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ABSTRACT: Superhydrophobic surfaces have attracted great interest in both
scientiﬁc research and industrial applications. Patterned nanocellulose membrane
surfaces were fabricated by a simple pressing process. After chemical modiﬁcation
with non-ﬂuorinated and low-cost industrial chemicals, such as alkyl ketene dimers
(AKD), wax, and isocyanate, some nanocellulose membranes showed water contact
angles >150°. The combination of microsized pattern and nanosized cellulose ﬁbers
created a hierarchical structure that contributed to the superhydrophobic properties.
SEM and optical microscopy were used to characterize the ﬁber network and
hierarchical structures. Wetting experiments showed that water droplets roll oﬀ the
cellulose membrane with fabricated pillar size lower than 100 μm after chemical
modiﬁcation with AKD, wax, or isocyanate. The process used in this superhydrophobic cellulose membrane fabrication is simple, cost-eﬀective, and amenable to
scale up so it has potential to be used as a liquid packaging material.
KEYWORDS: surface patterning, template method, nanocellulosic membrane, non-ﬂuorinated, superhydrophobicity

1. INTRODUCTION
Natural cellulose materials (e.g., cotton and wood ﬁber) have
been used in broad applications, such as paper manufacturing,
textiles, packing and building materials, and so on. Compared
to the synthetic petroleum-derived ﬁbers, cellulose materials
have the advantages of biodegradability, renewability, and
nontoxicity.1,2 Cellulose nanoﬁbrils (CNF) and cellulose
nanocrystals (CNC) are nanosized cellulose materials, and
the abundant surface hydroxyl groups enable facile functionalization to create novel materials,3 such as stimuli-responsive
nanomaterials,4,5 smart electronic devices, and wearable
electronic device packaging.6,7 However, cellulose ﬁbers are
intrinsically hydrophilic and can absorb water or moisture,
leading to erosion in humid environments. Fabricating
hydrophobic or superhydrophobic surfaces is a promising
way to enhance the moisture resistance of cellulose materials
and minimize the water erosion issues, especially for the
materials used in humid environments, such as packaging or
building materials.
Superhydrophobic surfaces have attracted great scientiﬁc
and industrial interest for decades. Many superhydrophobic
surfaces have been created on silicon, glass, metal plate, metal
mesh, and plastic substrates.8,9 For the silicon surface, wellpatterned and micrometer-sized cylindrical pillar arrays and
mushroom-like arrays were fabricated.10−12 The water contact
angle can reach very high because of the re-entrant structure in
the side wall of pillars. Nanoparticles and needle-like or lotus
leaf-like nanostructure were introduced on a metal surface to
generate the hierarchical roughness for improving the hydrophobicity.13−17 These results provide diﬀerent rational
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strategies for water-repellent or superhydrophobic fabrication.
The key factors between them are surface roughness and low
surface energy that can repel and support water droplet to
avoid spreading.12
For cellulose-based material, there are various strategies that
can reach superhydrophobicity. The ﬁrst strategy is to increase
surface roughness using nanoparticles, such as nano-SiO2 or
TiO2 particles, through in situ wet deposition, dip coating, or
spray coating on the material surface,18−20 but the nanoparticle
aggregation and coating stability are obvious issues. Another
method is to create nanoscaled roughness on the surface of
ﬁbers directly by etching, for example, plasma pretreatment.21−24 However, plasma treatment is a tedious and costly
process that can only applied on a small scale. To achieve low
surface energy, ﬂuorine-containing compounds are commonly
used in cellulose ﬁber modiﬁcation.25−27 Because ﬂuorinecontaining compounds are not safe and high cost, developing
an economical and facial method that does not use ﬂuorine
chemicals and easy to scale up is of great interest.
Herein, we present a facile fabrication of pattern featured
superhydrophobic cellulose membrane with a quick templated
pressing method and non-ﬂuorinated chemical modiﬁcation.
The stainless-steel mesh, which possesses regularly arranged
mesh holes, functions as template or mold in the pressing
method. By pressing the nanocellulose slurry on the mesh, the
cellulose slurry ﬁlls into the mesh holes and the shape is
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Scheme 1. Schematic Diagram of Pressing Process for Preparation of Patterned Surface Nanocellulose Membrane

