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Abstract The self-assembly of cellulose nanowhis-
kers (CNWs) in confined geometries provides a
powerful method for the fabrication of novel struc-
tures. Herein, ordered honeycomb microporous films
were first prepared with surface-acylated CNWs
(CNWs-SU) through the breath figure method. Result-
ing films showed highly porous order over large
regions and the iridescent color was only displayed by
their rims, which is different from traditional dish-cast
CNW films showing the iridescent color over the
whole area. This is mainly due to the condensation of
water droplets forming three-dimensional (3D) geom-
etry, which forced CNWs-SU to self-assemble into
cholesteric architectures in confined geometry and
resulted in the iridescent color of the rims after drying.
The mechanism was further studied by investigating
the critical influencing factors, primarily the
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concentration of CNW-SU suspensions, the relative
humidity of the atmosphere and the surface-attached
moieties. In particular, CNW-SU suspensions with a
concentration of 3 mg/mL at the relative humidity of
75% preferentially formed honeycomb films with
uniform pores. Too low or too high concentrations of
CNW-SU suspensions or relative humidity are not
preferable for uniform porous films. CNWs-SU with
further immobilized octadecane or fluoroalkyl groups
on their surface strongly affected the formation of
uniform porous films because of higher hydrophobic-
ity and accompanying inhomogeneous condensation
of water droplets. This work provides a novel method
to study the interactions of CNWs beyond the planar
geometry and the formation of uniform porous films
solely with CNWs with structural colors open up
interesting possibilities for broad application in pho-
tonic nanomaterials.
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Introduction

The self-assembly of CNWs has attracted intensive
interest in the nanoscience and materials science
community, owing to their ability to form chiral
nematic structures in aqueous suspensions (Bondeson
et al. 2006; Habibi et al. 2010). Traditionally, the self-
assembly of CNWs has been studied in planar
geometry (Adstedt et al. 2020; Dumanli et al. 2014;
Hiratani et al. 2017; Zhang et al. 2020). This is the
simplest and most studied case of the chiral organi-
zation of CNWs in confined geometry, in which CNW
suspensions are placed on substrates with the other
surface being in direct contact with the atmosphere.
Following the evaporation of water, CNWs can retain
their chiral nematic order in resulting thin iridescent
films, which are of interest for many applications, such
as photonic sensors, filters, and reflectors or photo-
electronic devices (Giese and Spengler 2019; Hiratani
et al. 2017; Mahpeykar et al. 2017; Yao et al. 2017).
More recently, many studies about the self-assembly
of CNWs in two-dimensional or 3D confined geome-
tries also emerged, since the confinement effect can
effectively alter the symmetry of a structure and lead
to strong deviation from an equilibrium morphology
and thus resulting in the construction of novel
structures (Li et al. 2016). For the two-dimensional
confinement, CNWs self-assemble in a continuous
cylindrical geometry resulted in hierarchical liquid
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metacrystal fibers, which exhibit controllability on the
polarized light-direction and -intensity (Liu and Wu
2020). The self-assembly of CNWs in two-dimen-
sional capillary confinement was also investigated
(Cherpak et al. 2018). The results demonstrated that
the anisotropic drying and unidirectional propagation
of the anisotropic phase in large areas were mainly
induced by the saturated water vapor in one end of the
capillary, resulting in the formation of chiral CNW
films with uniformly oriented layered structures. Fully
enclosed spherical geometry, as a kind of 3D confine-
ment, has been applied to the self-assembly of CNWs
(Li et al. 2016; Parker et al. 2016). Uniform spheres
with chiral nematic structures from CNWSs can be
fabricated with this method. Although much progress
has been reported about the self-assembly of CNWs in
simple symmetric confined geometries, the self-
assembly in more complicated confined geometries
is still extremely challenging and rarely reported.
Honeycomb films with well-ordered pores with a
narrow size distribution are of significant interest in
advanced functional materials, such as separation (Du
et al. 2013), templates (Galeotti et al. 2011), optical
and optoelectronic devices (Yabu and Shimomura
2005), biosensors and biomaterials (Min et al. 2008;
Wan et al. 2012), protein arrays (Ju et al. 2019), and
cell culture scalfolds (Neznalova et al. 2020). Over the
past few decades, a variety of techniques, including
lithography (Kim et al. 2009), colloidal templates (Hu
et al. 2009), emulsion (Kasai and Kondo 2004),
improved phase separation (IPS) (Bui et al. 2015;
Slepicka et al. 2020), and breath figure (BF) (Huang
et al. 2020), have been developed to create ordered
structures with uniform pore sizes in the nano- to
micrometer range. Among these approaches, BF has
become the most attractive self-assembly technique
for fabricating orderly packed pores with hexagonal
array due to its simplicity and versatility (Bunz 2006;
Zhang et al. 2015). Various types of synthetic
polymers, including star, linear, and block copoly-
mers, as well as polymer-particle systems, and semi-
synthetic biopolymers, are the most common raw
materials to fabricate honeycomb films with con-
trolled pore size using this technique (Zhang et al.
2015). Cellulose as a kind of biosynthesized and
biodegradable polymer has been successful in obtain-
ing porous films by BF method. Nemoto et al.
(Nemoto et al. 2005) reported the fabrication of
honeycomb films based on cellulose acetate. In this
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study, the acetate films were extremely irregular,
having microporous sizes ranging from 1 to 100 pm.

