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ABSTRACT: The wormlike micropatterns were elaborated by
drying halloysite clay nanotube dispersions placed between two
horizontal glass slides. This 0.1−0.2 mm thick confined space
induces the fractal self-assembly of charged nanotubes governed by
water evaporation and flow directions. The wriggled stripe clay
patterns were formed both on the upper and bottom glass surfaces
with width, height, and stripe spacing controlled by halloysite
concentrations, space height, drying time, and temperature in the
range of 20−80 °C. After separating the slides, the pattern was
divided into two identical fractal clay surfaces. Birefringence in the
stripes demonstrated the nanotube oriented domains with 50−100
μm length. A model for the pattern formation is proposed relating this phenomenon with the colloidal self-assembly and coffee-ring
formation mechanisms. These solid micropatterns can be transferred on polydimethylsiloxane stamps for further polymer imprinting.
The technique is simple and scalable and uses water-based natural clay materials, allowing for green chemistry surface processing.

■ INTRODUCTION
Dewetting is a common phenomenon that can occur at a
solid−liquid or liquid−liquid interface. For many applications
such as lamination, printing, lubrication, adhesion, and
protective coating, dewetting has a crucial importance.1−4

Recently, it has been found that drying of thin liquid films
containing colloids leads to the formation of micro/nano-
patterns.5−8 A “fingering instability” would develop from the
rim of initially circular holes, and it becomes more obvious for
higher viscosity and entanglements of the polymer molecules.9

Regular two-dimensional dot arrays and line patterns by
dewetting the polystyrene films on a solid substrate were also
produced.10 The liquid−solid−vapor three-phase line is a
critical region where pattern formation occurs during drying.
Polymer dots, stripes, and ladders were produced ruled by the
dewetting, stick−slip motion, and finger instability.11−13 A
spiral pattern of polymethylmethacrylate in toluene can be
generated by drying this solution placed between two silicon
wafers.14 A chemical heterogeneous substrate would guide
material to specific areas, forming a pattern.15,16 There are
studies focused on the formation of the patterned structures by
dewetting the polymer films and nanocrystal dispersions.17−21

Here, we report the formation of a wriggled stripe pattern by
drying an aqueous clay nanotube dispersion sandwiched
between two glass slides, with specific features determined
by the tubes’ orientation.
Halloysite, natural clay nanotube (HNT) mineral, exhibits

an empty cylindrical morphology.22−24 These nanotubes are
formed by rolling a 0.72 nm thick kaolin sheet and have a
chemical formula Al2Si2O5(OH)4·nH2O, where n = 2 and 0

represent hydrous and anhydrous clay state, respectively. The
tube external surface is mainly composed of silanol (Si−OH)
groups, whereas the inner lumen surface composition is
aluminoxane (Al−OH). The length, inner, and outer diameters
are 300−800, 15−20, and 50−70 nm, respectively.25,26 HNT
has a specific surface area of ca. 60 m2/g and a particle aspect
ratio of ca. 10:1. This nanoclay is biocompatible, and it has a
high mechanical strength, water-dispersion stability due to high
zeta-potential of ca. −30 mV, and thermal stability up to 1300
°C.27

The aqueous dispersion self-assembly of these charged clay
nanotubes into ordered arrays was recently proposed.28,29 We
reported oriented HNT systems fabricated via mechanisms of
“coffee-ring” formation and extended this technique with the
production of regular stripe patterns on the inner wall of the
capillary. A similar oriented HNT stripe microstructure was
formed in the confined space of a vertical slitlike space
composed of two glass slides with a sphere-on-flat geometry
and brush-assisted deposition.30,31 Such aligned clay nanotube
patterns effectively controlled the oriented growth of
mesenchymal stem cells.

