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Hypothesis: Self-assembly of colloidal particles enables the versatile fabrication of highly ordered struc-
tures and materials for optical, sensing, and other applications. Nevertheless, many traditional assembly
processes are inefficient, because there exists an inevitable contradiction between time efficiency and
crystalline quality. In this work, we introduce an ultrafast, robust, and scalable approach of imbibition-
induced assembly. We assume that the instantaneous solvent imbibition induced by the nanoporous
media could direct ultrafast self-assembly of colloidal particles into ordered structures.
Experiments: Self-assembly of colloidal particles from a droplet on a nanoporous substrate was firstly
observed and investigated. A phase diagram of the thickness of the colloidal crystal as a function of
the printing speed and the particle volume fraction was presented through systematic experiments.
Findings: The nanoporous substrate can induce strong capillary flow that will direct the rapid self-
assembly of particles into colloidal crystals. The imbibition-induced assembly was spatially and tempo-
rally combined with the meniscus-guided printing approach, and the printing speed can be improved
by two orders of magnitude than the traditional evaporative assembly methods. We finally demonstrate
an effective and ultrafast approach for assembling colloidal particles into photonic crystals with control-
lable sizes and shapes on the macroscale.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Artificial materials exhibit unique optical [1,2], electrical [3],
thermal [4], and mechanical [5] properties based on the diverse
composition, configuration, and arrangement of the building
blocks, which promote the development of a wide variety of appli-
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cations, including colloidal photonic crystals [6,7], flexible colloidal
nanocrystal electronics [8,9], biochemical sensors [10], wearable
products [11], etc. As a simple and low-cost approach, self-
assembly is one of the few practical strategies for establishing this
kind of ordered materials such as colloidal crystals. Over the dec-
ades, scientists have developed many approaches to assemble col-
loidal particles into crystalline arrays, such as the Langmuir–
Blodgett (LB) technique [12], dip-coating [13], spin-coating [14],
vertical deposition [15], sedimentation [16], microfluidic [17] and
patterned substrate [18]. However, it is difficult to fabricate col-
loidal crystals with controllable sizes and shapes without the assis-
tance of a template for these approaches.

Evaporative self-assembly based on inkjet printing offers a non-
lithographic means to produce multifarious and patterned col-
loidal crystals [19,20]. During printing, the self-assembly process
is tightly coupled with the complex flow and transport of an evap-
orating droplet, which includes the outward capillary flow [21,22],
thermal or solutal Marangoni flow [23,24], diffusion, and Brownian
motion. Evaporative self-assembly is a result of the interplay of
these various forces from different origins and with diverse magni-
tudes [25]. However, the colloidal particles under the forces of fluid
flows are far from equilibrium, so they move so fast and tend to
form non-uniform and disordered structures, such as ring-like pat-
terns or clumps in the interior [26–28]. Despite recent works
revealing that colloidal particles have enough time to arrange
and self-assemble into ordered structures under Brownian motion
or diffusion relying on interfaces [29,30], the preparation efficiency
is inevitably restricted. A problem of the contradiction between
quality (ordered phases) and efficiency (high assembly rate) in
evaporative assembly arises. It will further influence the spatio-
temporal mismatch between assembly and printing.

Here, we introduce an ultrafast imbibition process to enhance
the assembly rate and suppress the complex processes of convec-
tion and transport induced by evaporation. It makes colloidal par-
ticles self-assemble into ordered structures on the nanoporous
surface in a few seconds, which is far faster than the approach of
evaporative self-assembly [29,30]. This solvent imbibition-
induced self-assembly (IISA) was further combined with the
meniscus-guided printing (MGP) technique to establish an effec-
tive and ultrafast approach for assembling and printing patterned
colloidal crystals.
2. Materials and methods

2.1. Fabrication of nanoporous substrate

The nanoporous substrates were prepared by evaporation of
colloidal silica suspensions (Ludox SM-30, Sigma-Aldrich). The
mass fraction of the suspension is 30 wt%, the diameter of the silica
particle is 12 nm. A culture dish was chosen as a mold for contain-
ing the suspensions of colloidal silica. After about 2 days of slow
evaporation in a closed environment, it can be formed the nano-
porous substrate inside the culture dish. The porosity of the sub-
strate can be estimated to be 30%.
2.2. Preparation of colloidal suspensions