Although honeycomb films are usually prepared
from polymer solutions, other compounds that can
stabilize the water droplets and form a continuous film
can be used to replace polymer, producing non-
polymeric honeycomb films (Bai et al. 2013). Various
nanomaterials, such as many kinds of metal and metal
oxide nanoparticles (Sakatani et al. 2008), carbon
nanotubes (Wakamatsu et al. 2009), and graphene
oxide (Lee et al. 2010) have been widely exploited to
fabricate honeycomb films due to their unique cat-
alytic, photonic, and electric properties. The introduc-
tion of ordered patterns into these nanomaterials
usually enhances their inherent properties and leads
to new functions. Most of these nanomaterials have to
be decorated by organic ligands or polymers, or with
the assistance of surfactants, to achieve good dis-
persibility in organic solvents and adequate polarity
for nanoparticles adsorption at the water/solvent
interfaces to prevent water droplet coalescence during
evaporation. However, direct use of polysaccharide-
derived nanomaterials including CNWs as raw mate-
rials for the fabrication of honeycomb films has not
been reported. Moreover, to the best of our knowledge,
the self-assembly of CNWs in a complicated confined
geometry formed by the condensation of water
droplets during the breath figure process has not been
reported.

In this study, we investigated the self-assembly of
surface-acylated hydrophobic CNWs (CNWs-SU) in
confined spaces during the breath figure process,
which led to highly ordered honeycomb films. To the
best of our knowledge, this is the first example
describing the formation of self-assembled honey-
comb-patterned structures solely from nanocellulose.
The resulting films show high porous order over large
areas. Moreover, the rims of the obtained honeycomb
film displayed iridescent colors due to the chiral
nematic architectures formed by the self-assembly of
CNWs-SU in the confined 3D walls of pores generated
by the gradual condensation of water droplets. In
addition, the effects of the concentration of the CNW-
SU suspensions, the relative humidity of the atmo-
sphere, and the surface-attached moieties of CNWs on
the self-assembly were also investigated.

Experimental section
Materials

Microcrystalline cellulose (Avicel PH101) with an
average particle size of about 50 pm, and 10-unde-
cenoyl chloride were purchased from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany). Dry pyridine
and tetrahydrofuran (THF) were brought from Th.
Geyer GmbH & Co. KG (Renningen, Germany). All
chemicals are all of the analytical grade and used as
received. Deionized water was used in all
experiments.