Received: February 19, 2020
Revised: March 14, 2020
Published: March 18, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
8034

https://dx.doi.org/10.1021/acs.jpcc.0c01424
J. Phys. Chem. C 2020, 124, 8034−8040

D
ow

nl
oa

de
d 

vi
a 

JI
N

A
N

 U
N

IV
 o

n 
A

pr
il 

11
, 2

02
0 

at
 0

7:
02

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongzhong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingxian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuri+Lvov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c01424&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01424?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01424?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01424?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01424?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01424?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/14?ref=pdf
https://pubs.acs.org/toc/jpccck/124/14?ref=pdf
https://pubs.acs.org/toc/jpccck/124/14?ref=pdf
https://pubs.acs.org/toc/jpccck/124/14?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c01424?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


In this study, we prepared wormlike nanotube fractal
patterns using two parallel glass slides with dewetting of
halloysite aqueous dispersions (Scheme 1). The width, height,

and area of such solid clay patterns depend on the dispersion
concentration, drying temperature, and confined space height.
The patterned surface can be used as a template for preparing
polydimethylsiloxane (PDMS) stamps for polymer imprinting.

■ EXPERIMENTAL SECTION
Materials and Characterization. Halloysite was obtained

from Guangzhou Runwo Materials Technology Co. Ltd.,
China. PDMS (analytical-grade) was purchased from Dow
Corning Co. Ltd., China. Carboxylated styrene butadiene
rubber latex with a solid content of 50 wt % was purchased
from Guangzhou Juntai Materials Co. Ltd., China.
We used field emission-scanning electron microscopy (SEM,

ULTRA55, Carl Zeiss Jena Co., Germany), transmission
electron microscopy (TEM) (JEM-2100F, JEOL Ltd.,
Japan), and atomic force microscopy (AFM) (Veeco Instru-
ment Inc) for characterization. Fourier transform infrared
(FTIR) spectra were obtained with a Thermo FTIR (Nicolet
iS50, Thermo Fisher Scientific Co. Ltd., USA) spectrometer.
X-ray diffraction (XRD) patterns were recorded using a
Miniflex600 diffractometer, Rigaku Corp, Japan, with Cu Kα
radiation. The hydrodynamic diameter and surface potential
were measured with a zeta potential analyzer (NanoBrook
Omni, Brookhaven Instruments Ltd., USA). Nanoclay
dewetting was studied with a polarized optical microscope
(BX51, Olympus Corp., Japan), a stereo microscope (ZEISS
SteREO Discovery V20), and a three-dimensional (3D)
profilometer (UP-DUAL MODE, Rtec Engineering Ltd.,
USA). The surface tension was controlled with a drop-shape
analyzer (DSA100, Kruss Ltd., Germany).
Preparation of Dewetting Structures. The preparing

process of dewetting clay structures is shown in Scheme 1.
HNT dispersion (100 μL) with different concentrations were
dropped onto the surface of a glass slide. Another glass slide

covered the front glass slide horizontally, and then water was
evaporated at the selected temperature between 20 and 80 °C.
HNT concentrations were 1, 2, 4, 8, and 16 wt %, volumes
were 10, 25, and 50 μL, and heights of the confined space were
80, 160, and 240 μm.

■ RESULTS AND DISCUSSION
From the SEM and TEM image processing of halloysite, the
average tube length and inner and outer diameters are 600 ±
300 and 16 ± 3 and 54 ± 10 nm, respectively. The outer
diameters of the tubes were measured as ∼50 nm in the AFM
height profile (Figure 1e). FTIR spectrum shows absorption
peaks at 3695 and 3623 cm−1 which are assigned to the
stretching vibration of the inner-surface hydroxyls and the
inner hydroxyls (Figure 1).32 The asymmetric tensile vibration
absorption band of Si−O−Si appears around 1018 cm−1, and
the O−H deformation of the inner hydroxyl group is at 912
cm−1.33 The pristine HNT shows Bragg peaks at 2θ = 11.9,
20.0, 24.5, and 35.0° where (001) gives the multilayer wall
spacing of 7.4 nm, and (020, 110), (002), and (200,130) are
other reflection orders.34−36 Dynamic light scattering results
show the hydrodynamic diameter of 300 ± 10 nm, which
corresponds to 3D averaging of single nanotube sizes. The
HNT zeta potential was −38 ± 1 mV providing the sample
colloidal stability for 10 h.
A halloysite dispersion was sandwiched between two

