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a b s t r a c t
Nanoparticle deposition by drying of colloidal suspension in thin micro-porous architectures has attracted
a lot of attention in scientiﬁc research as well as industrial applications. However, the underlying mechanisms of such three-dimensional (3D) deposition are not yet fully revealed due to the complexity of the
co-occurring processes of two-phase ﬂuid ﬂows, phase change and mass transport. Consequently, the control of 3D nanoparticle deposition remains a challenge. We use a combined experimental and numerical
approach to achieve controlled 3D nanoparticle deposition by drying of colloidal suspension in two pillarbased thin micro-porous architectures. By the design of pillar layout, rectangular-spiral and circular-spiral
deposition conﬁgurations are obtained globally. By varying the surface wettability, vertically symmetric
and sloped nanoparticle depositions can be achieved locally. While the numerical modeling reveals the
mechanisms of liquid internal ﬂow, as well as the impact of local drying rate on nanoparticle transport,
accumulation and ﬁnal deposition, the experimental results of deposition conﬁgurations validate the controlling strategies. This combined experimental and numerical work provides a framework to achieve desired 3D nanoparticle deposition in thin micro-porous architectures, with a thorough understanding of
the underlying mechanisms of two-phase ﬂuid ﬂows, phase change and mass transport.
© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

ABBREVIATIONS
TMA
thin micro-porous architecture;
RTMA
rectangular-spiral thin micro-porous architecture (universal contact angle of around 30◦ )
CTMA
circular-spiral thin micro-porous architecture (universal
contact angle of around 30◦ )
CTMA2 circular-spiral thin micro-porous architecture (heterogeneous contact angles: the top cover is 135◦ while the pillars and bottom substrate is 30◦ )
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1. Introduction
The use of accumulation and deposition of nanoparticles by intended drying of colloidal suspension has sparked a variety of research interests, i.e. the design of innovative functional materials
with better optical, magnetic and electrical properties [1–4], as
well as industrial applications such as ink-jet printing [5] and heat
removal in computer chips [6,7]. However, the control of ﬁnal deposition of nanoparticles is very challenging since the liquid drying, nanoparticle accumulating and depositing processes are multiphysical co-occurring phenomena and their mutual inﬂuences are
not yet fully revealed. In effect, during drying, the colloidal liquid
shrinks as the liquid-vapor interfaces are receding and nanoparticles accumulate at some of these interfaces. Nanoparticles are
also advected by the liquid capillary pumping, which ﬂows due
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to pressure differences resulting from the establishment of different curvature or from temperature variation at the liquid-gas
interface. Finally, upon complete depletion of the surrounding liquid, the nanoparticles deposit and form a solid structure. If this
process occurs within a micro-porous structure, the liquid-solid interplay dictates the liquid conﬁguration during drying, which in
turn favors colloidal particle transport, accumulation and deposition. Therefore, the engineering of nanoparticle deposition can be
achieved by controlling the drying conﬁguration of the colloidal
liquid, through the appropriate design of micro-porous structures
including their surface properties.
Thin micro-porous architectures [1,2,8] (Figure S1 in the Supplementary Materials, for instance) assembled by two plates and
standing pillars in between are under investigation in this paper.
Previous studies have shown that liquid conﬁgurations during drying in thin micro-porous architectures can be inﬂuenced by pillar layouts, namely distance and location [9–11], surface wettability [12,13], liquid properties [14,15], heating temperature [16,17]
and air convection [18,19]. Varying pillar layouts have been used
to achieve complex liquid conﬁgurations during drying, referred
to as “stable/unstable” [10], “disorder” [8], “spiral” and “gradient”
[20]. The various drying patterns result from the competing mechanisms of local receding of liquid-vapor interface and the liquid
internal ﬂow, i.e. capillary pumping triggered by pressure difference of liquid with different liquid-gas interface curvature, according to Laplace law [21,22]. However, these studies are only limited to pure liquid drying, without considering drying of colloidal
suspension with the effect of liquid conﬁguration on nanoparticle
transport and deposition. Only very simple geometrical pillar layouts were used to allow nanoparticle accumulation at liquid-vapor
interfaces with their receding. For instance, regularly distributed
pillars led to parallel “line-shaped” nanoparticle depositions [8,23],
near evenly-distributed pillars resulted in uncontrolled disordered
depositions [2,8,24] and periodically distributed pillars gave rise
to repeated triangular, hexagon or “double-Y-shaped” deposition
structures [25,26]. The above studies document deposition patterns
with only giving top views of the deposition patterns, assuming
quasi-two-dimensional (quasi-2D) deposition. Recently, the deposition patterns in simple thin architectures of only a few pores were
documented showing a three-dimensional (3D) structure [27]. Nevertheless, in all of the simple geometrical arrangements, no liquid
internal ﬂow is triggered, and thus the inﬂuence of nanoparticles
being delivered in the bulk on ﬁnal deposition conﬁguration is not
investigated. Moreover, these experimental studies provided only
little explanation and insight on the mechanisms at play of the inﬂuence of liquid conﬁguration on nanoparticle transport and deposition. In brief, the aforementioned start-of-the-art studies indicate
that, achieving a desired 3D nanoparticle deposition by using both
liquid internal transport and accumulation at the liquid-vapor interfaces through the design of complex micro-porous structures, is
yet to be explored by experimental and/or numerical approaches.
Surface wettability is another important factor that inﬂuences
local liquid conﬁguration, i.e. liquid-vapor interface shape, which
further affects the pure liquid drying pattern and rate [12,13,28,29].
When comparing similar porous conﬁgurations, for a hydrophilic
porous medium, a homogeneous desaturation of the whole sample
was observed with a constant drying rate while for a hydrophobic porous medium, the drying front was found to penetrate into
the sample in the early stages of evaporation. The drying rate was
found to strongly depend on the boundary conditions and wetting heterogeneities [12]. In presence of sharp wettability discontinuities in porous media, capillary ﬂow was seen to occur from
the hydrophobic regions to the hydrophilic ones, resulting in an
unequal drying front displacement [13]. Further considering drying of colloidal suspension, nanoparticle transport and accumulation were found to be affected by the drying pattern induced