Preparation of surface-acylated cellulose
nanowhiskers (CNWs-SU)

CNWs-SU were prepared according to our previous
work with a few modifications (Liu et al. 2018).
Typically, 1 g of microcrystalline cellulose and
30 mL of pyridine were fed into a three-necked flask.
The reaction mixture was stirred and heated up to
50 °C. Then, 10-undecenoyl chloride (2.73 mL, 2 mol
acid chloride per mol anhydroglucose units of cellu-
lose) was added to the cellulose suspension under
stirring. After 7 h stirring at 50 °C, the reaction
mixture was poured into 200 mL methanol immedi-
ately. The precipitate was separated by centrifugation.
Thereafter, the product was purified by a repeated
dispersion and precipitation process using THF and
methanol, respectively, before the product was dis-
persed in THF. Then, the suspension was centrifuged
for 10 h at 14,000 rpm at 4 °C. After the centrifuga-
tion, the supernatant was removed and the solid was
dispersed in THF again, which was centrifuged for
20 min at 3000 rpm at 20 °C to remove the micro-
scaled segments. Finally, the purified product was
dispersed in DCM for further use. The corresponding
yield of CNWs-SU was 11.6 £ 2.4%.

Post-modification of CNWs-SU via thiol-ene
reaction with 1-octadecanethiol or 1H,1H,2H,2H-
perfluorodecanethiol to synthesize CNWs-SU-C18
or CNWs-SU-F

l-octadecanethiol or 1H,1H,2H,2H-perfluorode-
canethiol (0.75 mol per mol C = C double bonds)
was added into THF-suspension of CNW-SU (10 mg/
mL). The mixture was exposed to UV light
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(320400 nm with the intensity of ~ 15 mW/cm) for
3 h at room temperature under stirring. After the
reaction, all mixtures were transferred in dialysis
membrane (with a molecular weight cut-off of
3500 Da) and kept in 5 volumes of THF for 12 h.
Then, THF was changed twice after every 12 h.
Thereafter, the dialyzed products were centrifuged for
20 min at 3000 rpm at 20 °C to remove the aggre-
gates. Finally, all purified CNWs-SU-C18 or CNWs-
SU-F were dispersed in dichloromethane (DCM) for
further use. Based on the elemental analysis, the
contents of octadecane and fluoroalkyl groups in
CNWSs-SU-C18 and CNWs-SU-F were determined to
be 1.37 and 1.33 mmol/g, respectively.

Preparation of honeycomb films from CNWs-SU,
CNWs-SU-C18 and CNWs-SU-F

Honeycomb films with controlled microporous struc-
tures were fabricated via the breath figure method, as
illustrated in Fig. S1. In a typical process, CNWs-SU,
CNWs-SU-C18 or CNWSs-SU-F were first dissolved in
DCM to a certain concentration, and then 10 mL of the
CNW-SU, CNWs-SU-C18 or CNWs-SU-F suspen-
sion was cast onto the Teflon mould in the desiccator at
different relative humidity. The saturated relative
humidity in the chamber was fixed by saturated salt
solutions, i.e., 44% (K,COs3), 57% (NaBr), 75%
(NaCl), and 86% (KCI) (Young 1967). The temper-
ature was kept at room temperature during the whole
process. After the complete evaporation (about 10 h)
of solvent as well as the water droplets that sponta-
neously condensed at the air-suspension interface,
honeycomb films with controlled porous structures
were obtained on the surface of the Teflon substrate.

Characterization and measurement

Transmission electron microscopy (TEM)

TEM images of the CNWs-SU were acquired with a
CM 12 Transmission Electron Microscope (Philips,
Netherland). The specimen was stained by phospho-

tungstic acid solution (0.2 wt% in THF) for about
2 min to enhance the contrast.
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Solid-state '°C CP-MAS NMR spectroscopy

Solid-state '*C CP-MAS NMR measurements for all
samples were acquired at ambient conditions using a
Bruker AVANCE IIIHD 800WB spectrometer with a
field strength of 18.8 T. Experiments were performed
using a Bruker 1.3 mm MAS triple resonance probe
with a MAS spinning frequency of 55.555 kHz. A
ramped CP-MAS sequence was used with a 'H
excitation power of 138.8 kHz and a Hartman Hahn
contact time of 2 ms with a '>C inherent radio
frequency (rf) field strength of 62.5 kHz and 'H rf
field strength of 127.4 kHz. During the acquisition of
27 ms, a 'H decoupling was performed with an
inherent rf field of 14.7 kHz employing WALTZ-16
sequence. In a typical 8 h experiment, 15,360 scans
were accumulated with a recycle delay of 2.5 s.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was conducted on Spectrum One
FTIR Spectrometer (PerkinElmer, USA) at room
temperature between 4000 and 600 cm™' with a
resolution of 4 cm™'. The samples were measured
twice per 32 scans and average spectra were generated
for each sample.