horizontal glass slides and dried at an elevated temperature
of 20−80 °C (Scheme 1). At the Scheme 1 bottom, one can
see the patterns of wriggling solid clay stripes covering the
whole glass area. With the increase of the halloysite
concentration, the clay “worms” become thicker and denser.
Then, water was evaporated gradually, and the halloysite
nanotube assembly was completed within 20 min.
The details of the formation process of the pattern are

provided in the Supporting Information and in the video
(Figures S1 and Video S1). When water evaporates, the
nanotubes move inward because of the meniscus surface
tension from shrinking of the liquid film. When the nanotubes
were stuck and fixed on the glass, the surface tension of the
liquid film reaches equilibrium with the glass friction of the
halloysite layer. At this moment, the liquid film stops shrinking
in this direction and moves to other directions. This changes
the direction of the process, and wormlike patterns are formed.
In Video S1, the formation process of the stripe pattern
became quicker over time because the contact area of HNT
dispersion with air increased during the evaporation process.
The alignment of the clay nanotube at a different location of
the 15−50 μm width stripe changes as is evident from varying
colors in polarized microscopy images (birefringence) (Figure
2). The stripe domains with different colors have preferred
orientation of the nanotubes. The clay pattern area and the
width of the stripes increased (up to ×5 times) with 1−16 wt
% concentration of HNT in dispersion (Figure 2b,c).
Formation of the stripes is the result of competition between

surface tension and friction of halloysite tubes with the glass
surface. The shrinking distance of the liquid film becomes
shorter at higher concentration of HNT dispersion (more
numerous nanotubes), which leads to the increase in the stripe
width. The viscosity on halloysite dispersion has an influence
on the structure of the dewetting pattern (Figure S2).
The dewetting pattern of HNT generates the birefringent

effect, and the stripes with different tube orientations show
different colors because the first-order retardation plate (λ =

Scheme 1. Experimental Setup and Production of Wormlike
Pattern on Glass Slides (a), Images of Halloysite Aqueous
Dispersion with Different Concentrations (b), and
Formation of Wormlike Pattern from 4 wt % HNT at 60 °C
(c)
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530 nm) produces an optical path difference. When the
orientation angle of the tubes in the stripe is rotated from 0 to
90 or 180 to 270°, the color of the stripe changes from gold to
blue (Figure S3). When the orientation angle of the stripe is 45
or 135° between the cross-polarizers, the brightest stripe with
blue and gold are observed because most light can pass at 45 or
135°.37 In other angles, the brightness of stripes reduces during
rotation because only a part of light can pass the sample. When
the pattern is rotated for 180°, the color of pattern can be
recovered. These results suggest an anisotropic structure of the
clay nanotube ordering and remind colored polarized images of
nematic liquid crystal systems.
The halloysite concentration affects both the width and

specific density of the stripes. On our estimations, there are ca.
25, 33, 37, and 43 stripes for 1, 2, 4, and 8 wt %, respectively,
and 19 wider stripes for 16 wt % per 2.5 mm (Figure 3). The
stereo microscope providing a larger field of view allowed
monitoring the formation of the clay patterns. Gold/blue color
wormlike stripes are uniformly distributed between the glass
with strong contrast to the background, demonstrating a
semiordered fractal structure. The stripes are almost uniform in
the sample, whereas their width increased with the HNT
concentration. Similar wormlike clay patterns were also
observed by a fluorescence microscope (Figure S4).
With the increase of the halloysite concentration, wider

stripes can be obtained, but their numbers decrease, which is

conditioned by HNT mass preservation. The nanotubes in the
stripes’ boundaries are first stacked to the surface during the
drying, fixing aligned nanotubes (Figure S5). However, in the
inner region of the stripes, most of the nanotubes are less
ordered because they can be freely moved during water
evaporation. A few micrometer thickness of the halloysite
stripes indicates the multilayer nanotube formations. Figure S5
compares the orientation degree of the nanotubes located
inside the stripes and at their vicinity at different distances.
Their orientation at the stripe edge is higher than in the
middle, which is similar to better orientation of HNT at the
edge of “coffee-ring” experiments.38

