized by adsorbing either (c) in situ hydrophobized colloidal particles or (d) surface active
molecules at the oil-water interface. (e) Droplet size distributions obtained with different device geometries and flow conditions (see
Materials and Methods for details). (f) Average droplet diameter as a function of the flow rate Q and 1/Q for one particular flow-focusing
device (inlet tip diameter: 57 μm, collecting tip diameter: 116 μm, inner flow rate: 50 μL/h).
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here were all calculated with respect to the water used as the
outer fluid.

A high-speed camera (Vision Research, Wayne, NJ, USA)
coupled to an optical microscope (model DM IRB, Leica Micro-
systems, Wetzlar, Germany) was used to observe droplet forma-
tion in the microcapillary device.
2.4. Emulsion Stabilization. To obtain particle-stabilized

droplets, silica particles were in situ hydrophobized to adsorb on
the surface of freshly created oil droplets along the collecting
capillary. Partially hydrophobic particles were generated by
adsorbing CTAB on the silica surface at pH 8.33,44 A concentra-
tion of 0.0004mol/LCTAB in the aqueous phasewas sufficient to
hydrophobize the surface without leading to extensive particle
coagulation in the suspension. The concentration of silica parti-
cles in the aqueous phasewas variedbetween 15 and 22vol%. In a
typical experiment, droplets were formed using flow rates of 400
and 4000 μL/h for the inner andouter fluids, respectively.Toluene
was used as the oil phase in most of the experiments with particle-
stabilized droplets. To confirm the adsorption of modified silica
particles on the droplet surface, we also used a photosensitive oil
mixture consisting of 45 wt % 1,6-hexanediol diacrylate
(monomer), 22.5 wt % trimethylolpropane ethoxylate triacrylate
(monomer), 7.5wt%2-hydroxy-2-methyl-1-phenyl-1-propanone
(initiator), and 25 wt % toluene (diluent) as the oil phase during
droplet formation. After collection onto a glass substrate, the oil
droplets were exposed to a 325 nm ultraviolet lamp for about 3
min to polymerize the photosensitive oil mixture.

Surfactant-stabilized droplets were produced using either PVA
or CTAB as surface active molecules. Complex suspensions
containing PVA-stabilized droplets were prepared using octane
as the oil phase and a suspension of 1-2 wt% PVA and 15 vol%
silica particles as the continuous aqueous phase. Conversely,
complex suspensions containing CTAB-stabilized droplets were
prepared using octane as the oil phase and a mixture of poly-
styrene particles (10.5 vol %), CTAB (0.045 mol/L) and TEOS
(0.29-1.00 mol/L) as the continuous aqueous phase. In order to
ensure complete hydrolysis of TEOS into silicate species, the
aqueous fluid was prepared in multiple steps. In a typical experi-
ment, 1.42 g of distilled water, 10 mg of HNO3 1 M aqueous
solution, and 0.45 g of TEOS were mixed (in this sequence) and
stirred for approximately 30 min. The low pH of this initial
suspension (<3) led to complete hydrolysis of TEOS and pre-
vented undesired condensation reactions between the silicate
species formed. The resulting aqueous solution was then mixed
with 1.8 g of a 26 wt % polystyrene aqueous suspension to form
suspension “A”. In another vial, 0.11 g of CTABwas dissolved in
3.35 g of distilled water with the help of an ultrasonic probe. The
resultingCTAB solutionwas thenmixedwith 1.85 g of the 26wt%

polystyrene aqueous suspension and with 10 mg of HNO3 1 M
aqueous solution (in this sequence) to form suspension “B”. By
mixing suspensions “A” and “B” we finally obtained an aqueous
suspension containing 10.5 vol % polystyrene particles dispersed
in an aqueous solution of 0.045 mol/L CTAB and 0.29 mol/L
silicate species. Aqueous suspensions with higher concentrations
of TEOSwere prepared using a similar procedure.During droplet
formation, flow rates of 400 and 4000μL/hwere typically used for
the inner and outer fluids, respectively.
2.5. 3D Substrates. The glass substrates used to create 3D

porous structures (Figure 5) were made of a photostructur-
able glass ceramic (Foturan) and were kindly supplied by
Mikroglas Chemtech GmbH (Mainz, Germany).
2.6. Microscopic Analysis. An optical microscope (model