Scanning electron microscopy (SEM)

SEM images were captures by a LEO Supra-35 high-
resolution field emission scanning electron micro-
scope (Carl Zeiss AG, Germany) at an accelerating
voltage of 5 kV. A layer of carbon was coated on the
surface of samples before SEM measurements.

Polarized light micrographs (PLM)

PLM images were obtained through Nikon ECLIPSE
E600 imaging microscope with the polarizers in a
perpendicular arrangement and the camera type of
Nikon DS-Fi2.

Laser scanning microscope (LSM)
LSM images were obtained on a VK-X100K 3D laser

scanning microscope (Keyence Corporation, Ger-
many) under ambient conditions.
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Elemental analysis

The contents of carbon, hydrogen and sulfur were
determined with an Elemental Analyser 4.1 vario EL
III (Elementar, Germany). Degree of substitution (DS)
of corresponding groups was calculated according to
the carbon contents, as the following formula (Vaca-
Garcia et al. 2001):

_ 5.13766 — 11.5592 x C%
~0.996863 x C% — 0.856277 x n+n x C%

(1)
where C% is the content of elemental carbon and n is

the number of carbon atoms in the acyl moieties,
respectively.

DS

Mechanical properties of CNW films

The tensile testing of CNW films was performed using
a 73 micro tensile test machine equipped with a
50.0 N load cell from Grip-Engineering Thiimler
GmbH (Germany). The tensile test speed of uniaxial
stretching was 2.5 mm/min. CNW films with dimen-
sions of 20 mm x 10 mm were loaded into the
machine with a clamp distance of 8 mm. For each
case, three parallel tests were performed to ensure that
the data collected were reliable.

Results and discussion
Preparation of CNW-SU honeycomb films

CNWs-SU with surface-immobilized 10-undecenoyl
groups that we used in this study were synthesized
according to our previous method by simple one-step
esterification of microcrystalline cellulose with 10-un-
decenoyl chloride (Fig. 1a) (Liuetal. 2018). The yield
was around 11% and DS ascribed to 10-undecenoyl
moieties was measured to be 1.32 based on the
elemental analysis. Solid-state '*C CP-MAS NMR
and FTIR spectra of MCC and CNWs-SU confirmed
the chemical compositions (Fig. S2 and S3). The intact
crystalline core was maintained within CNWs-SU
according to previous analysis using solid-state '°C
NMR spectroscopy (Liu et al. 2018). Moreover,
obtained CNWs-SU have an average length of
135 &+ 37 nm and an average diameter of 4 & 1 nm

based on the measurements of 100 single CNWs-SU
on TEM images (Fig. 1b). Owing to the existence of
numerous 10-undecenoyl groups on the surface,
CNWs-SU can be well dispersed in various non-polar
solvents, such as toluene, THF and DCM. Similar to
hydrophilic CNWs prepared by acid hydrolysis meth-
ods, the DCM suspensions of CNW-SU also displayed
birefringence under crossed polarizers, as shown in the
inset of Fig. 1b.