The contact angle of the halloysite dispersion on the glass is
one of the factors affecting the shrinking of the liquid film. The
higher concentrations of dispersion exhibit bigger contact
angle (Figure S6). The contact angle of dispersion is affected
by nanotubes’ concentration because the nanotubes tend to
bundle together in liquid at high concentrations. The
hydrogen-bonding interactions among the tubes are more
effective as the distance of the tubes decreases. In the same
volume of dispersion, the distance between single nanotubes
becomes smaller as the concentration increases. As a result, the
liquid droplet prefers to shrink to maintain a high contact
angle.39 The contact angle further leads to different surface
tensions and heights of HNT arrays in the confined space. The
contact angle increases with concentration approaching 16 wt

Figure 1. Characterization of halloysite nanotubes: SEM (a), TEM (b), AFM 3D images (c), height (d) and the corresponding profile (e), FTIR
(f), and XRD (g).
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% with proportional increase of the stripe height from 7 to 46
μm (Figure S6). At higher concentrations, the halloysite stripes
tend to shrink because of larger surface tension, and their
heights for 1, 2, 4, 8, and 16 wt % HNT dispersion are 6.9 ±
0.1, 14.7 ± 0.2, 19.3 ± 0.2, 25.6 ± 0.4, and 46.2 ± 0.7 μm,
respectively. The height of the dewetting pattern in the
separated bottom slide was characterized by a 3D optical
profilometer (Figure 4). The height of the dewetting bottom
pattern for 1, 2, 4, 8, and 16 wt % HNT dispersion is 2.8 ± 0.1,
6.2 ± 0.2, 7.5 ± 0.1, 10.6 ± 0.2, and 22.7 ± 0.9 μm,
respectively, and it is close to half of the height of the initial
not separated patterns.
The evaporation temperature can affect the formation of the

wormlike pattern because water in the halloysite dispersion will
freeze at 0 °C and boil at 100 °C, which would prevent the
pattern formation. Therefore, 20 °C is suitable to be a start
evaporation temperature because it is close to room temper-
ature. The temperature of 80 °C is 60 °C higher than 20 °C,
which is enough to reflect the effect of temperature on the
pattern formation process. As the drying temperature increases
from 20 to 80 °C, the stripe width also gradually increases
(Figure S7). For 4 wt. % HNT dispersion, it increased from 9
± 1 to 42 ± 7 μm. The higher evaporation temperature

reduces surface tension of the dispersion, thus diminishing the
compression force on the wet stripes and widening them.
The effect of confined height and dispersion volume on the

clay pattern: the volume of the HNT dispersion was fixed as 25
μL; the concentration was 16 wt %; and the formed clay
patterns were pressed between two glass slides (Figure S8).
The circle area of the dewetting pattern decreased as the
confined space height increased, and the number of nanotubes
in a single stripe contained in 80 μm height space is less than
that in 160 and 240 μm heights. Capillary force is defined by
liquid/solid adhesion and the surface tension due to cohesion.
The value of Laplace pressure (PL) caused by the meniscus is
as follows40

σΔ =P R2 /L (1)

where σ is the liquid surface tension and R is the radius of the
meniscus; σ is proportional to the halloysite concentration, and
2R is approximately equal to the distance between two slides
(the pattern height). At the constant σ (the same
concentration of dispersion), the pressure decreased as the
height increased. When the confined space height is minimal of
80 μm, the capillary force is maximized. The large capillary
force was balanced by higher friction of halloysite with glass,
compressing the stripe width and increasing the HNT