DM RX, Leica Microsystems, Wetzlar, Germany) was used to
characterize both wet and dried structures and to assess the
dynamics of the drying process. Some of the dried structures
were also characterized in a field emission scanning electron
microscope (FESEM, Supra 55VP, Carl Zeiss NTS GmbH,
Oberkochen, Germany) after coating the samples with a thin
layer of platinum.

3. Results and Discussion

The well-controlled flow conditions achieved in microfluidic
devices enables the preparation of monodisperse droplets at a
speed of approximately 120-180 droplets/s. Monodisperse drop-
lets with sizes ranging from 30 to 850 μmwere easily prepared by
varying mainly the diameter of the collecting capillary tip and the
applied flow rates, Q (Figure 1e,f). Droplets were formed under
dripping mode in all the experiments. The droplet diameter
depends linearly on 1/Q for most of the flow rates applied in a
particular flow-focusing device, as shown in Figure 1f. Deviation
from this linear trend only occurred when the droplets size
approached the diameter of the collecting capillary tip, indicating
that in this case the size is determined by the device geometry
rather than the flow conditions applied. The dependence of
droplet size on 1/Q is in qualitative agreement with the behavior
expected from balancing shearing and interfacial forces acting on
the droplet surface close to the capillary tip.45

The complex suspensions obtained from the microfluidic
devices were stable and could be transferred from the collecting
capillary directly onto glass substrates. The selection of surface
active molecules that can efficiently stabilize droplets without
interfering with the dispersion of the colloidal particles is crucial
to avoid droplet coalescence while transferring the suspensions to
the substrate.When added in appropriate amounts (seeMaterials
and Methods), PVA or CTAB fulfilled these criteria. A few
seconds after deposition of the suspension on the substrate,
droplets creamed to the air-water interface due to the lower
specific gravity of the oil phase in comparison to that of water.
This buoyant effect led to the formation of curved air-water
interfaces between droplets, which ultimately induced their self-
assembly into ordered hexagonal arrays (Figure 2a,b and video S1
in the Supporting Information). In addition to the monolayer
structures shown in Figure 2, multilayers could also be formed by
geometrically confining the droplets within the wells of a struc-
tured substrate or on a concave glass.38 The thickness of the
multilayer structure could be controlled by changing the droplet
concentration under such confined conditions.

Table 1. Device Geometries and Flow Conditions Used to Obtain the

Droplet Size Distributions Shown in Figure 1ea

e1 e2 e3 e4 e5

average droplet size (μm) 30.0 201.7 403.3 599.1 806.6
standard deviation, σ (μm) 0.7 2.2 5.6 7.9 10.3
polydispersity (%) 2.3 1.1 1.4 1.3 1.3
collecting tip diameter (μm) 24.4 300 450 834 834
inlet tip diameter (μm) 20.6 49.2 63.7 43.2 43.2
outer flow rate (μL/h) 500 10000 500 36000 12000
inner flow rate (μL/h) 100 500 100 500 500

aThe average droplet sizes and standard deviations were obtained by
fitting the data to Gaussian distributions.