by surface wettability or its heterogeneity. In an evaporating colloidal droplet, different drying patterns and nanoparticle depositions were observed on hydrophilic and hydrophobic surfaces [30–
39]. On a hydrophilic surface, the liquid carrying colloidal nanoparticles ﬂows from the apex of the droplet to the contact line due to
a higher evaporation ﬂux at this line [30,32,36]; while on a hydrophobic surface, opposite ﬂows with corresponding nanoparticle
transport were observed [36,40,41]. By treating the substrate surfaces with different wettability, inner-ring-shaped [37], stick-slip
[34] and concentrated [35] deposition patterns have been obtained.
We note that the local nanoparticle transport induced by surface
wettability has mostly been studied in simple sessile droplets and
has rarely been applied in the control of nanoparticle deposition in
porous structures.
Other factors, like heating temperature, also affect the drying
pattern. A lower temperature favors the liquid conﬁguration to follow a controlled path determined by the designed micro-porous
conﬁguration during drying [10], while, under a higher heating
temperature, the liquid conﬁgurations become less dependent on
the micro-porous design [20] and the drying fronts are more continuous. Temperature gradients can inhibit or enhance the movement of the drying front, which also results into very different liquid conﬁgurations [16]. The study of the temperature inﬂuence on
liquid conﬁgurations has been mainly limited to pure liquid drying and rarely applied to the control of nanoparticle deposition
[42]. Liquid properties also inﬂuence the drying process. For instance, at a drying temperature of 50◦ C, the drying rate of ethanol
is 10 times higher than that of water in the porous structure with
evenly-distributed pillars [43]. Another example is that, the presence of surfactants was found to be critical to maintain the stability of liquid bridge network during drying [15]. For air convection, it was found to improve the removal of the vapor from the
porous structures, increasing the drying rate [18] and inﬂuencing
the nanoparticle accumulation process. In addition, other parameters like characteristics of the nanoparticles [44,45] and surface
property of material upon which deposition occurs [46–48] can inﬂuence the liquid conﬁguration during drying and the resulting deposition patterns.
In this paper, combining both experimental and numerical approaches, we study the controlled 3D nanoparticle deposition by
drying of colloidal suspension in two pillar-based thin microporous architectures with varied surface wettability. The inﬂuences
of pillar layout, i.e. the design of porous structure geometry, and of
surface wettability on drying pattern and nanoparticle transport,
accumulation and deposition in the designed micro-porous structures are analyzed in detail. The control of two inﬂuential factors
lead to desired 3D nanoparticle depositions both globally and locally. Succeeding in obtaining a controlled nanoparticle deposition
can provide paths for novel manufacturing solutions. For example,
the heat conduction enhancement in 3D chip stacks by neck-based
thermal structures formed after drying of colloidal suspension [6,
7]. The structure of this paper is arranged as following. Section
2 and 3 introduce the numerical model and experimental setup,
respectively. Section 4 gives the main results and discussions of
this paper, with 4.1 and 4.2 analyzing the inﬂuences of pillar layout and surface wettability, respectively. Section 5 ﬁnally concludes
this paper.
2. Numerical model
2.1. Model description
The lattice Boltzmann model (LBM) has been successfully applied to study single-/multi-phase ﬂows [49–54], mass transport
[55,56] and heat transfer [57,58]. For the simulation of drying of
colloidal suspension, two types of LBMs have been proposed. The
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Fig. 1. Validation of the tricoupled hybrid LBM by comparing deposition conﬁgurations after drying of polystyrene nanoparticles (PSNPs) suspension in a three-pillar microporous architecture. (a) Simulation setup with dimensions (in lattice units, d = 40 lattices correspond to 10 μm in experiments). (b) Experimental results in [27] where the
scale bars equal 10 μm. (c) Simulation results.

ﬁrst approach is of Lagrangian type, where the nanoparticles are
individually tracked for their motions. This method has been applied to investigate a certain number of nanoparticle assemblies
in evaporating colloidal droplets [59–62]. The other approach is of
Eulerian type, where the nanoparticles are considered as a solute
and represented by a concentration. In this way, a large number
of nanoparticles can be simulated easily [24,63]. In this paper, a
Eulerian-type tri-coupled hybrid LBM [24,63] is applied to study
the drying of colloidal suspension. The tri-coupled model is built
up in the following way. First, an entropic multiple relaxationtime multirange pseudopotential two-phase LBM [54] for isothermal two-phase ﬂow is coupled to an extended temperature equation [20] for simulating quasi-isothermal or non-isothermal liquid
drying. Then the coupled model is further coupled with a modiﬁed convection diffusion equation to handle particle transport and
deposition for drying of colloidal suspension [63]. With this tricoupled model, the drying of colloidal suspension with different
liquid properties and particle concentration under various temperature can be simulated and studied. We note that, currently, we
have not considered the local effects of high nanoparticle concentration on liquid properties including viscosity, surface tension and
thermal conductivity. Since these higher concentrations only occur
locally close to the liquid-vapor interface, we expect that the resulting changes in liquid properties have minor inﬂuences on the
drying and deposition patterns in the current study. Nevertheless,
these effects should be included in future work when better latestage evaporation processes are needed.