CNW-SU honeycomb films were prepared using a
static breath figure approach in atmospheres with
various relative humidity (Fig. S1). 10 mL of a DCM
suspension of CNW-SU (3 mg/mL) was cast on
Teflon mould and then stored in a glass desiccator
with a relative humidity of 75% at room temperature.
In the early stage of the breath figure process, the
CNW-SU suspensions spread on the substrate homo-
geneously (Fig. 1c). The continuous evaporation of
DCM cooled the surface of the CNW-SU suspensions
and the surrounding water vapor formed small droplets
and deposited on the surface of suspensions (Fig. 1d).
The continuous condensation of water vapor and the
parallel evaporation of DCM caused the growth and
self-organization of the water droplets into ordered
droplet array and forced the CNWs-SU to move closer
together to form larger aggregates (Fig. le), thereby
forming walls that will prevent coalescence and spread
of the droplets. At the same time, the self-assembly of
CNWs-SU occurred in this confined geometry of walls
between the water droplets. The walls, composed of
stacked and overlapped CNWSs-SU, are highly
arranged along the boundary of micropores. After
complete evaporation of DCM and the water droplets,
ordered honeycomb films with microscale pores on the
top surfaces were obtained (Fig. 1f).

Characterization of CNW-SU honeycomb films

Figure 2a shows the photograph of a dried typical
honeycomb film fabricated with CNWs-SU. The
porous structured surface of the honeycomb film
resulted in low transparency and high static water
contact angle of 138 &£ 2° (Fig. 2b). In comparison,
the flat surface of the non-porous and more transparent
CNW-SU film fabricated with the solvent casting
method shows a much lower static water contact angle
of 86 + 3° (Fig. S4). The SEM measurement shows
that the minimal diameter of approximately hexagonal
pores was around 17.0 £ 2.8 um and the width of the
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Fig. 1 a Schematic illustration for the synthesis of CNWs-SU.
b A representative TEM image of CNWs-SU. The inset shows a
dichloromethane suspension of CNW-SU (15 mg/mL) between

rims was about 1.8 £ 0.4 um (Fig. 2c). The LSM
measurement also confirmed the orderly-patterned
honeycomb structure formed on the top surface of the
films (Fig. 2d). In comparison, only a few small pores
were distributed on the bottom surface of the honey-
comb films (Fig. S5). Additionally, in comparison to
nearly hexagonal pores of the honeycomb films in this
study, the pore shape of honeycomb films fabricated
with synthetic polymers through the breath fig-
ure method is generally only uniform circles (Li
et al. 2009; Wang et al. 2008). This could be ascribed
to the fact that CN'Ws have high aspect ratio and high
rigidity. Moreover, it is well-documented that the
shape of the pores is also affected by the shape of the
water droplets, which is mainly determined by the
interfacial tension between the droplet and the poly-
mer suspension, instead of the air—water interface
(Ding et al. 2013). Thus, it was difficult to prepare
honeycomb-patterned microporous films having reg-
ular arrays with conventional CNWs due to their high
hydrophilicity.

According to the height profile obtained from 3D
LSM image, the average depth of the pores
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evaporation of
water droplets

crossed polarizers. c-f Schematic illustration for the self-
assembly process of CNWs-SU into free-standing honeycomb
films. DCM: dichloromethane

representing the height of the rims was about
3.7 £0.5 um (Fig. 2e). Interestingly, the rims of
obtained honeycomb films displayed iridescent colors
as shown in the PLM image (Fig. 2f). Ring-shaped
iridescent patterns were observed from the rims of the
pores, but no iridescent color was observed from the
interior part of the pores, indicating that the CNWs-SU
were highly arranged along the boundary of microp-
ores. Non-porous CNW-SU film fabricated with the
same concentration of CNW-SU (3 mg/mL) by using
solvent casting method in the air under ambient
conditions was used as the control and did not show
any iridescence (Fig. S4). This is mainly due to the fact
that the evaporation rate of DCM during the drying
process for solvent cast CNW-SU films is too fast,
which does not provide CNWs-SU with sufficient time
for self-assembly. The SEM image of the cross-section
in Fig. 2g shows the contour of the pores. The depth of
the pores was around 3.8 um which is consistent with
the result of 3D LSM analysis. The thickness of the
bottom layer was about 10.3 £ 0.5 pm. Accordingly,
the aspect ratio of the depth of pores and the thickness
of the bottom layer (rp,1) was about 35.6%.
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a