The colloidal suspensions of polystyrene (PS) in this work, pur-
chased from Duke Scientific Corporation (5200A), have an initial
mass concentration of 10 wt. % and density of 1.05 g/cm3. The par-
ticle sizes (diameters) ranges from 170, 180, 230, 255, 320, 1000
and 3000 nm. Before we start experiments, the colloidal suspen-
sions were first diluted 2 to10 times by ultra-pure water, and then
the suspensions were stirred by ultrasonic for 1 min to ensure the
uniform dispersion of particles.
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2.3. Apparatus for liquid dispensing and printing

An electronic syringe for direct dosing system (Dataphysics,
IDS) equipped with a disposable dosing needle was adopted for
injecting colloidal suspensions. The injection process was motor-
driven and software-controlled. The needle (SNS-D 051/025, with
an inner diameter of 0.25 mm and outer diameter of 0.51 mm),
was treated as hydrophobic to prevent the aqueous solution from
climbing. The injection rate of the syringe was set in the range of
0.1 to 1 lL/s. The electronic syringe system is integrated with a
three-dimensional (3D) displacement platform. When the needle
and the nanoporous substrate move relatively, the suspensions
can be printed and colloidal crystal films can be formed.

2.4. In situ observation of the assembly process

Droplet imbibition and colloidal assembly occur instanta-
neously, therefore, high-speed photography was adopted to
observe the ultrafast dynamic process. The self-assembly of col-
loidal particles on the nanoporous substrate was captured by a
high-speed camera (AOS, TRI-VIT) connected to a microscope
(OLYMPUS, BX3M) from the top-view at 1000 fps. The injection,
spreading, and imbibition processes of a colloidal droplet on the
substrate were simultaneously captured by a side-view CCD cam-
era (Dataphysics, IDS); 120 frames per second were used.

2.5. Characterizations of morphology

A transmitting and reflecting optical microscopy was used for
observing the morphology of colloidal crystals with micrometer-
size particles. The morphology of the printed patterns with submi-
cron particles was characterized by an ultrahigh-resolution scan-
ning electron microscope (HITACHI SU-70 FE-SEM) with 5 kV and
4�5 mm scanning distance. A fiber optic spectrometer (Avaspec-
2048, Avantes, Netherlands) coupled to a reflection probe was used
for spectrum analysis, where the incident and reflective angles
were both fixed at 0�.
3. Results and discussion

3.1. IISA of colloidal particles

The IISA is examined by injecting a sessile colloidal droplet on
the nanoporous substrate (The nanoporous surface can be seen in
Fig.S1, Supporting Information). The temporal and spatial evolu-
tion of the colloidal droplet is essential for revealing the mecha-
nisms of IISA. After injection, the droplet evolves into three
distinct stages according to the dynamic behavior of the contact
line: spreading, pinning, and dewetting (Fig. 1a), which can be fur-
ther quantitatively described through the time evolution of contact
radius from a high-speed photographic experiment, as shown in
(Fig. 1c). The time scales for the three stages range from millisec-
onds (�10-3s) to seconds (�100s). The liquid spreading (stage I) is
so fast that there is no enough time for the solvent to be absorbed
by the nanoporous substrate. The sizes and areas of the final pat-
terns can be determined by this spreading stage.

In the pinning stage, the contact angle continues to decrease but
the contact line remains pinned (Fig. 1c). The solvent continues to
be imbibed by the porous substrate for several seconds. As shown
in (Fig. 2f), the vertical imbibition will induce the downward flow
inside the droplet, which will carry the particles toward the solid
surface. The lateral imbibition near the contact line will induce
the outward flow towards the edge of the droplet [31], and col-
loidal particles will be transported and form ring-like structure
(Fig. 1b & Fig. 2b,c). It is similar to the ‘‘coffee ring” effect caused



Fig. 1. (a) Schematics of spreading, pinning, and dewetting from an injected droplet on a nanoporous substrate. (b) Schematics of the IISA of colloidal particles and formation
of ordered arrays. (c) The dimensionless contact radius (R/Rm) as a function of the dimensionless time (t/tf) from a high-speed photographic experiment, where Rm and tf
represent the maximum contact radius and the final time for imbibition, respectively. It can be divided into three typical stages for the interactions of the liquid and solid:
spreading, pinning, and dewetting. The time scales for these three stages range from milliseconds to seconds. The microscopic images at different stages are inserted.
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by non-uniform evaporation flux revealed by Deegan et al. [21],
however, the time scale for evaporation is far larger than imbibi-
tion [31], so the evaporation effect can be negligible. It’s notewor-
thy that this ring has multilayer ordered structures (Fig. S2,
Supporting Information) Fig.S3, which is different from the ring-
shaped stain ranging from order to disorder caused by evaporation
[32]. The formation of the ordered structures can be attributed to
the guidance of the nanoporous substrate and constraint of the liq-
uid–air interface.