were chosen for the chemical modiﬁcation: PMMA, PS, PE, wax, and
AKD were dissolved in toluene; PVC was dissolved in THF; PP was
dissolved in benzene; and TDI and hexadecanol (C16OH) at the
molar ratio 4:1 were used as comodiﬁers and dissolved in toluene. All
the modiﬁer concentrations dissolved in solvents are 5 wt %. The
prepared cellulose membrane was immersed in the modiﬁer solution
and heated to boiling for 5 min. After immersion, the cellulose
membrane was removed from the modiﬁer solution. Excess ﬂuid on
the membrane was then absorbed with tissue paper (KimWipe,
Kimberly-Clark Co.). The obtained membrane was then placed in an
oven at 100 °C for 10 min to evaporate solvent and strengthen the
polymer coating layer.
To make useful comparisons, diﬀerent textured paper substrates
(copy paper (Staples, 92 bright), paper towel (Uline EZ Pull Sr.), and
ﬁlter paper (Whatman, qualitative grade 1)) were used in the
chemical modiﬁcations with AKD, wax, and TDI + C16OH. The
procedures were the same as the treatment of prepared membranes.
2.3. Template Modiﬁcation for Tuning of Asperity Size and
Patterned Coating on Substrate. To obtain metal meshes with
diﬀerent pore sizes that are not able to be purchased from the
supplier, an electrodeposition of Cu on the metal meshes was
conducted. Experimentally, the metal mesh was used as the working
electrode which connects to the negative electrode of external direct
current power source. A copper plate was used as the counter
electrode connected to the positive electrode of power source. The
metal mesh and copper plate were immersed in 0.1 mol L−1 CuSO4
solution. The deposition current was controlled at 20 mA. During the
electrolysis, the copper was deposited on the metal wire of mesh.
Therefore, the diameter of metal wire was increased, and the mesh
hole was decreased. The electrodeposition treated metal mesh was
directly used as template for tuning of asperity size in the patterned
cellulose membrane fabrication.
The pattern coating was conducted on the substrate of copy paper
(Staples, 92 bright). A thin layer of nanocellulose slurry (3.4 wt %)
with a thickness about 2−3 mm using a doctor blade with controlled
thickness was coated on copy paper substrate by a glass rode doctor
blade and then covered with a mesh template. The following pressing
and freeze-drying procedures were the same as the patterned cellulose
membrane fabrication described in section 2.2. The pattern coated on
copy paper was obtained after freeze-drying and was chemically
treated with wax, AKD, or TDI + C16OH.
2.4. Wetting Ability Measurement. The static water contact
angle measurement of patterned nanocellulose membrane was
performed using a contact angle goniometer (100-25-A model,
ramé-hart instrument co.) at ambient environment. A droplet of 8 μL
of deionized water was placed on the prepared membrane surface for

maintained after removal from the mesh mold. After drying,
the pillar featured pattern can be well-established on the
surface of cellulose membrane (shown in Scheme 1). Diﬀerent
from the pillar array fabricated on the silicon wafer surface,
cellulose ﬁbers inherently have submicrometer or nanometer
structures. The microsized pattern and nanosized cellulose
ﬁbers network create a hierarchical structure that can improve
the superhydrophobic properties. After simple chemical
modiﬁcation with non-ﬂuorine chemicals, such as AKD, wax,
or isocyanate, the fabricated cellulose membranes show a good
superhydrophobic property. This method has signiﬁcant
advantages: (1) The pattern fabrication by templated pressing
can be quickly completed even in several seconds and is easily
to scale up. (2) The featured sizes of patterns are tunable by
using diﬀerent mesh size of metal or plastic meshes, which is
readily accessible in the industry. (3) Low-cost and nonﬂuorine compounds are used in chemical modiﬁcation through
simple heating.