Fig. 2 a Photo image of a dried free-standing honeycomb film
fabricated with CNWs-SU. b Representative SEM image of the
top surface of a honeycomb film fabricated with CNWs-SU. The
inset shows the static water contact angle on the top surface.
¢ SEM image of the magnified region as in b. d Representative
LSM image of a honeycomb film fabricated with CNWs-SU.
e 3D LSM image and height profile of the top surface of a

Honeycomb films have unique double-layered
structures supported by pillars. From the magnified
SEM image of the cross section, the bottom layer of
the CNW-SU films contained a typical multilayered
structure (Fig. 2h). After peeling off the top layer of
the top layer, by using adhesive tape, honeycomb films
with a pincushion structure were obtained (Fig. 3a,
3b). The obtained pinned topological features resulted
in the significant increase of the static water contact
angle to an average value of 144 + 3°. This is strongly
coupled to the apparent surface area that is smaller
than the normal close pore structure and results in
lower wettability of the surface due to the formation of

d

L

Height (um)

o

021530 45 60
Horizontal distance (um)

honeycomb film. f PLM image of a honeycomb film.
g Representative SEM image for the cross section of a
honeycomb film. The inset shows the schematic illustration of
the calculation of rpt. D: the depth of pores. T: the thickness of
the bottom layer. rp,r = D/T. h SEM image of the magnified
region as in g

air pockets under the water droplet (Mongkhontreerat
et al. 2015).

As well, the honeycomb films had sufficient
mechanical stability (Fig. S6) and could be stretched
for mechanical transformations of the shape and
dimension of pores. With the assistance of applied
tensile force, the micropores elongated in the direction
parallel to the force, while they compressed in the
perpendicular direction. Thus, the surface micropores
turned from the original hexagonal shape into the
elongated hexagonal shape (Fig. 3c). The ring-shaped
iridescent pattern can still be obviously observed, as
shown in Fig. 3d, indicating that the stretching has no
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144+£3°

Fig. 3 a Representative SEM image of the top surface of the
honeycomb film fabricated with CNWs-SU after peeling off the
top layer. The inset shows static water contact angle after
peeling off the top layer. b SEM image of the magnified region

influence on the arrangement of CNWSs-SU after
drying as a dried film.

Mechanism of the self-assembly of CNWs-SU
into honeycomb films with iridescent rims

To understand the mechanism of the self-assembly of
CNWs-SU into honeycomb films with iridescent rims,
pore walls of the films were further characterized. As
shown in the SEM images of the damaged pores, the
cross section of the pore walls presents a ginkgo-leaf-
like shape (Fig. 4a, b). Additionally, the layered
structure with a periodic spacing of about 300 nm
was observed (Fig. 4b). Moreover, the bottom side of
the rims contains a slanted layered structure (Fig. 4c,
d). This is mainly because the width of the rims is
getting narrower from bottom to top. During the self-
assembly process, the water droplets grew slowly,
while CNWs-SU were squeezed and formed the
slanted layered structure within the confined space
between the droplets. The mechanism of the iridescent
rim formation during the generation of honeycomb
films by the breath figure method was also proposed

@ Springer

as in a. ¢ Representative SEM image the dried honeycomb film
fabricated with CNWs-SU after stretching. d PLM image the
dried honeycomb film fabricated with CNWSs-SU after
stretching

(Fig. 4e). The CNW-SU concentration was uniform in
the initial aqueous suspension. As the water droplets
formed on the surface of the suspension, the DCM
evaporated from the areas where no water droplets
covered. With the evaporation of DCM, the concen-
tration of CNW-SU in the confined 3D walls becomes
gradually higher. After the total evaporation of DCM
in the confined 3D walls and water, CNWs-SU self-
assembled into cholesteric architectures and resulted
in iridescent colors of the rims. The arrangement
presumably occurs upon the growth of the aqueous
droplets during the breath figure process, which
determines the optical properties of the resulting films.

During the formation of honeycomb films, their
morphologies were found to be strongly affected by a
few parameters. Among others are the concentration
of CNW-SU in their suspensions, the relative humidity
in the surroundings and the surface-attached moieties
that were further introduced onto the terminal vinyl
groups via thiol-ene reactions.