As with solvent imbibition, the droplet eventually evolves into a
thin liquid film whose thickness is roughly equal to the particle
size, i.e., particles are constrained between the liquid–air and liq-
uid–solid interface. Liquid film dewetting occurs from the edge
toward the center and the contact line shrinks inward. During
the evolution of dewetting, the outward flow increases rapidly
because there is very little solvent left while the lateral imbibition
flux remains unchanged. Therefore, as shown in (Fig. 2a), the par-
ticles will be transported towards the contact line (the dotted
white line) instantaneously under the force of the capillary flow
(the red arrow lines). These particles will assemble into an ordered
monolayer structure under the capillary immersion forces, as
shown in the enlarged image of (Fig. 2g). Here, the formation speed
of monolayer ordered structures in (Fig. 2a) is about 0.6 mm�s�1,
which is significantly faster than traditional convective assembly
[33]. The large area of ordered monolayer structures inside the ring
can be seen in (Fig. 2b, d). The monolayer has a two-dimensional
(2-D) polycrystalline structure where every single grain has a
hexagonal closed-packed (HCP) array (Fig. 2e). The white radial
wavy lines in (Fig. 2b), representing the colloidal grain boundaries,
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is another experimental evidence of the outward capillary flow. By
adjusting the particle volume fraction and droplet size, a large area
of monolayer colloidal crystal can be rapidly fabricated (Fig.S3,
Supporting Information). Because of the strong flow behavior
induced by imbibition and the uneven nanoporous surface, it
emerges inevitable defects such as vacancies and grain boundaries
in colloidal crystals, as shown in (Fig. 2e).
3.2. Ultrafast printing of colloidal crystals by using IISA

The above results indicate that solvent imbibition through
nanoporous media offers a rapid way to self-assemble colloidal
particles into ordered structures. To further fabricate any shaped
and large-scale ordered arrays that are not limited to circular pat-
terns, this IISA approach was combined with the MGP technique, as
shown in (Fig. 3a). When the colloidal suspension is dispensed
through the needle and contacts the porous substrate, it forms a
meniscus between the needle and the porous substrate. As the sub-
strate moves, the receding liquid meniscus evolves into a thin liq-
uid film instantaneously, which accelerates the outward capillary
flow induced by lateral solvent imbibition. The colloidal particles
will be fastly carried towards the bilateral contact lines of the
printed liquid film under the capillary flow, and finally self-
assembled into ordered arrays under the capillary immersion
forces. Theoretically, complex freeform shapes can be printed
through the mobile stages in principle. Here, a multilayer arc-
shaped pattern was printed, as shown in (Fig. 3b). We also created
a large-scale strip-line pattern with a length of 13 cm (Fig. 3c),



Fig. 2. Optical micrographs of the IISA of colloidal particles and the resulting structures under different magnification, the initial volume and concentrations of the droplet are
0.5 lL and 2 wt%, respectively. (a) Imbibition directed self-assembly of particles and formation process of the ordered monolayer structures as with time, the dotted white
line represents the interface between particle arrays and fluids (contact lines), the red arrows represent the micro-flow toward the contact line, d0-d3 reflect the formation
speed of monolayer colloidal crystals. (b) Patterns formed on a porous substrate from an imbibed droplet. (c) The enlarged ring stain has ordered structures. (d-e) Ordered
array monolayer structure inside the ring stain, the white dots and lines represent vacancies and grain boundaries, respectively. Scale bars of (a-e) are 30, 500, 30, 120, 30 lm,
respectively. (f-g) Schematic of the outward and downward flow caused by lateral and vertical imbibition, respectively. The enlarged image of (g) represents the capillary
immersion forces between the adjacent particles.
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which contains multilayer edges (Fig. 3d-e) and monolayer inter-
mediate regions (Fig. 3f-g).