(44) Studart, A. R.; Shum, H. C.; Weitz, D. A. Arrested coalescence of particle-
coated droplets into nonspherical supracolloidal structures. J. Phys. Chem. B
2009, 113(12), 3914–3919.
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generation via drop break off in a coflowing stream. Langmuir 2000, 16(2), 347–
351.
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Droplets stabilizedwithPVAorCTABpromptly self-assembled
into compact structures upondepositionof the complex suspension
on glass substrates. In contrast, particle-stabilized droplets were

less mobile at the air-water interface, most likely due to weakly
attractive interactions between the partially hydrophobic parti-
cles. As a result of this lower mobility, droplets stabilized with
particles were able to form both ordered and disordered arrays
(Figure 2b,c). For droplets to be fully stabilized by particles,
particle concentrations need to be above 20 vol %. At lower
concentrations, droplets tended to partially coalesce into non-
spherical structures.44 This suggests that the formation of an
attractive network of particles throughout the continuous phase is
required to keep droplets apart and prevent their coalescence,
which is in agreement with observations made in other particle-
stabilized systems containing surface active molecules.33,46,47 The
fact that emulsification in microfluidic devices occurs in much
shorter time scales if compared to mechanical frothing processes
might be another reason for the need of such high particle
concentrations. High particle concentrations should favor fast
adsorption of modified particles to the oil-water interface, pre-
venting coalescence in short time scales.

The approach used for droplet stabilization has a direct effect
on the distribution of colloidal particles in the complex suspen-
sions. Particle-free regions are observed on the top of buoyant
droplets stabilized by surface active molecules (Figure 2d). Par-
ticles are depleted from the uppermost part of the creaming
droplet due to repulsive interactions with the surfactant-stabilized
oil-water interface.As a result, only a thin aqueous layer separates
the oil droplet from the air-water interface in this system. In
contrast, droplets stabilized by the in situ hydrophobized particles
exhibited a textured coating of particles on the surface. The
buckling observed at the droplet surface is in agreement with
the presence of particles adsorbed at the oil-water interface
(Figure 2e). The adsorption of modified particles at the interface
was confirmed by scanning electron microscopy of polymerized
droplets (Figure 2e, inset). It is important to note that in both
systems, the vastmajority of colloidal particles remain distributed
throughout the continuous aqueous phase.

Dryingof these complex suspensions leads touniquehierarchical
porous structures. Remarkably, the initial wet structure of droplets
and colloidal particles deposited on substrates can be totally
preserved upon evaporation of the water and oil immiscible phases
for both surfactant-stabilized and particle-stabilized systems.

Threemajor stages are identified in the drying process. The first
andmost important stage for preserving the initial structure is the
evaporation of the excess liquid from the continuous phase and
the formation of a close packing of particles between droplets.
This process starts from the edges and propagates in the form of a
first drying front toward the center of the deposited complex
suspension. The evaporation of excess water from the continuous
phase causes extensive jamming of the colloidal particles into
compact structures around the oil droplets, as schematically
illustrated in Figure 3a for the case of particle-stabilized droplets.
At this point, a minimum initial concentration of particles of
approximately 10-15 vol % is required to ensure jamming
throughout the continuous phase and thus avoid droplet coal-
escence during drying. Particle jamming was indicated by the loss
of mobility of the initially Brownian colloidal particles as the first
drying front propagated through the structure (region b2 in
Figure 3b and videos S2 and S3 in the Supporting Information).
In theparticle-stabilized system, the partially hydrophobic particles

Figure 2. Self-assembly of droplets and colloidal particles after
deposition of complex suspensions onto glass substrates. (a) As-
sembly of PVA-stabilized octane droplets into ordered 2D arrays
from suspensions containing 15 vol % SiO2 colloidal particles
dispersed in the aqueous continuous phase. (b,c) Assembly of
SiO2-stabilized toluene droplets into (b) ordered and (c) disordered
structures from suspensions containing 22 vol % SiO2 and 0.0004
mol/L CTAB. (d) Top view of a CTAB-stabilized oil droplet that
creamed to the air-water interface. Two micrometer polystyrene
particles (10 vol %) were intentionally added to this suspension to
show the depletion of particles from the droplet top surface. (e) The
buckled surface of a particle-coated toluene droplet formed in
suspensions containing 15 vol % SiO2 particles and 0.0004 mol/L
CTAB. The inset in panel e shows a scanning electron microscopy
image of partially hydrophobized silica particles adsorbed on the
surface of a polymerized oil droplet (see experimental details in
Materials andMethods). The large imprints formed on the droplet
surface indicate that particles were positioned deeply into the
oil-water interface. Scale bar: 200 nm in inset e.