2.2. Model validation
Our model has been validated step by step in [20,24,54,63].
Nevertheless, to further validate the tri-coupled numerical model
in 3D, the drying of suspension of polystyrene nanoparticles
(PSNPs) in a geometry consisting of three cylindrical pillars is simulated. Several simulations with different initial volume concent /V t concentrations of
trations of PSNPs are performed, namely Vnp
p
10%, 13.6%, 19.6% and 84.8%, expressed by the ratio of total particle
t , versus total pillar volume V t . These values are chosen
volume Vnp
p
in order to allow a comparison of the obtained deposition patterns
with the ones of experimental results in [27].
The simulation setup with dimensions (in lattice units) is
shown in Fig. 1a. The three evenly-distributed pillars, at distance
of 99.7 lattices center to center, are located between a top cover
and a bottom substrate, where the evaporated vapor can leave the
setup at the lateral sides. The density ratio of liquid and vapor
is ρ l /ρ v ≈ 30 under the equilibrium temperature of Teq = 0.75Tc .
The whole system is set at a slightly higher temperature of Th =

0.752Tc , except at the boundaries where the temperature is set
also at equilibrium temperature. The slight temperature difference
is applied to simulate quasi-isothermal evaporation as performed
in the experiments. The contact angle is set to 30◦ , close to the experimental one of around 34◦ . The initial volume of colloidal suspension englobes the three pillars. Upon drying, the liquid piece
recedes and nanoparticles deposit. Fig. 1b-c compare the ﬁnal conﬁgurations of PSNPs deposition between the experimental results
in [27] and the simulation results by tricoupled hybrid LBM. At the
t /V t = 10.0%, the nanoparticles deposit
lowest concentration of Vnp
p
mainly at the top cover and bottom substrate as well as along
the pillars, forming a strut-like structure, with large hallows between struts. Increasing the nanoparticle concentration leads to
t /V t = 13.6%)
the hollow structures becoming gradually ﬁlled (Vnp
p
t /V t = 19.6%). At the
until forming a total solid Y-type structure (Vnp
p
highest concentration, the triangular space between the pillars is
almost completely ﬁlled. For the whole range of the particle volume to pillar volume ratios, the conﬁgurations of the simulated
depositions of PSNPs agree well with the experimental ones. The
capacity to accurately simulate complex 3D deposition patterns is
a desired feature of this model that will prove to be critical for the
more complex micro-porous architectures discussed in this paper.
3. Experimental setup
We evaporate colloid suspension within complex thin microporous architectures. After drying, the deposited structures can
be documented by scanning electron microscopy (SEM). The patterns of pillars on the template were named as rectangular-spiral
thin micro-porous architecture (RTMA, of 5.0 mm side length) and
circular-spiral thin micro-porous architecture (CTMA, of 6.0 mm
side length).
3.1. Construction of the micro-porous architecture devices
Silicon wafers (10 cm diameter, N doped, 100 oriented) were
ﬁrstly structured by direct laser writing photoresists (Heidelberg
MLA100 Maskless Aligner). Once marked by laser, the wafers can
be etched using deep reactive ion etching (NMC DSE 200S etching
equipment) and ﬂuorine-based reagents to get microscale different layout patterns, of square pillars, with side length of 65 μm
and height of 65 μm, for a total number of 220 pillars for both
RTMA and CTMA. The etched wafer was then placed horizontally
in order to receive the colloid suspension. A 10 μl water droplet of
polystyrene nanospheres (PSNPs, diameter of 880 nm)/sodium dodecyl sulfate (SDS) hybrid suspension (10 0–20 0 mg/ml PSNPs and
2 mg/ml SDS) was carefully dropped onto the template. To close
the top, either a ﬂat PDMS plate (contact angle of the suspension:
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Fig. 2. Schematic illustration of experimental setup.

108°) or silicon wafer (contact angle of the suspension: 34°) was
deposited and maintained in place as a removable cover. The surface properties and geometrical information of RTMA and CTMA
are shown in Figure S2 of Supplementary Materials. Following the
evaporation of water at 65 °C in a heated oven, 3D nanoparticle
depositions were achieved in the two thin architectures. The experiments are repeated three times for each setup. A schematic illustration of the experimental setup is shown in Fig. 2.
3.2. Characterization
After carefully removing the top plate, the geometry of the deposited particles was documented by scanning electron microscopy
(SEM, JEOL, JSM-7500F) at an accelerating voltage of 5.0 kV. Tilting
the device allowed to document the deposition along the height.
The optical images of the 3D architectures were acquired by an optical microscope (Nikon Eclipse Ni-E) that was coupled to a chargecoupled device (CCD) camera. The 3D structure of the designed
silicon template was characterized by the optical proﬁler (Bruker
Contour GT). We note that, since the experiments were operated
in an oven to ensure a ﬁxed heating temperature, the drying process could not be recorded by camera.
4. Results and discussions
4.1. Inﬂuence of pillar layout
In this subsection, we study the 3D nanoparticle deposition by
drying of colloidal suspension looking at the inﬂuence of the pillar
layout. We play with capillary pressure difference to trigger capillary pumping between different menisci, which are controlled by
pillar location and distance in this paper. Using two different pillar spacing distances, the pillars closely spaced together form the
pinning line and the zone with larger pillar spacing becomes the
main bulk liquid receding path. By shaping the receding path, a
periodicity in the pinning can be triggered on purpose. Coiling the
path is the solution retained here and we study the pillar layouts
of RTMA and CTMA.
•

Rectangular-spiral thin micro-porous architecture (RTMA)

Recently, we have studied numerically and experimentally the
drying of colloidal suspension in a quasi-2D RTMA, with alignments of pillars 150 μm (face-to-face) apart, coiling with a winding
distance of 375 μm (face-to-face) [63,64]. We have shown that, the
liquid conﬁguration obtained during drying is actually uncoiling
around the spiral and the intended rectangular-spiral particle deposition conﬁguration is ﬁnally achieved [63]. However, this quasi2D study did not allow us to observe and analyze the real 3D deposition structures. Here we conduct 3D simulations and redo the
experiments to obtain the accurate 3D liquid conﬁguration during
drying allowing us to analyze the 3D nanoparticle deposition conﬁgurations.
The 3D simulation setup for drying of the RTMA with dimensions (in lattice units) is shown in Fig. 3a. The contact angle of