The pore size and regularity of breath figure arrays
are sensitive to the concentration of the suspensions.
As a result, each suspension of CNW-SU with a
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evaporation
of DCM

water
condensation

W %"r*

Fig.4 aRepresentative SEM image of the rims in a honeycomb
film fabricated with CNWs-SU. b SEM image of the magnified
region as in a. ¢ Representative SEM image of the cross section

different concentration yielded an entirely different
morphology. Using CNW-SU suspensions with the
concentration of 1.5 mg/mL, only a few small pores
were randomly distributed on the top surface of
obtained films (Fig. 5a), indicating that an adequate
amount of CNW-SU is a prerequisite for the formation
of highly ordered honeycomb films. This may stem
from the insufficient encapsulation and stabilization of
the condensed water droplets on the interface due to
the low quantity of CNW-SU. When the concentration
of CNW-SU increased from 3 mg/mL to 7 mg/mL, a
honeycomb-structured, porous film with a higher
average pore size of 22.9 £ 2.9 um was also obtained
and the depth of the pores increased from
3.7 £0.5 umto 7.5 £ 1.0 pum according to the result
of LSM (Fig. 5c, S7a, S7b, and S7c¢). Moreover, the
resulting films exhibited pores with irregular shapes. It
is therefore evident that the increase of the concentra-
tion facilitates the formation of deeper holes and thus
higher rims. The thickness of the bottom layer was
about 18.0 &+ 0.7 pm. Accordingly, the rp/r was about
41.7%, which was higher than the honeycomb film
fabricated at the concentration of 3 mg/mL (35.6%).
On the other hand, as shown in Fig. S7d, no obvious
iridescent color of the rim was observed and thus it can
be concluded that the high concentration is not
beneficial to the self-assembly of CNWs-SU in such
geometry. A further increase in the concentration of

of broken rims of a honeycomb film. d SEM image of the
magnified region as in c. e Schematic description for the
formation of the iridescent rims

CNW-SU suspension to 16 mg/mL resulted in films
with few pores of irregular morphology (Fig. 5d). This
also verifies that CNW-SU with a too high concentra-
tion cannot effectively self-assemble into highly
ordered structures in this 3D confinement. The
increased viscosity should have weakened the con-
vection in the suspension, which is not beneficial to the
arrangement of water droplets. At the same time, the
pores will become disordered when the concentration
is too high (Zhao et al. 2006).

The humidity of the atmosphere as another key
parameter for the self-assembly process of CNWs-SU
also influences the water condensation at the air-
suspension interface. When the relative humidity was
below 50%, only flat films with an irregular arrange-
ment of a few pores were obtained (Fig. Se). This was
because water vapor cannot effectively condensate
into micrometer-sized droplets for templating the
generation of pores under such humidity. When the
relative humidity increased to 60%, many micropores
were unevenly distributed on the top surface of the
films, although some small areas without pores can
still be found (Fig. 5f). The average pore size was
about 12.9 £ 1.7 pm and the depth of pores equal to
the height of rims was about 3.2 + 0.9 pm (Fig. 5f
and Fig. S8). As the relative humidity of the
atmosphere increased from 75 to 96%, the average
pore size increased positively from 17.0 & 2.8 to
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Fig. 5 Formation mechanism of the honeycomb films by
CNWs-SU. Representative SEM image of the top surface of
honeycomb films fabricated with CNWs-SU at the relative
humidity of 75% with the concentration of a 1.5 mg/mL,

24.3 £ 3.8 um (Fig. 5g, h). The high relative humid-
ity results in the coalescence of water droplets,
yielding a polydisperse pore size distribution. The
depth of pores increased from 3.7 0.5 to
10.6 £ 2.2 pm with increasing the relative humidity
from 75 to 96% (Fig. S9), while the thickness of the
bottom layer maintained almost unchanged. Thus, the
rp,r Was about 98.1%, which was much higher than the
honeycomb film fabricated at the relative humidity of
75%. Therefore, higher relative humidity not only
facilitates the formation of larger water droplets but
also slows the solvent evaporation, both of which lead
to the growth of droplets and the formation of larger
pores (Wang et al. 2008). The relative humidity of the
atmosphere influences the evaporation of the CNW-
SU solvents, which further affects the self-assembly of
CNWs-SU in the confined 3D geometry. This is also
reflected in the unobvious iridescent colors of the rims
(Fig. S8d, S9d).