2. MATERIALS AND METHODS
2.1. Materials. Cellulose nanoﬁbril slurry (CNFs, ﬁber content
3.4%) prepared from mechanically reﬁned bleached softwood Kraft
pulp was purchased from the University of Maine Process
Development Center. Toluene diisocyanate (TDI) was purchased
from TCI America. Hexadecanol (C16OH) and solvents toluene,
benzene, and tetrahydrofuran (THF) were purchased from Alfa Aesar.
Polymers, including poly(methyl methacrylate) (PMMA, Mw ∼
200000), polystyrene (PS, Mw ∼ 250000), low-density polyethylene
(LDPE), polypropylene (PP, Mw ∼ 230000), and poly(vinyl chloride)
(PVC, Mw ∼ 250000), solid wax, and solid alkyl ketene dimers (AKD)
are industrial grade products.
2.2. Preparation of Surface Textured Nanocellulose Membrane and Chemical Modiﬁcation. Cellulose nanoﬁbril slurry was
coated on a stainless steel mesh to form a thin layer of cellulose
nanoﬁbrils with a thickness about 2−3 mm. The cellulose layer along
with the mesh was pressed with a hydraulic machine under the
pressure of 1 MPa and maintained for 10 s. About 70% of water in the
nanocellulose slurry was removed after pressing. A half-dried cellulose
membrane with pressed pattern was obtained and was frozen in liquid
nitrogen for 15 min. The cellulose membrane was freeze-dried under a
vacuum of 20 mTorr (VirTis Freezemobile 25EL sentry 2.0) for 1
day.
Before chemical modiﬁcation, the modiﬁer was dissolved in organic
solvent to form a homogeneous solution. Eight diﬀerent modiﬁers
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Figure 1. Top view and side view of SEM images, optical microscopy images, and 3D proﬁle simulation (from the left to the right column) of the
four diﬀerent pattern sizes featured nanocellulose membranes (noted as membranes-1 to -4 in A to D, respectively).
original and sulfonated sample in the range 40−600 °C at a rate of 10
°C/min under a nitrogen ﬂow rate of 20 mL min−1.

the measurement. Dynamic advancing and receding contact angles
were measured by increasing and decreasing the droplet volume, with
an initial volume of 8 μL and a step change of 0.3 μL. The contact
angle measurements were repeated ﬁve times for each ﬂuid. Diﬀerent
ﬂuids including coﬀee, sweet tea, Sprite, red wine, Fanta, and Coke,
which were obtained from Walmart supermarket, were used in the
static contact angle measurement with 8 μL of applied ﬂuid.
The long-time contact angle measurement and knife scratching test
were completed. In the long-time contact angle measurement, 8 μL of
deionized water was used, and the contact angle was continuously
measured for 20 min. The scratch test was performed using a knife to
longitudinally and transversely scratch the patterned surface, and then
the water contact angle was measured.
2.5. Other Characterization. The surface morphology of
aerogels was examined via a LEO 1530 thermally assisted ﬁeld
emission scanning electron microscope (FE-SEM) with an acceleration voltage of 10 kV. Samples were gold-sputtered prior to SEM
images.
Optical microscopic images were obtained using a Leica DMLM
light microscope connected to a color video camera. The 3D structure
simulation is calculated from the brightness value of each image pixel
using a Matlab program based on the condition that light linearly
decays with the passed thickness cellulose membrane.
Fourier transform infrared (FTIR) spectra of both original and
sulfonated aerogel samples were measured by KBr pellets on a Bruker
Vertex 80V spectrometer in the scan range of 4000−400 cm−1 of 32
scans with resolution 4 cm−1.
Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) analysis were performed using a PerkinElmer STA600
simultaneous thermal analyzer to evaluate thermal degradation of

3. RESULTS AND DISCUSSION
3.1. Morphology of Surface Roughness. Figure 1 shows
the patterned surface of the cellulose membranes with four
diﬀerent characteristic pattern sizes (noted as membranes-1 to
-4 in A to D, respectively). The left column and the second left
column show the top view and side view of SEM images. From
the top view images, the cellulose membrane surfaces exhibit a
lattice-like pattern that is molded by the stainless mesh. The
islands highlighted by red lines are molded pillar locations. The
3D structures are clearly illustrated from the side view, which
shows regularly arranged square pillars distributed on the
surface of nanocellulose membrane. Four diﬀerent meshes with
various mesh sizes were used for the pillar patterns fabrication.
For the membranes from 1 to 4, the pillars show diﬀerent
widths of 349.5 ± 3.5, 110.0 ± 4.7, 60.1 ± 2.9, and 36.3 ± 3.7
μm, respectively (summarized in Table S1). The pillar heights
of the four diﬀerent membranes are 70.7 ± 3.2, 39.3 ± 4.1,
19.5 ± 3.1, and 19.8 ± 2.9 μm according to the side view of
SEM images.
The optical microscopy images of the four diﬀerent
membranes are shown in the third left column in Figure 1.
The images illustrate bright and dark patterns based on the
light transmission. The thicker the location is, the darker it will
appear in the image because of the light absorbance and light
1222
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Figure 2. Magniﬁed SEM images of the Nano cellulose pillars. (A−D) Pillar on the nanocellulose membranes-1 to -4 respectively. (E, F) Typical
SEM images of nanocellulose ﬁbers (came from membranes-2 and -3). The nanocellulose ﬁber edge was highlighted with green color which was
generated by a Matlab program.