the whole geometry is 30°, and the initial PNSP nanoparticle concentration is 2.0%. The other parameters of the setup are similar to that in section II. We note that the temperature difference
is not set as high as in the experiment, since model limitation
does not allow that the surface tension would be as present in
the experiment. Nevertheless, the underlying mechanisms are the
same, which are explained below via the non-dimensional analysis. The simulated ﬁnal rectangular-spiral 3D nanoparticle deposition conﬁguration within RTMA is shown in Fig. 3b. The simulation takes 6 h 12 min using 8712 processors. To analyze effectively the dynamic process of drying of the colloidal suspension,
a non-dimensional time is deﬁned as tN = t/(L0 /U ), where L0 is
the characteristic length taken as the distance between two square
pillars (see Figure S3 of Supplementary Materials). U is the average velocity of liquid front calculated as U = L/te , where L is deﬁned as the dimension of the porous medium as shown in Figure
S3 of Supplementary Materials and te is total evaporation time of
the colloidal suspension delimited by white-dashed line in Fig. 3a.
The drying processes in experiment from [63] and our current 3D
simulation are compared in Fig. 3c-d, showing the same behavior. When the major liquid meniscus recedes, the minor menisci
remain pinned to pillars until the major meniscus passes them.
Dependent on this drying pattern, at each minor meniscus, the
nanoparticles accumulate from the occurrence of the minor meniscus until the major meniscus passes it, lasting for one layer of
the spiral. After that, the accumulated nanoparticles deposit to be
speciﬁc local structures between each two adjacent pillars. Fig. 3e
gives the 3D view, where the nanoparticles are observed to mainly
accumulate at the top and bottom of the menisci during drying.
At the non-corner locations (red circle for instance), when the local drying approaches its end, a hole appears in the middle of
the meniscus leading to a hollow conﬁguration with nanoparticles
only on the top and bottom. At the corner locations (blue circle
for instance), there are many more particles accumulated, resulting in a near full-solid deposition conﬁguration. The 3D view of
drying and nanoparticle accumulation and deposition processes in
RTMA can be found in Figure S3 of Supplementary Materials. In
RTMA, the two center-to-center interdistances of adjacent pillars
are L0 = 450μm and Ls = 225μm. In [8], order and disorder depositions between regular pillar arrays were studied. For the difference of pillar pair interdistances L = L0 − Ls smaller than 20 μm,
deposition could happen between any pair of pillars. For L larger
than 20 μm, deposition locates between pillars of smaller interdistance Ls . In our case, L = 225 >> 20μm indicates the deposition
only occurs between pillars of interdistance L0 , and so independently of pillar height h, as mentioned in [8]. We have conducted
two extra simulations with pillar heights of around 35 μm and
95 μm, so 0.5 and 1.5 times of the original pillar height. The simulation results show that the deposition patterns remain the same
for the 3 heights considered (Figure S4 of Supplementary Materials).
As designed, this rectangular-spiral drying pattern is induced
by capillary pumping [20,21], i.e. transport of the liquid from major meniscus to minor menisci driven by liquid pressure difference, itself induced by the capillary pressure difference from different curvature radius. The capillary liquid internal ﬂow is shown
in Fig. 4a, where the streamlines start from the major meniscus to minor ones. The streamlines outside the liquid indicate the
drying at the minor menisci. Fig. 4b shows the contour of relative pressure (liquid pressure minus critical pressure, i.e. the pressure corresponding to critical temperature) at a horizontal the slice
at mid-height. According to Laplace law, at major meniscus with
a large curvature radius r1 , the capillary pressure difference between vapor and liquid  p1 = σ (1/r1 + 1/h ) is lower than that
of  p2 = σ (1/r2 + 1/h ) at the small menisci with a small curvature radius r2 , where h is the height of the menisci and σ is
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Fig. 3. Rectangular-spiral 3D nanoparticle deposition conﬁguration by drying of colloidal suspension in rectangular-spiral thin micro-porous architecture (RTMA). (a) Simulation setup with dimensions (in lattice units), the area of interest starts from second layer of the spiral and is within white-dashed line. (b) The ﬁnal rectangular-spiral
3D nanoparticle deposition conﬁguration in RTMA. (c) Top view of experimental drying process with liquid conﬁguration (in light gray color) and nanoparticle deposition
conﬁguration (in red color) from [63]. (d) Top view of the simulated drying process with liquid conﬁguration (in blue color) and nanoparticle deposition conﬁguration (in
white color) by hybrid LBM. (e) 3D view with zoom-ups of the simulated drying process with liquid conﬁguration (in blue color) and nanoparticle accumulation/deposition
conﬁguration (in white color) by hybrid LBM. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

liquid surface tension. Assuming the vapor pressure pv to be constant during drying, the liquid pressure pl = pv −  p is higher at
the major meniscus, leading to a pressure decrease from the major
meniscus to the minor ones in a fan-shaped fashion. The velocity
magnitude of the pressure difference induced liquid ﬂow is shown
in Fig. 4c, where the highest velocity is around the major meniscus, indicating it to be the source of the internal ﬂow. This analyzed capillary ﬂow explains the accumulation of nanoparticles at
the small menisci during drying. Next, we explain the reason that
the nanoparticles mainly deposit on the top and bottom surface of
the architecture. Fig. 4d illustrates the liquid-vapor interface proﬁle with streamlines at the slice of x = 168 lattices. The zoom-up

of the ﬂow around the interface in Fig. 4e indicates that the liquid ﬂows to the top and bottom from the central height. The cause
of the ﬂow is explained as following. Fig. 4f shows the liquid velocity magnitude, where the velocity in the central height (location A) is lower than that near the top and bottom (locations B
and C). Since the liquid dries at the meniscus, the liquid velocity
magnitude corresponds to the local drying rate due to mass conservation. Therefore, the drying rate at the top and bottom at the
liquid-solid interface is higher than that at the central height. This
higher drying rate at top and bottom is induced by the wetting
surface of the architecture, and the drying rate difference gives rise
to the liquid ﬂow from location A to B and C around the interface
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Fig. 4. Drying pattern and nanoparticle accumulation and deposition at a representative time step during drying of colloidal suspension in RTMA. (a) Streamlines (red) of
liquid internal ﬂow and vapor ﬂow. (b) Pressure contour at the horizontal slice at mid-height. (c) Velocity magnitude contour at the slice at mid-height. (d) Liquid-vapor
interface proﬁle at the vertical slice of x = 168 with streamlines (red). (e) Zoom-in of the ﬂow around the meniscus with velocity vectors (red). (f) Velocity magnitude in
the zoom-in of (d). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