To further investigate the effect of the surface-
attached moieties of CNWs on the pore morphology,
the CNWs-SU were further modified with octadecane
or fluoroalkyl moieties (75% of the total vinyl groups)

@ Springer

b 3 mg/mL, ¢ 7 mg/mL, and d 16 mg/mL. Representative SEM
image of the top surface of honeycomb films fabricated with
CNWs-SU with the concentration of 3 mg/mL at the relative
humidity of e 45%, f 60%, g 75%, and h 96%

onto the vinyl groups. The resultant CNWs, namely
CNWs-SU-C18 and CNWs-SU-F, were also used to
prepare honeycomb films. Although films with porous
surface structure were successfully fabricated with
both CNWs-SU-C18 and CNWs-SU-F, the obtained
CNW-SU-C18 and CNW-SU-F films had lower
transparency (Fig. 6a, d) and displayed distinct pore
morphologies compared with CNW-SU films. The
average pore size of the films fabricated from CNWs-
SU-C18 was 49.2 £+ 5.8 um, which was much larger
than that of the film fabricated with CNWs-SU.
Moreover, it can be seen from Fig. 6b and 6c¢ that
pores with the diameter of dozens of micros as well as
relatively small pores of several micros were formed
on the surface of CNW-SU-C18 films. In addition, the
small pores were distributed randomly around the
large pores.

Compared with the CNW-SU films and CNW-SU-
C18 films, CNW-SU-F films displayed porous surface
structure with more irregular-shaped pores of larger
sizes (Fig. 6e, f). The average pore size of the films
fabricated from  CNWs-SU-F  was  about
70.3 £ 13.1 um. The CNWs-SU with surface-
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Fig. 6 a Photo image of a dried free-standing porous film
fabricated with CNWs-SU-C18. b Representative SEM image
of the top surface of a dried free-standing porous film fabricated
with CNWs-SU-C18 at the relative humidity of 75% with a
concentration of 3 mg/mL. ¢ SEM images of the magnified

attached octadecane or fluoroalkyl groups had higher
hydrophobicity and did not stabilize the condensed
water droplets effectively, leading to the coalescing of
water droplets. The random coalescence of water
droplets resulted in the formation of larger pores with
irregular shapes. Thus, it can be concluded that the
surface-immobilized functional groups of CNWs also
have great effect on the morphology of the resultant
films fabricated by the breath figure method. In
addition, no iridescence was observed from the rim
of the CNW-SU-C18 and CNW-SU-F films, which
indicates an altered coalescence process during drying
(Fig. S10).

Conclusions

In summary, porous honeycomb-patterned free-stand-
ing films were prepared with CNWs-SU by using the
breath figure method. The rims were composed of self-
assembled and stacked CNWs-SU, which are highly
arranged along the boundary of microsized pores.
Owing to the ordered structures formed by the self-
assembly of CNWs-SU in the confined 3D geometry,

E/ @ '/ d=70.3%E13.4 pm |

region as in b. d Photo image of a dried free-standing porous
film fabricated with CNWs-SU-F. e Representative SEM image
of the top surface of a porous film fabricated with CNWs-SU-F
at the relative humidity of 75% with a concentration of 3 mg/
mL. f SEM images of the magnified region as in e

the rims of the obtained honeycomb films displayed
iridescent colors. The arrangement of CNWs-SU
presumably occurs upon the growth of the aqueous
droplets during the breath figure process. A few
critical factors, primarily the concentration of the
CNW-SU suspension, the relative humidity of the
atmosphere and surface-attached moieties, affected
the self-assembly process. This self-assembly of
hydrophobic CNWs-SU within constrained space
unlocks new possibilities in designing the visual
appearance of such iridescent films. We expect these
porous films with structural colors will find a broad
range of applications, such as for filtration or sophis-
ticated optical materials.
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