roughness on top of the patterned pillar (shown in Figure S1).
The nanocellulose ﬁbers were shown in magniﬁed SEM images
E and F in Figure 2. The diameter is several nanometers.
Because of the surface −OH groups of cellulose nanoﬁbers,
agglomerated bundles are formed by H-bondings between
neighboring nanoﬁbers. Therefore, the cellulose pillar maintains molded shape after removing the mesh template.
Cellulose pillars constitute the ordered pillar array and
disordered nanoﬁbers contribute to the nanoscaled roughness
on each pillar. Herein, multiple scaled roughness and patterned
structure are fabricated on the cellulose membrane.
3.2. Wettability of Patterned Cellulose Membrane
after Chemical Modiﬁcation. To obtain superhydrophobic
performance, chemical modiﬁcation was conducted on the
patterned membrane surface since modiﬁcation changes the
surface energy. Diﬀerent polymers and chemicals, including
PMMA, PS, PP, PE, PVC, wax, AKD, and isocyanate agent,
were applied. To compare with the patterned surface, the
polymers and chemicals were coated on glass slides to make
smooth coated surfaces. The static water contact angles were
measured on diﬀerent coated smooth surfaces and patterned
membrane-2, respectively, as shown in Figure 3A. It can be

scattering. We obtained four diﬀerent optical microscopy
patterns that are similar to the SEM top view images.
According to Beer−Lambert’s law, the transmittance, which
reﬂects brightness in the image, depends on the light
transmitted path length through the membrane. Assuming
that the light transmittance has a linear relationship with the
light path length, the thickness proﬁle of the membranes can
be calculated based on the brightness data of optical
microscopy images. The simulation results are shown in the
right column in Figure 1. The red color shows high thickness
locations, and the blue color shows the places with low
thickness. The simulation results reveal the 3D proﬁles of
pillar-like patterns on the nanocellulose membranes.
Diﬀerent from the pillar array built on the Si wafer,10,28 the
mesh molded nanocellulose pillars do not have a smooth
surface because nanocellulose ﬁbers are inherently in Nanosize.
As a result, nano- and submicrometer scaled roughness are
presented on the molded pillars surface. Figure 2 shows the
magniﬁed SEM images of the cellulose pillars. We can see that
the pillar surface is not perfectly smooth but plenty of
nanocellulose ﬁbers randomly distributed on it. The magniﬁed
3D surface proﬁle simulation clearly shows the submicrometer
1223
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Figure 3. (A) Plot of static water contact angles on modiﬁed smooth surface and patterned cellulose membrane. (B) Water contact angle
comparisons of patterned membrane with diﬀerent papers. Insets: microscopy images of copy paper, ﬁlter paper, paper towel, and patterned
membrane-2. (C) Water contact angles of four diﬀerent patterned nanocellulose membranes. Insets: photographs of the water droplets sitting on
wax modiﬁed membranes. (D−G) Magniﬁed photograph of the solid−water−air interface of patterned membranes-1 to -4, respectively (scale bar
400 μm).

concluded that, ﬁrst, the patterned roughness can increase the
hydrophobicity. For example, the water contact angle on the
PS-coated smooth surface is 83°, but on the prepared
patterned membrane the water contact angle increases to
130°. Second, the more hydrophobic the applied chemicals are,
the higher the contact angle can be obtained. After
modiﬁcations with AKD, wax, or isocyanate, the resulting
contact angles of patterned membrane-2 are higher than 150°,
indicating the superhydrophobic property.
Compared with copy paper, ﬁlter paper, and paper towel, the
patterned nanocellulose membrane shows an outstanding
hydrophobic performance since the contact angles for the
three kinds of representative papers are only around 120°−
130° even after AKD, wax, or isocyanate modiﬁcations, as
shown in Figure 3B. The microscopy images of the chosen
papers were inserted to Figure 3B. As can be seen, the copy
paper has a relatively smooth surface and plenty of particle
ﬁllers attached the ﬁbers. The images show that ﬁlter paper is
composed of long ﬁbers and paper towel has some broken
ﬁbers. The superhydrophobic behavior of prepared membrane2 is ascribed to the patterned roughness which is shown in the
inserted image in Figure 3B. Without the patterned roughness,
the CNF membranes which have the same drying and chemical