in Fig. 4e, which further leads to the accumulation of nanoparticles at the top and bottom of RTMA. This simulated mechanism
agrees with the experimental and theoretical analyses of nanoparticle transport in evaporating colloidal sessile droplet on a wetting
surface in [30,32,40], where the nanoparticles are delivered by the
capillary outward liquid ﬂow from the droplet apex to the contact
line driven by the drying rate difference.
Similar to [20,63], we use non-dimensional numbers to better explain the underlying mechanisms during the drying process. The non-dimensional numbers used here are Reynolds number for liquid (ReL ) and vapor (ReV ), capillary number (Ca) for
two-phase ﬂow and Pelect number for vapor (PeV ) and nanoparticle (Pep ) transport. In the experiment, the Reynolds numbers
are ReL (exp ) = 0.024 and ReV (exp ) = 0.009, indicating the liquid and vapor ﬂows are laminar ﬂows during drying. The capillary number is Ca(exp ) = 9.53 × 10−7 , reﬂecting the capillary
force is much more dominant than the viscous force. The Peclet
numbers are P eV (exp ) = 6.23 × 10−3 and P e p (exp ) = 7.03 × 103 ,
representing that the vapor transport (evaporation) is diffusive
while the nanoparticle transport is convective. In our 3D simulation, the corresponding non-dimensional numbers are ReL (sim ) =
1.04, ReV (sim ) = 0.72, Ca(sim ) = 3.83 × 10−2 , P eV (sim ) = 4.82 ×
10−3 and P e p (sim ) = 8.69 × 101 . The capillary number in the simulation indicates that the capillary force is more dominant than
the viscous force, as in the experiment. However, the quantitative
difference between the Ca in simulation (Ca(sim ) = 3.83 × 10−2 )
and experiment (Ca(exp ) = 9.53 × 10−7 ) leads to some discrepancy
in the deposition. For instance, there are fewer nanoparticles deposited in the center of RTMA in the experiment, compared to
what is seen in the simulation. This is because, with a smaller
capillary number, the capillary force is stronger and thus more
nanoparticles are transported to the periphery of RTMA during

drying and fewer remain to be deposited in the center. In general,
there are some differences between the simulation and experimental results due to the limitation of modeling capability; nevertheless, the non-dimensional numbers reﬂect the same mechanisms
of two-phase ﬂuid ﬂows, vapor and nanoparticle transport.
After the analyses of drying pattern and corresponding
nanoparticle accumulation and deposition patterns, we now analyze the quantities of evaporation rate and ﬁnal deposited nanoparticles. The comparison of the normalized evaporation rate versus
time from the experimental [63], 2D [63] and current 3D simulation results is shown in Fig. 5a. The current 3D simulation result agrees well with 2D result and both of them agree generally
well with the experimental result. The small peaks in the simulation occur when the major meniscus passes the corners of the
architecture, making isolated liquid cluster with higher evaporation rate [20]. The peaks are smaller in 3D simulation due to the
following reason. In 2D simulation, the coupling between twophase ﬂow and nanoparticle deposition is one-way, i.e. the effect
of nanoparticle volume is not considered, leading to a slight overestimation of drying rate. In 3D simulation, the coupling is twoway, i.e. nanoparticles inside liquid take up a portion of the isolated liquid cluster at the corners, as shown in Fig. 3e. To analyze
the difference of nanoparticle volume with respect to the location,
we calculate the normalized particle volume Vn2 /Vp1 (the ratio of
the deposited nanoparticle volume between each two adjacent pillars to the volume of a single pillar) in the zone of interest (the
area within the white-dashed line in Fig. 3a). The sequence starts
at the ﬁrst pillar row of the rectangular-spiral in the interest zone
and follows the spiral row of pillars until the center of the RTMA.
The nanoparticle volume along this path is shown in Fig. 5b, where
the three inserted ﬁgures illustrate the speciﬁc nanoparticle deposition patterns at three representative locations, also shown in
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Fig. 5. (a) Comparison of evaporation rate during the drying process between experiment (Exp.) [63], 2D [63] and current 3D hybrid LBM simulations. (b) Analysis of
deposited nanoparticle volume between each two adjacent pillars (Vn2 /Vp1 ) along the red solid arrow in Fig. 3a, with zoom-ups illustrating the nanoparticle deposition in
three representative locations in Fig. 3a, namely zoom-ups of corner and non-corner locations. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

Fig. 3a. Fig. 5b shows that, at the corners, the nanoparticle volume
increases substantially to be around 4 times higher than the average value. The peaks of nanoparticle depositions at the corners
of RTMA occur for two reasons: 1. The geometrical corner promotes the accumulation of nanoparticles. As shown in the black
circle of Fig. 4c, the liquid velocity for transporting nanoparticles
at the corner is much lower than that far from the corner. 2. After
the major liquid meniscus passes the corner, the isolated colloidal
liquid clusters play as a reservoir of nanoparticles, preventing the
nanoparticles being taken away by the receding bulk liquid. Thus,
more nanoparticles left at the corners lead to the near-full-solid
deposition (Np2 for instance), rather than the hollow depositions
at the non-corner locations (Np1 and Np3 for instance). The peaks
decrease from start to end of the drying process, explained by the
decrease in pinning time of each layer of the spiral and thus accumulating time of particles, with each unwinding.
We note that the experimental study of nanoparticle deposition in [63] is only in top view, not being able to observe the 3D
nanoparticle deposition in corners and non-corner locations. We
have done a similar experiment in this paper, which enables us
to observe the 3D nanoparticle depositions. The central image in
Fig. 5c shows the spiral global deposition obtained in our experiments, which is also consistent with the results in [63]. Zooming
in on the deposition between two adjacent pillars at the corner
and non-corner locations, we can see the hollow-shaped deposition with less particles at the non-corner locations and the totally
ﬁlled deposition with much more particles at the corner locations,
similar to that in the simulations. The deposition over the height
is not as symmetric as in simulations, due to the contact angle difference between the top cover (PDMS) and the bottom substrate
and pillars (silicon). The reason for not using silicon as top cover
is that, with removing the silicon for SEM imaging, the nanopar-

ticles are attached to it and will be taken away, not showing the
real totally ﬁlled deposition at the corners. Since the PDMS is nonwetting with the suspension, the nanoparticles do not attach to it
and the real totally ﬁlled deposition can be observed. The inﬂuence of the contact angle difference on nanoparticle accumulation
and deposition will be discussed later in section IV.2.
•