Figure 2. Polarized light microscopy images of HNT “worms” between two slides: dewetting pattern formed at different concentrations of HNT
(a), area percentage (b), and width of the stripes (c).
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concentration, minimizing the stripe width. When the height of
the confined space increased causing the capillary force to
reduce, the stripes become wider of ca. 370 μm. This allows for
tailoring the patterns by variation of the confined spacing
height.
The area of dewetting clay patterns increased with the

dispersion volume (Figure S9). Because the height of the
confined space and the dispersion concentration were the
same, the capillary force between the liquid film and the glass
slide was also the same according to 1. The same capillary
force compressed the dispersion droplet to similar diameter,
with the formation of identical width stripes. Prepared solid
clay fractal structures can be used as molds to reproduce
microreliefs on the polymeric surface.
The aspect ratio and hydrophilicity of substrates also affect

the formation of the wormlike pattern. The major-axis/minor-
axis aspect of the used HNTs is about 8.6 (calculated from
TEM images). According to the previous research, spherical
particles (major-axis/minor-axis aspect α = 1) tended to form a
“coffee-ring” pattern, and the HNTs with a very high axis ratio
(α = 13.2) could effectively produce a relatively uniform
orientation pattern.38,41,42 Therefore, the suitable aspect ratio
of 8.6 with a special confined space, which changes the
evaporation direction, could form the wormlike pattern. The
hydrophilicity of substrates is another factor which influences
the pattern formation. Glass and polypropylene (PP) are used
to compare the effect of different substrates. It was found that
the wormlike pattern could not form on PP surfaces because
the HNT dispersion was very ready to be dewetted between
the confined space during evaporation owing to the high

contact angle. The nanotubes cannot adhere to the surfaces
well, and the friction of halloysite dispersion with a PP
substrate cannot reach a balance with the capillary forces. As a
result, randomly distributed tubes on the PP substrate surface
were formed.
PDMS mold was used to imprint in carboxylated styrene-

butadiene rubber, and microchannels in the rubber corre-
sponded to the width and height of the clay stripes. Therefore,
the halloysite patterns can be replicated by a simple PDMS
template and further imprinted in a latex making controllable
fractal surface, for example, for enhanced hydrophobicity. The
described clay pattern formation also explains the recently
discovered halloysite assembly in the gaps between cuticles on
the hair surface .43

■ CONCLUSIONS
Dewetting process of the thin liquid film containing nanotubes
confined between two parallel glass slides allowed for
fabrication of wormlike fractal micropatterns. The formation
of clay nanotube patterns was optimized, and an explanation of
the wriggling stripe formation was suggested. Birefringence
phenomenon in the clay stripes indicates aligned nanotube
domains of 100−200 μm along the “worm” patterns, with

Figure 3. Stereo microscope images of the clay dewetting patterns
between two slides produced at different halloysite concentrations.

Figure 4. 3D topographic images, roughness curve, and overaged
height of the dewetting bottom pattern at different HNT
concentrations (a−c).
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better orientation at the edges. The width of the wormlike
stripe pattern increases with the dispersion concentration,
drying temperature, and distance between the slides, and the
stripe height may be adjusted too. Such a fractal surface with
controlled clay stripe sizes can be used for preparation of
PDMS molding to fabricate patterned plastic surfaces via soft
matter imprinting.
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Figure S1. Schematic illustration of the formation of worm-like pattern and the related self-

assembly process of halloysite. 

 

 

Figure S2. Photograph (a), Micrograph of edge (b), Micrograph of middle of dewetting pattern of 

HNT@PVA in glass (c). 
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Figure S3. The POM images: the dewetting pattern rotated at different angle. 

 

 

 

Figure S4. Fluorescence micrographs of dewetting pattern which was marked by FITC. 
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Figure S5. SEM images of the detwetting pattern formed from different halloysite dispersion (a), 

The comparison of the orientation state of the nanotubes around the stripes (b) , The orientation 

distributions of the nanotubes far and close to the stripes (c).  
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Figure S6. Contact angle images (a) and result of different concentrations of HNT aqueous 

dispersion (b), Height of confined space formed at the different concentrations of dispersion (c). 

 

 

Figure S7. Polarized light microscopy images (a) and stripe width of HNT dewetting pattern 

formed at the different drying temperatures (b). 
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Figure S8. Photograph (a), area ratio (b), and stripe width (c) of halloysite dewetting pattern 

formed at the different height of confined space by using 16 wt.% HNTs dispersion. 

 

 

Figure S9. Photograph (a), area ratio (b), and stripe width (c) of halloysite dewetting pattern 

formed at the different volume by using 16 wt.% HNT dispersion. 

 