The IISA assisted printing process can be further described
quantitatively. As the stage moves at a constant speed (vp) along
the x-axis, 2D colloidal crystals will be stably and continuously
formed on the nanoporous substrate, as shown in (Fig. 4a). Based
on the comparative analysis of convective assembling of particles
into 2D colloidal arrays induced by evaporation [34], the material
flux balance was used to describe the dynamic process of the IISA.
Considering the solvent imbibition flux, Ji, is exactly compensated
by the water flow from the bulk suspension into the arrays, Jw, thus
the rate of the crystal growth vc can be derived as

vc ¼ bljiu
h 1� eð Þ 1�uð Þ ð1Þ

Where h is the thickness of the colloidal films, u is the particle vol-
ume fraction of the colloidal suspensions, e is the porosity of the
colloidal crystals, l is an imbibition length defined as l = Ji/ji, Ji is
the total solvent imbibition flux, ji is the average imbibition flux
of solvent from the nanoporous substrate, b is the hydrodynamic
parameter defined as the velocity ratio of the water molecule to
the particle. Detailed derivation can be referred to the literature
[34]. The average imbibition flux ji can be calculated from Darcy’s
Law [35]:

ji ¼ kPc=lhc ð2Þ
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where k is the permeability of the porous substrate, which can be
deduced from the Kozeny-Carman law, l is the fluid viscosity, Pc
is the capillary pressure simplified as Pc � c=a, where c is the sol-
vent interfacial tension, a is the radius of the colloidal silica parti-
cles. hc is the characteristic length of imbibition and can be
expressed as

hc ¼ hð1� eÞð1�uÞ
u

ð3Þ

By substituting ji from eq (2) and hc from eq (3) into eq (1), the
rate of the crystal growth can be expressed as

vc ¼ blkPcu2

h2l 1� eð Þ2 1�uð Þ2
ð4Þ

Then, for the formation of monolayers close-packed structures
(h = d, where d is the diameter of the particles), the printing speed
(the withdrawal rate of the substrate) vp is equal to the rate of the
crystal growth vc.

vp ¼ blkPcu2

d2l 1� eð Þ2 1�uð Þ2
ð5Þ

A phase diagram where the sub-monolayer, monolayer, and
multilayer structures are plotted as a function of u and vp
(Fig. 4b). The red line represents the theoretical curves of eq (5),
as the parameters of b = 1, l = 5.6 mm, k = 4.4 � 10-20 m2, Pc � c/
a = 1.2 � 107 N/m2 (c = 72 mN/m, a = 6 nm), d = 1 lm, l = 10-3



Fig. 3. (a) Schematic of the IISA-assisted MGP method for the fabrication of colloidal crystals. (b) An arc-shaped pattern was printed, the particle size is 500 nm and the scale
bar is 0.6 mm. (c) A strip-line pattern was printed, the particle size is 1 lm and the scale bar is 0.6 mm. (d, f) are enlarged figures of the sky-blue rectangles in (c), the scale
bars are 40 lm. (e, g) are enlarged images of the red rectangles in (d) and (f), respectively, Tthe scale bars are 5 lm.

Fig. 4. (a) Schematic diagram of convective flux induced by solvent imbibition during MGP. (b) A phase diagram where sub-monolayer, monolayer, and multilayer phases are
plotted as a function of the particle volume fraction u and the printing speed vp. (c-j) The reflection optical micrographs of the printed sub-monolayer (c,d), monolayer (e,f),
monolayer-bilayer (g,h) and multilayer (i, j) structures as the increase of the particle volume fractions (From left to right: 2%, 3%, 4%, 5%) when the printing speed vp is 20 mm/
s. (d, f, h, j) are enlarged optical micrographs from specific regions of (c, e, g, i), respectively. The particle diameter is 1 lm. The scale bars of (c, e, g, i) are 400 lm, the scale bars
of (d, f, h, j) are 10 lm.
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Pa�s, e = 0.605. The printing speed increases nonlinearly as with the
increase of the particle volume fraction (u). The experimental cir-
cle points (s) representing the monolayer structures collapse onto
the theoretical value. When u is constant, the lower the printing
speed, the more easily the multilayer structures can be formed,
as shown in the cross sign (�) below the red line; the higher the
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printing speed, the more easily the sub-monolayer structures can
be formed, as shown in the triangle sign (4) above the red line.
The detailed morphology of the printed lines are shown in Fig. 4,
including the sub-monolayer (Fig. 4c,d), monolayer (Fig. 4e,f),
monolayer and bilayer (Fig. 4g,h) and multilayer structures
(Fig. 4i,j) (vp is 20 mm/s; u is 2%, 3%, 4% and 5%, respectively). From
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the diagram in (Fig. 4b), the printing speed, i.e., the growth speed
of monolayer colloidal crystals induced by imbibition, is improved
by two orders of magnitude than evaporative assembly methods
[36,37]. The ultrafast printing of colloidal crystals can be attributed
to the accelerating imbibition caused by a thin film at the trailing
end of the receding liquid meniscus (Fig. 4a). The ordered struc-
tures with different morphology and thickness can be quickly
printed and easily controlled by coordinating the printing speed,
the particle sizes, and the volume fractions of particles. (Fig. 4e,
f) shows the typical monolayer colloidal crystals under the condi-
tions of u = 0.03, vp = 20 mm/s and d = 1 lm. Therefore, the inte-
gration of the IISA and MGP offers an ultrafast and effective way
to fabricate specific shaped and large-scale ordered structures.
3.3. The optical performance of colloidal crystals fabricated by IISA