Circular-spiral thin micro-porous architecture (CTMA)

In CTMA, we arrange the pillars to form a circular spiral instead
of a rectangular one. The simulation setup for CTMA with dimensions in lattice units is shown in Fig. 6a. Similarly to RTMA, the
area of interest starts from the second layer of spiral as shown
in the white-dashed line in Fig. 6a. The ﬁnal 3D nanoparticle
deposition conﬁguration in CTMA is shown in Fig. 6b, where a
circular-spiral nanoparticle deposition conﬁguration is obtained as
designed. For CTMA, the computation time is 8 h 34 min with 9612
processors. Fig. 6c gives a global image and zoomed images, showing snapshots during the drying highlighting the nanoparticle accumulation and deposition process. First, the liquid conﬁguration
during drying follows the circular spiral as designed. Intermediary steps of the drying and deposition processes are given in Figure S5 of Supplementary Materials. Second, from the 3D view in
Fig. 6c, we can see that the nanoparticle deposition conﬁgurations
between each two adjacent pillars are very similar, i.e. the depositions are quite uniform.
Inspired by the modelling results of nanoparticle depositions,
the CTMA is fabricated with a uniform contact angle of 34.2◦ and
the corresponding experiment is conducted. Fig. 6d gives images
obtained from the experiment of the CTMA. The ﬁrst image in
Fig. 6d shows that the nanoparticle deposition is quite uniform
at each layer, similarly as seen in the simulation. However, at different revolution layers of the spiral, the deposition is not much
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Fig. 6. Circular-spiral 3D nanoparticle deposition conﬁguration by drying of colloidal suspension in circular-spiral thin micro-porous architecture with universal contact
angle of around 30◦ (CTMA). (a) Simulation setup with dimensions (in lattice units), the area of interest is within white-dashed line. (b) Final circular-spiral 3D nanoparticle
deposition conﬁguration in CTMA. (c) Simulated processes of colloidal liquid drying, nanoparticle accumulation and deposition in CTMA. (f) SEM images of experimental
3D nanoparticle deposition in circular-spiral thin micro-porous architecture with uniform contact angle of 34.2◦ , with zoom-ups of depositions at different layers of the
spiral. Some particles are removed (red-dashed line) when the top cover was taken away for view purpose, but the shapes of hollow structure can still be seen as in the
simulations. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

uniform and is gradually decreasing going along the spiral, which
is due to the reduction of accumulating time, similarly to what was
observed in RTMA. The zoomed image of the nanoparticle deposition between two adjacent pillars shows a hollow-shaped conﬁguration. The missing parts drawn in red-dashed lines are due to the
taking away of some nanoparticles, when removing the top cover
for SEM purpose.
•

Comparison of RTMA and CTMA

For both RTMA and CTMA, the global nanoparticle deposition
conﬁguration is achieved as designed by the arrangement of pillar
distance and location. Now we compare in a more detailed way of
the local differences of the two architectures. We mention that the
two architectures are comparable since the following constraints
are ensured: the initial volume and concentration of colloidal suspension, the pillar numbers and distance between each two adjacent pillars are the same. In this way, the difference of particle
deposition only results from the speciﬁc arrangement of the pillar
patterns.
The quantitative comparison of nanoparticle deposition between RTMA and CTMA includes three aspects: the normalized nanoparticle volume Vn2 /Vp1 ; the normalized deposited area
Sn2 /Sp1 in top view, i.e. the ratio of deposited nanoparticle area
and pillar surface area in top view; the normalized deposited
nanoparticle height Hn2 /Hp1 , i.e. the ratio of average height of deposited nanoparticles and pillar height. The illustration of Sn2 /Sp1

and Hn2 /Hp1 are shown in Figure S6 of Supplementary Materials.
Fig. 7a shows that compared to RTMA, the ﬂuctuation of normalized particle volume in CTMA is mostly eliminated. Based on the
calculations, the average values of normalized particle volume in
RTMA and CTMA are very similar, i.e. 0.33 and 0.34; while the
standard deviation in CTMA is 0.04 (12.4%), which is much smaller
than that of 0.20 (57.7%) in RTMA. The peaks in RTMA are already
explained by the existence of corners. The small ﬂuctuations in
CTMA are attributed to the following reason. In CTMA, all rectangular pillars have their pillar faces parallel to each other (same
orientation). As a result, the pattern of pillar pairs varies from being face-to-face to corner-to-corner, together with some showing
an in-between geometry. When the two surfaces directly face each
other having parallel faces to each other (Np5 in Fig. 7a), the deposition volume reaches a peak. Oppositely, a valley point appears
when the two pillars are corner to corner (Np4 in Fig. 7a). We
mention that, by using pillars with round cross-section, the ﬂuctuation of deposition would decrease since the facing conditions
would be the same between adjacent pillars. Considering the normalized deposited surface in Fig. 7b left y-axis, the average value
in CTMA (2.48) is similar to that in RTMA (2.17), while the average
perturbation is decreased by half, i.e. from 0.25 (11.5%) for CTMA
down to 0.13 (5.2%) for RTMA. Finally, for the normalized height
in Fig. 7b right y-axis, the average value in CTMA (0.15) is also
similar to that in RTMA (0.14), while the perturbation is highly decreased to be only around 1/7, i.e. 0.013 (9.3%) from 0.09 (60.0%).
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Fig. 7. (a) Comparison of deposited nanoparticle volume between each two adjacent pillars (Vn2 /Vp1 ) along the red solid arrow between RTMA (Fig. 3a) and CTMA (Fig. 6a),
with the zoom-ups illustrating the nanoparticle deposition in three representative locations of CTMA. (b) Comparison of deposited nanoparticle surface between each two
adjacent pillars in top view (Sn2 /Sp1 ) and normalized deposited nanoparticle height (Hn2 /Hp1 ), along the red solid arrows between RTMA (Fig. 3a) and CTMA (Fig. 6a). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