(46) Akartuna, I.; Studart, A. R.; Tervoort, E.; Gonzenbach, U. T.; Gauckler,
L. J. Stabilization of oil-in-water emulsions by colloidal particles modified with
short amphiphiles. Langmuir 2008, 24(14), 7161–7168.

(47) Gonzenbach, U. T.; Studart, A. R.; Tervoort, E.; Gauckler, L. J. Stabiliza-
tion of foams with inorganic colloidal particles. Langmuir 2006, 22(26), 10983–
10988.
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exhibited strong Brownianmotion before propagation of the first
drying front, indicating that their weakly attractive nature is not
sufficient to form a particle network throughout the continuous

phase. Awet arrested structure of packed oil droplets and colloidal
particles embedded in a continuous aqueous phase is obtained
after this first drying stage (Figure 3a). Such jamming and

Figure 3. Dynamics of the drying process of complex suspensions. (a) Scheme illustrating the evacuation of the droplet inner fluid into the
surrounding particle pack (see text). (b-d) Optical microscopy images taken (b) 22, (c) 58, and (d) 114 s after deposition of a suspension
containing particle-stabilized toluene droplets on a glass substrate (0.0004mol/LCTAB, 22 vol%110 nm silica particles). Image b shows the
first drying frontmoving across the suspension from the bottom left to the top right of the image. Regionswhere colloidal particles within the
continuous phase exhibited Brownian motion or formed a jammed particle network are indicated by b1 and b2, respectively. The arrow in c
indicates the moment when the thin aqueous film between the droplet top surface and the uppermost air-water interface is ruptured. The
structure after complete drying is shown in e.Graphs f and gdisplay the increase of the depth h (indicated in a) as a functionof time, t, and t1/2,
respectively, for complex suspensions containing surfactant (PVA)-stabilized droplets and particle (silica)-stabilized droplets. Different
symbols in g correspond to different droplets in the drying suspension.
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structural arresting effects were also evident in the surfactant-
stabilized system (video S3 in the Supporting Information).

Drying proceeds in the second stage with air invading the
network of jammed particles surrounding the oil droplets, causing
the continuous aqueous phase to recede and form curved air-water
interfaceswithin the particle pack.48 This is schematically illustrated
in Figure 3a in the form of a second drying front. The curved
air-water interface of the receding aqueous phase and the curved
oil-water interface of the droplets give rise to a pressure difference
ΔP across the particle pack that can be described as follows:

ΔP ¼ γa=w
jFa=wj

-
γo=w
jFo=wj

ð1Þ

where γa/w and γo/w are the air-water and oil-water inter-

facial tensions, respectively, and Fa/w and Fo/w are the radii of

curvature of the air-water and oil-water interfaces, respectively

(Figure 3a).
The pressure difference ΔP operates radially throughout

the droplet surface and tends to suck the oil phase from the

droplets into the continuous phase. Initially, this pressure

difference does not cause any fluid flow due to the droplet’s

symmetry. As the aqueous phase continues to recede, the thin

aqueous film that separates the top surface of the oil droplet

from the uppermost air-water interface is ruptured, unbalanc-

ing the pressure difference across the droplet surface and

ultimately leading to the evacuation of the oil phase from the

droplets into the interstices of the surrounding particle pack

(Figure 3a). This phenomenon is thoroughly described in a

Figure 4. Three dimensional hierarchical porous structures formed by drying complex suspensions. (a,b) Optical images of (a) open and (b)
closed ordered arrays obtained after drying complex suspensions containing (a) 125 μmoctane droplets and 110 nm silica particles (15 vol%)
dispersed in a 1wt%PVAaqueous solution and (b) 140 μmsilica-coated toluene droplets and 110 nmsilica particles (22 vol%) dispersed in a
0.0004mol/LCTABaqueous solution. The inset in panel a shows anFESEM image of the silica particles located between the open and closed
macropores after complete drying. (c) Internal windows between macropores for the structure shown in panel a. The inset indicates a
remainder of the pore wall, which ruptures during the droplet evacuation process to generate a pore window. (d) FESEM image of open
porous structure formed after drying complex suspensions containing 150 μmoctane droplets and 400 nm polystyrene particles (10.5 vol%)
dispersed in an aqueous solution containing 0.045 mol/L CTAB and 0.29 mol/L silicate species. FESEM images (e) and (f ) display
representativemagnified views of the region close to amacropore in (d). In the as-driedmaterial (e), ordered and disordered arrays of 400 nm
polystyrene particles are formed close and further away from themacropore opening, respectively. Thermal decomposition of the polystyrene
particles leads to the formation of regular and disordered arrays of 400 nmpores between the 140 μmpores (f ). The thickness of the resulting
silicawalls canbe tuned by changing the concentration ofTEOS in the initial aqueous solutions (top right in f: 1mol/LTEOS; bottom right in
f: 0.29 mol/L TEOS). Scale bars: 100 nm in inset (a) and 10 μm in inset (c).

(48) Xu, L.; Davies, S.; Schofield, A. B.; Weitz, D. A. Dynamics of drying in 3D
porous media. Phys. Rev. Lett. 2008, 101(9), 094502.
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recent study on drying of model complex suspensions in a

confocal microscope.49

The evacuation process is exemplified in Figure 3b-e for
complex suspensions containing particle-stabilized droplets
(see also video S2 in the Supporting Information). As soon as
the thin aqueous film between the droplet and the uppermost
surface of the suspension is ruptured, the evacuation process
is initiated, as indicated with an arrow for one of the droplets
in Figure 3c. The same behavior is also observed for com-
plex suspensions containing surfactant-stabilized droplets (see
video S3 in the Supporting Information). Interestingly, the
evacuation process is remarkably faster in the surfactant-
stabilized system than in the particle-stabilized emulsions, as
indicated by the kinetic data shown in Figure 3f. Despite the
difference in evacuation speed, in both systems the depth h of
the oil phase with respect to the droplet top surface (Figure 3a)
exhibits a linear dependence with the square root of the elapsed
time, t1/2 (Figure 3g).

To gain further insight into the drying process and its effect
on the structure of the final porous material, we analyzed the
dynamics of the evacuation process for the surfactant- andparticle-
stabilized emulsions. The pressure-driven flow of the droplet fluid
into the interstices of the surrounding particle pack can be
described by Darcy’s law:49

q ¼ Ak

η
rP ð2Þ

where q is the volumetric flow rate, k is the permeability of the
particle pack, η is the fluid viscosity, rP is the pressure gradient
across the particle pack, and A is the cross-sectional area
perpendicular to the flow.

Using Darcy’s law, we estimate that, at the beginning of the
evacuation process (h , R), the depth h of the oil phase should
vary with time according to the following equation (see Support-
ing Information):

hðtÞ ¼ 4RkrP

η

� �1=2

t1=2 ð3Þ

The fact that the depth h predicted from this equation exhibits
the same time dependence as that obtained experimentally
(Figure 3f,g) confirms that the evacuationprocess is indeed driven
by the convective flow of the droplet fluid into the surrounding
particle pack.

A comparisonbetween the experimentally determined slopes of
the h versus t1/2 data and the slope (4Rk3P/η)1/2 obtained from
eq 3 provides further information about the particle pack around
the droplets and the capillary pressure driving the evacuation
process.