The printed colloidal crystals appear a periodically ordered
microstructure (Fig.S4, Supporting Information) which can reflect
structural coloration due to Bragg reflection [17]. As shown in
(Fig. 5a), we fabricated colloidal crystals that exhibit different col-
ors depending on the size of the particles. Upon white light illumi-
nation, colloidal crystals formed from particle sizes of 170, 180,
230, 255, and 320 nm present diverse structural colors. Reflectance
spectroscopy reveals Bragg reflection peaks at wavelengths of 386,
410, 546, 602, and 744 nm, respectively. It’s basically the same
wavelength as Bragg’s law (Table S1, Supporting Information). This
implies the possibility of building macroscale colloidal crystals
with tailored optical properties by choosing specific particle sizes
and compositions. The lower reflectance peaks can be attributed
to a high density of defects, as shown in (Fig. 5b-f), which can be
observed from the SEM images of the printed colloidal crystals
formed from particle sizes of 170, 180, 230, 255, and 320 nm,
respectively. It suggests that IISA offers an effective approach to
construct ordered structures for particles with sizes ranging from
the nanoscale to the microscale, and this ordered colloidal crystal
can be transferred from the nanoporous surface layer by layer to
form monolayer structures onto the soft Polydimethylsiloxane
(PDMS) substrate, as shown in (Fig. 5g, h). It still exhibits typical
colors under specific incident angles (Fig. 5i). Therefore, this
approach has potential applications in flexible photonic crystals
and wearable devices.
Fig. 5. (a) Colloidal crystals with structural colors tunable by the sizes of PS particles (1
0.09%, 0.11%, 0.115%, and 0.15%) under white-light illumination, and corresponding refle
images of the ordered structures with particle sizes of 170 nm, 180 nm, 230 nm, 255 nm
(the yellow part) being transferred from the nanoporous substrate onto the soft PDMS. (
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4. Conclusion

A new concept of IISA is proposed in this work, and an ultrafast,
robust, and scalable approach is further developed for printing col-
loidal crystals. The imbibition caused by the nanoporous substrate,
which breaks the quasi-steady state evaporation and suppresses
the complex processes of convection and transport, can induce
ultrafast capillary flows that will direct the colloidal particles
self-assemble into ordered structures. Furthermore, the IISA is spa-
tial and temporal combined with the MGP approach to fabricate
patterned colloidal crystals. An operational phase diagram was
constructed that could quantitatively describe structures of the
printed film as a function of printing speed and particle volume
fractions. Finally, colloidal photonic crystals with diverse structural
colors were rapidly assembled and printed by using this approach.
To a certain extent, the contradiction between time efficiency and
crystalline quality in colloidal crystal preparation can be solved by
this approach.

Convective assembly of colloidal particles has been widely stud-
ied in recent years, and many approaches relying on liquid menis-
cus evaporation were developed such as vertical deposition
[15,34,38,39], horizontal deposition [36,40], and direct writing
[37,41,42]. However, evaporative assembly for these techniques
is so slow that seriously affects the growth rate. The spin-coating
was used for rapidly fabricating high-quality and large-area col-
loidal crystals [14], but it is difficult to print patterned colloidal
crystal directly without a template. By introducing the imbibition
effect into the conventional MGP, the printing speed can be
remarkably improved by at least two orders of magnitude than
the traditional methods of evaporative assembly [36,37] (Table 1).
This strategy offers a simple and highly efficient way of printing
multiscale ordered structures and creating functional surface pat-
terns. In the future, this approach needs further optimization for
printing high-quality, large-area, and even 3D colloidal crystals.
The application of the imbibition-assisted roll-to-roll manufactur-
ing of flexible colloidal crystals films and printing of wearable opti-
cal sensors can be necessary to be explored.
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