From these comparisons, we can see that the CTMA is suitable for
generating more uniform nanoparticle deposition, while the RTMA
can concentrate the nanoparticle depositions at certain designed
locations (corners).
In this section, we have shown that the global conﬁguration of
nanoparticle deposition can be controlled by drying of colloidal
suspension in designed micro-porous architectures, through the
arrangement of the pillar layout. Rectangular-spiral and circularspiral deposition conﬁgurations are achieved here in RTMA and
CTMA. Quantitatively, globally uniform or locally concentrated depositions can be obtained with appropriate design. Once these two
design solutions have been identiﬁed as guiding the deposition
patterns, an abundance of different other patterns could be engineered, using similar control methods of designing pillar patterns,
e.g. using other spiral types, meandering patterns, fractals inspired
by nature, etc. We note that the control of nanoparticle depositions
is based on the understanding of mechanisms of ﬂuid transport
and local drying, which trigger nanoparticle accumulation, transport and ﬁnal deposition. These mechanisms were explained in the
details in our analyses.
4.2. Inﬂuence of surface wettability
In the previous section, we have shown how to achieve a desired global nanoparticle deposition conﬁguration by drying of colloidal suspension in designed micro-porous architectures via the
arrangement of pillar layout. However, local deposition on a chosen surface of the geometry with a certain proﬁle can also be very
important in certain applications, such as printing and coating [23,
65]. In this section, we study the inﬂuence of surface wettability on
liquid conﬁguration during drying and further on the nanoparticle
deposition conﬁguration. The aim is to achieve the desired local
deposition by controlling the shape of the liquid meniscus across
the height of the TMA. The tuning of wettability is by varying contact angle of different surfaces. As an example, we choose here to
direct nanoparticle deposition to the bottom substrate rather than
the top cover. Therefore, we make the top cover hydrophobic with
a contact angle of around 135°, while the pillars and bottom substrate are hydrophilic with a contact angle of around 30°. The new
geometry is called CTMA2 and, except the wettability of the top
plate, follows all speciﬁcations of the CTMA.
The simulated results of the processes highlighting colloidal
drying and nanoparticle deposition are shown in Fig. 8a. Intermediary steps of these processes are shown in Figure S7 of Supplementary Materials. Fig. 8a demonstrates that the shape of the
menisci is asymmetric showing a certain slope in CTMA2 compared to the vertically symmetric meniscus obtained in CTMA, due
to the contact angle difference. Fig. 8b illustrates the ﬁnal 3D

circular-spiral nanoparticle deposition conﬁguration from our 3D
simulation. Fig. 8c shows the 3D structure of nanoparticle deposition in the experiment similar to CTMA2. Here, the contact angle
of top cover (PDMS) is 108.4°, while the contact angle of pillars
and bottom substrate is 34.2°. From the ﬁrst sub-ﬁgure of Fig. 8c,
we observe that the circular-spiral deposition, similar to what is
seen in the simulation results. The zoomed-in images of the deposition between two adjacent pillars at the outside and inner spirals
in Fig. 8c show that the depositions quickly decrease with height,
as also seen in the simulation results. The deposition proﬁles are
not exactly the same as in the simulations because the contact angle difference in the experiment is not as high. Nevertheless, the
qualitative trend of decrease with height is the same.
Similar to RTMA, we analyze the ﬂuid ﬂow, nanoparticle accumulation and deposition mechanisms which lead to the ﬁnal
nanoparticle deposition described above. We select a representative time step shown in Fig. 9a to illustrate the liquid internal
ﬂow and the vapor ﬂow, as indicated by red streamlines. The liquid ﬂow originates from the major meniscus to minor ones, where
the evaporation occurs and the vapor ﬂows away. Similar to that
in RTMA, the liquid internal ﬂow is explained by capillary pumping. As shown in the half-height slice in Fig. 9b, the relative liquid pressure drops radially from the major meniscus to the minor ones. The velocity magnitude of liquid internal ﬂow follows
the distribution of relative liquid pressure, as shown in Fig. 9c.
This liquid internal ﬂow delivers the nanoparticles to the minor
menisci for later depositions, explaining the circular-spiral global
deposition conﬁguration. To understand the vertically sloped deposition, we take a slice of y = 311 and analyze the liquid ﬂow, as
shown in Fig. 9d. The zoom-in Fig. 9e illustrates that the streamlines of the liquid ﬂow are initially parallel and converge to location B near the wetting surface, when reaching the minor meniscus. This ﬂow explains the accumulation of nanoparticles at the
bottom plate of the CTMA2 with a slope. The reason of this ﬂow
is that the drying at location B is more intensive than that at location A. The drying rate difference is explained considering the
analogy with the drying of a droplet. For a droplet drying on a
nonwetted surface, the drying rate at the apex is higher than that
at the contact line [36,40,41]. In contrast, as explained in the subsection of RTMA, for a droplet drying on a wetted surface, the drying rate at the contact line is much higher than that at the apex
[30,66]. Therefore, for a drying interface attached to wetted and
non-wetted surfaces as in CTMA2, the drying rate near the wetted surface is higher than that around the non-wetted surface. Due
to mass conservation, a more intensive drying rate represents the
corresponding liquid velocity near the interface is higher, which is
clearly seen in Fig. 9f from our simulation. The local nanoparticle
transport mechanism here agrees with the theoretical analysis of