To estimate the permeability k in eq 3, we use the Kozeny-
Carman equation,K= rp

2 (1- φ)3/(45φ2), where rp is the particle
radius, and φ is the volume fraction of particles. Introducing the
permeability k into eq 3 and assuming a pressure gradientrP=
ΔP/λ=(γa/w cos θa/w- γo/w cos θo/w)/(0.3rpλ) (see Figure 3a and
Supporting Information),we predict a slope, s, for the h versus t1/2

data as follows:

s ¼ ½ð0:296Rrpð1-φÞ3ðγa=w cos θa=w - γo=w cos θo=wÞÞ=ðηλφ2Þ�1=2

ð4Þ

where θa/w and θo/w are the contact angles formed by the solid
particles at the air-water and oil-water interfaces, respectively
(Figure 3a).

To compare eq 4 with the experimentally determined slopes of
the curves shown in Figure 3g, the parametersR, rp, η, and λwere
directly assessed in our experiments (see Supporting Information),
while the interfacial tensions γa/w and γo/w were estimated on the
basis of literature data.

For the PVA-stabilized system, the hydrophilic silica particles
dispersed in the continuous phase are expected to be fully wetted
by water. Thus, it is reasonable to assume that the contact angles
θa/w and θo/w equal zero in this case. On the basis of literature
data,50,51 values of 30 and 7 mN/m for the air-water (γa/w) and
oil-water interfacial tensions (γo/w), respectively, are good ap-
proximations for the PVA concentration and degree of hydrolysis
used in our study (2 wt% and 88%, respectively). Equation 4 was
then used to estimate the volume fraction of particles in the pack
around droplets, φ. For slopes in the range of 9.6-10.8 obtained
experimentally, we achieve φ values varying from 0.742 to 0.758.
These values are close to the volume fraction of equally sized
spheres in a dense hexagonal packing (0.74). The observation that
the silica particles indeed form ordered hexagonal structures
around the droplets (Figure 4a) indicates that ourmodel correctly
captures the dynamics of the evacuation process.

Considering the good agreement between theory and experi-
ments obtained for the PVA-stabilized system, we extended the
model to the particle-stabilized emulsions. In this case, a volume
fraction φ of 0.74 is taken based on the hexagonal dense packing
of particles observed experimentally (Figure 4a). By approximat-
ing the interfacial tension γa/w and γo/w using literature data,33,46

the only undetermined variables remaining are the contact angles
θa/w and θo/w.Assuming thatθa/w∼ θo/w,

52 a comparison between
the experimental and theoretical slopes s leads to a contact angle
within the range 86-88�. The deep dimples left by the interfacially
adsorbed silica particles on the surface of droplets after poly-
merization of the oil phase (Figure 2e) suggests that the estimated
range for the contact angle is very plausible.

Given the fact that all the other variables in eq 4 exhibit similar
values for both surfactant- and particle-stabilized suspensions,
the 4-fold slower evacuation observed for the particle-stabilized
system is primarily caused by the high contact angle of the
hydrophobized silica particles at the air-water and oil-water
interfaces. The different contact angles of the silica particles in
both systems leads to a markedly different pressure differenceΔP
across the particle pack arounddroplets.Using eq 1,we estimate a
pressure drop in the range 60-100 kPa in the particle-stabilized
system, as opposed to a pressure drop of approximately 1500 kPa
for the surfactant-stabilized system.Themagnitudeof pressure drop
in the particle pack is expected to directly affect the formation of
interconnecting windows between the macropores during drying.
The depletion of particles observed at the top of droplets
stabilized with PVA (Figure 2d) is also likely to occur between
laterally touching droplets, thus leading to open windows after
drying. Opening of windows between macropores is favored by
the very high pressure drop estimated for this system. The forma-
tion of connections between adjacent droplets during the evacuation

(49) Xu, L.; Berges, A.; Lu, P. J.; Studart, A. R.; Schofield, A. B.; Oki, H.;
Davies, S.;Weitz, D. A.Drying of complex suspensions. Phys. Rev. Lett. 2010, 104
(12), 128303.