10

F. Qin, M. Su and J. Zhao et al. / International Journal of Heat and Mass Transfer 158 (2020) 120000

Fig. 8. Circular-spiral 3D nanoparticle deposition conﬁguration by drying of colloidal suspension in circular-spiral thin micro-porous architecture with different contact
angles: the top cover has a contact angle of 135◦ while the pillars and bottom substrate have a contact angle of 30◦ (CTMA2). (a) Simulated processes with zoom-ups of
colloidal drying, nanoparticle accumulation and deposition in CTMA2. (b) Simulated ﬁnal nanoparticle deposition conﬁguration of CTMA2. (c) SEM images of experimental
3D nanoparticle deposition in circular-spiral thin micro-porous architecture with different contact angles: the top cover has a contact angle of 108.4◦ while the pillars and
bottom substrate a contact angle of 34.2◦ (similar to CTMA2), with zoom-ins of deposition at different pillar layers. Both zoom-ins show that the particle depositions decrease
with height as in simulations.

Fig. 9. Analyses of liquid drying pattern and resulting nanoparticle accumulation and deposition at a representative time step. (a) Streamlines (red) of liquid internal ﬂow
and vapor ﬂow. (b) Pressure contour at the slice of half height. (c) Velocity magnitude contour at the slice of half height. (d) Liquid-vapor interface proﬁle at the slice of
y = 311 with streamlines (red). (e) Zoom-in of the ﬂow around the meniscus with velocity vectors (red). (f) Velocity magnitude in the zoom-in of (d), note the different
range of velocity from plot (c). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

nanoparticle transport in evaporating colloidal sessile droplet on a
non-wetting surface in [40]. Similar to the non-dimensional analysis in RTMA, the non-dimensional numbers in current simulation
of CTMA2 are ReL (sim ) = 1.41, ReV (sim ) = 0.96, Ca(sim ) = 5.18 ×
10−2 , P eV (sim ) = 5.40 × 10−3 and P e p (sim ) = 1.17 × 102 . They reﬂect that the liquid and vapor are undergoing laminar ﬂows, cap-

illary force is dominant over viscous force, vapor transport is diffusive and nanoparticle transport is convective. Since the drying
process cannot be recorded, we are not able to calculate the nondimensional numbers of the experiment. But these should be close
to the values in RTMA and share the same mechanisms, since the
drying conditions are the same.
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Fig. 10. (a) Comparison of nanoparticle deposition conﬁgurations at different heights (Z/Hp ) in CTMA and CTMA2. (b) Comparison of nanoparticle deposition area (Sb /Sp )
at different heights (Z/Hp ) between CTMA and CTMA2, the ﬁve solid dots in each line represent the slices shown in (a). (c)-(d) Representative deposition conﬁgurations of
CTMA and CTMA2 between two adjacent pillars.

To further analyze the particle deposition proﬁle over height,
the normalized particle surface area at ﬁve different normalized
heights Z/Hp is shown for CTMA and CTMA2 in Fig. 10a. For CTMA,
nanoparticles are deposited at both the top and bottom almost
equally, leaving the center void. For CTMA2, the nanoparticle deposition mainly occurs on the bottom substrate with nothing deposited above. A more quantitative analysis is shown in Fig. 10b,
where nanoparticle deposition area Sb /Sp at different heights Z/Hp
is plotted between CTMA and CTMA2. Fig. 10b shows that the
nanoparticle deposition in CTMA is symmetric in height and only
located before 13% and after 87% of the height with maximum normalized deposition of 2.5. For CTMA2, the maximum deposition
(on the bottom substrate) is around 5.5 and decreases to zero until 20% of the height. The representative nanoparticle depositions
between two adjacent pillars of CTMA and CTMA2 are shown in
Fig. 10c d, which clearly illustrate the differences of local deposition proﬁles. We mention that the height ratio of nanoparticle deposition in CTMA2 is determined by the contact angle difference.
For a given pillar height, increasing the contact angle difference
will yield a lower ratio, and vice versa.
In this section, we have shown that the local conﬁguration of
nanoparticle deposition can be controlled by drying of colloidal
suspension in micro-porous architectures with speciﬁed surface
wettability, i.e. contact angle. Vertically symmetric nanoparticle depositions are observed in CTMA with uniform hydrophilic surface,
while sloped depositions are obtained in CTMA2 by using a hydrophobic top surface. These two local deposition proﬁles can inspire other designs like striped or jagged, with a proper and more
detailed treatment of contact angle heterogeneity. We emphasize

that the desired local depositions result from the controlled twophase ﬂuid ﬂows and the local drying rate heterogeneity, which
affect the nanoparticle accumulation and transport during drying.

5. Conclusions
In this paper, we have achieved controlled 3D nanoparticle deposition globally and locally by drying of colloidal suspension in
thin micro-porous architectures. Via designing the pillar layout,
i.e. pillar distance and location, the rectangular-spiral and circularspiral nanoparticle depositions are obtained in RTMA and CTMA.
Quantitatively, CTMA generates a globally uniform deposition while
RTMA concentrates a part of the deposition at the corners. The local deposition is vertically symmetric in both RTMA and CTMA,
with a uniform wetting surface. Via varying the wettability of
top cover of the architecture to be non-wetting (CTMA2), the liquid meniscus conﬁguration is gradual over the height, leading to
nanoparticles only depositing on the bottom substrate with a decreasing proﬁle. The agreement of experimental and simulation results ensures the reliability of current observations. The numerical analysis of liquid internal ﬂow and of local drying explains the
mechanisms of nanoparticle accumulation, transport that lead to
the ﬁnal deposition conﬁguration. Non-dimensional analysis further reveals the underlying mechanisms quantitatively. The successful control shown by the combined experimental and numerical method presented in this paper suggests promising ways
to obtain intended 3D nanoparticle deposition by drying of colloidal suspension in thin micro-porous architectures, and a strong
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potential to design functional structures such as innovative computer chips via controlled deposition of nanoparticles.
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