(50) Defeijter, J. A.; Benjamins, J. Adsorption behavior of PVA at the air-
water-interface. 0.1. Applicability of the Gibbs adsorption equation. J. Colloid
Interface Sci. 1981, 81(1), 91–107.

(51) Lankveld, J. M.; Lyklema, J. Adsorption of polyvinyl alcohol on paraffin-
water interface.1. Interfacial tension as a function of time and concentration.
J. Colloid Interface Sci. 1972, 41(3), 454–465.

(52) Arnaudov, L. N.; Cayre, O. J.; Stuart, M. A. C.; Stoyanov, S. D.; Paunov,
V. N. Measuring the three-phase contact angle of nanoparticles at fluid interfaces.
Phys. Chem. Chem. Phys. 2010, 12(2), 328–331.
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process is confirmed by the correlated oscillations of the liquid
interface on the top of neighboring droplets (see video S4 in the
Supporting Information). We also observed that the high pres-
sure drop across the continuous phase of the PVA-stabilized
suspension can in some cases lead to the rupture of the layer
of particles possibly present between adjacent droplets, as shown
in the inset of Figure 4c. In contrast, only a few interconnect-
ing windows are formed between macropores in the particle-
stabilized system.

In the final stage of drying, the oil and aqueous fluids located
within the interstices of the particle pack are evaporated to form
random or ordered hierarchical porous structure that perfectly
mimics the colloidal architecture of the precursor suspensions
(Figure 4a-c). In addition to a closematch between the size of the
initial droplets and the size of resulting macropores (Figure S1 in
the Supporting Information), the porous structures obtained also
reflect the initial distribution of colloidal particles and droplets of
the original complex suspension. The particle-free regions formed
between and on the top surface of surfactant-stabilized droplets
(Figure 2d) lead to open windows in the dry porous structure,
whereas the particle-coated droplets from the particle-stabilized
systems (Figure 2e) result in fully closed macropores after drying
(Figure 4a,b, respectively). The closely packed colloidal particles
between these macropores give rise to nanosized interstices,
establishing a second hierarchy of pores in the structure (inset
of Figure 4a). As the colloidal particles in the as-dried structures
are held together by relatively weak van der Waals forces, other
procedures can be carried out to strengthen the final porous
material. The PVA molecules present in the surfactant-stabilized
system for example were observed to strengthen the structure by
concentrating themselves within the contact points between
adjacent particles after drying. Cross-linking of such PVA necks
with citric acid or sodium tetraboratemade these structures stable
against dissolution in aqueousmedia. Alternatively,mechanically
stable structures were also obtained by heat treating the material
at 800 �C for 2 h, which led to partial sintering and the formation

of necks between adjacent silica particles without affecting the
interstitial pore sizes.

Since the formation of porous structures using this approach
does not rely on specific chemical reactions, the method is very
general and applicable to droplets, colloidal particles, and surfac-
tant systems of various chemical compositions. To illustrate this
versatility, we also produced hierarchical porous structures from
complex suspensions containing octane droplets, polystyrene
particles, CTAB, and hydrolyzed TEOS. The hydrolyzed TEOS
acts as the precursor for the silica that forms the final structures.
The structure obtained after drying exhibits 140μmmonodisperse
open pores (Figure 4d) surrounded by 400 nm polystyrene
particles containing precipitated silica within their interstices
(Figure 4e). The polystyrene particles of the as-dried material
were removed by thermal decomposition at 500 �C for 2 h to form
400 nmopenpores with silicawalls surrounding the larger 140 μm
pores. The thickness of the silica wall was tuned by varying the
initial concentration of hydrolyzed TEOS in the initial complex
suspension (Figure 4f).

Another possible approach is to infiltrate a posteriori the
interstices between colloidal particles with well-established metal
alkoxide/surfactant solutions to generate mesoporous walls of
tailored compositions after thermal treatment, thus incorporating
an additional length scale in the structure. Since the presence of
TEOS concentrations higher than 1 mol/L in the initial contin-
uous phase tend to cause agglomeration between the colloidal
particles, the infiltration of structures after drying is a more
flexible approach to obtain larger infiltrated areas and to control
the chemical composition, porosity, and thickness of the pore
walls.

Close observation of the dried structures reveals that ordered
arrays of colloidal particles are formed in the vicinity of the
droplet-templated windows, whereas less ordered particle ensem-
bles are observed away from this region (Figure 4e). The forma-
tion of ordered structures close to the windows is caused by the
drying-induced capillary flow of colloidal particles into the thin

Figure 5. (a) Scheme illustrating the drying-induced multiscale assembly process in which (a1) creaming oil droplets are deposited on the
walls of periodic holes of a glass substrate and (a2) colloidal particles are driven by capillary flow into the interstices of deposited droplets as
drying proceeds. (b-e) FESEM images of hierarchical porous structure resulting from the multiscale assembly of complex suspensions
containing 120 μmoctane droplets and 110 nm silica particles (15 vol%) dispersed in 1 wt%PVA. In the sequence from left to right, the red
rectangles indicate the areas magnified in the next adjacent image.
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aqueous film formed next to the particle-free region where the
droplets are closest to the air-liquid interface (Figure 2d).48,49

Such flowof colloidal particles toward the edge of the evaporating
drop was indeed observed during drying of our complex suspen-
sions (see video S2 in the Supporting Inormation).

To further demonstrate the potential of our approach, the
capillary flow of particles was combined with the buoyant effect
of light droplets to form truly 3D hierarchical porous structures,
as illustrated in Figure 5. Structures exhibiting pores at three
length scales ranging from tens of nanometers to a couple of
millimeters in size were achieved by filling the holes of a 3D glass
substrate with a complex suspension of droplets, particles, and
surface active molecules. In this case, buoyancy forces pull the
octane droplets to the top of the suspension in all the holes
(Figure 5a). Pinning of the suspension surface at the upper edge of
the substrate during the drying process allows for the deposition
of creamed droplets on the vertical walls of the holes and leads to
the formation of a thinning film that induces capillary flow of
colloidal particles toward the upper surface of the complex
suspension (Figure 5a1,a2). The pores of the 3D hierarchical
structure obtained using this approach are defined by the holes of
the substrate, the droplets, and the interstices between the
colloidal particles. An additional hierarchical level containing
mesopores can be achieved in this system by simply using the
polystyrene particles depicted in Figure 4e and infiltrating the
particle intersticeswithwell-establishedmetal alkoxide/surfactant
solutions before ultimately removing the polymeric particles. As
long as pinning and full wetting of the complex suspension on the
3D substrate is ensured, the method can potentially be extended
to many other systems with different chemical compositions and
combinations of substrates, templating droplets, colloidal parti-
cles, and molecular species.

4. Conclusions

We show that monodisperse and ordered hierarchical materials
with precisely controlled porous structure can be obtained through
the self-assembly of droplets, colloidal particles, and molecular
species induced by simple drying of a complex suspension. Inter-
connected macropores are achieved in the case where the droplets
are stabilized by long-chain surfactants, whereas close macro-
porosity is obtained when droplets are stabilized by interfacially
adsorbed colloidal particles. The dynamics of the drying process can
be quantitatively described using simple interfacial tension argu-
ments combined with a phenomenological model that predicts the
flux of fluids through a porous particle packing. The unique 3D
hierarchical porous structures formed using this simple route can
potentially lead to enhanced performance and offer novel function-
alities in filtration, catalysis, sensing, and regenerative medicine.
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