treatment processes cannot reach superhydrophobicity, showing the water contact angle 99°−113° (Figure S2).
The water wettability of four diﬀerent nanocellulose
membranes templated by four diﬀerent sized meshes was
measured. As exhibited in Figure 3C, after modiﬁcations with
three diﬀerent chemicals, including AKD, wax, and isocyanate,
the prepared membranes have a high water contact angle
except for membrane-1. This is because the membrane-1 has a
big pillar size that cannot support the water repellent to
superhydrophobic. Decreasing the pillar size, as the membranes-2 to -4 show, the water contact angles increased to
>150°. The obtained membrane-2 can reach a 150° water
contact angle and has a large surface pattern size (∼110 μm)
that is easy to fabricate; therefore, membrane-2 was chosen as a
representative membrane used in the following studies.
Figure 3D−G shows magniﬁed solid−air−water interfaces
when the water droplets sat on the surfaces of four diﬀerent
prepared membranes. It can be clearly seen that the water
droplet on the top of the asperities and the air packages are
trapped below the droplet, suggesting the Cassie−Baxter state
on the membrane surface.
3.3. FT-IR and TGA Characterizations. With AKD
modiﬁcation, the long alkane chain of AKD can react with
1224
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Figure 4. Chemical reactions between cellulose ﬁber and the modiﬁers (AKD and TDI + C16OH).

the hydroxyl group of nanocellulose ﬁbers through ester
bonding and then graft on the ﬁber surfaces, as shown in
Figure 4 and discussed later. In TDI + C16OH modiﬁcation,
the TDI molecule acts as a bridge that connects with the
C16OH and nanocellulose ﬁbers. However, wax modiﬁcation is
a physical absorption process without chemical reaction.
The chemical structure changes of modiﬁed membranes can
be veriﬁed by FT-IR spectroscopy (Figure 5A). The spectrum
of native cellulose membrane shows the O−H stretching
vibration at 3440 cm−1 and the C−O stretching vibration at
1060 cm−1. Moreover, the spectrum shows a characteristic
peak of β-glycosidic bond absorption at 895 cm−1 and cellulose
characteristic peaks at 2920 and 1634 cm−1.29
Diﬀerent absorption peaks were observed from the FT-IR
spectra of modiﬁed nanocellulose membranes. For the
spectrum of wax modiﬁed membrane, the bands at 2921,
2848, 1469, and 724 cm−1 show the presence of C−H
stretching vibration of CH2 in a long-chain alkyl group. The
AKD modiﬁed membrane showed the same C−H stretching
peaks as wax because of the long-chain alkyl groups in AKD
molecule that gives the AKD good hydrophobicity. In addition,
the characteristic peak at 1722 cm−1 can be ascribed to the
absorption of β-ketone ester, indicating that AKD has reacted
with hydroxyl groups on the surface of cellulose.30,31 In the
modiﬁcation by isocyanate, the formed product should be
carbamates with the hydroxyl groups of hexadecanol and
cellulose. Therefore, in the spectra of TDI + C16OH
membrane, the occurrence of peaks at 1691 cm−1 can be
ascribed to the stretching vibration of CO in carbamates,
but the absorption of the aromatic ring and the groups
attached to the amide nitrogen atoms are not easy to detect in
this case.

Thermogravimetric (TG) curves of chemically modiﬁed
membranes are shown in Figure 5B. As can be seen from the
TG curve of initial nanocellulose membrane, the weight loss
was nearly 100% after the temperature reaches 700 °C. The
derivative thermogravimetric curve indicated that the temperature at the maximum decomposition rate for initial nanocellulose membrane was 350 °C. For chemical modiﬁed
membranes, the temperature value at the maximum decomposition rate was slightly increased, as shown in Figure 5C. In
addition, the loss of a small amount of volatile components can
be seen in the decomposition temperature of 200−300 °C for
chemical modiﬁed membranes.
3.4. Tuning of Asperity Size and Patterned Coating
on Substrate. Metal meshes with diﬀerent mesh sizes were
used as templates to fabricate the patterned membranes-1 to
-4. The templates can be modiﬁed as well by copper
electrodeposition, for the purpose of membrane asperity size
tuning. The diameter of mesh wires was increased after the
electrodeposition, and the hole opening of metal mesh was
decreased. By this way, the asperity size, i.e., the width of
patterned pillar and the gap between neighboring pillars, can
be controlled. The obtained mesh templates after copper
electrodeposition and prepared nanocellulose membranes-5
and -6 by using modiﬁed templates are shown in the
Supporting Information (Figures S3 and S4). The gap between
two molded pillars was increased from 127 μm of membrane-2
to 150 μm of membrane-5 and further to 191 μm of
membrane-6 (summarized in Table S1). In addition, the
corresponding pillar width was decreased from 108 to 89 μm
and further to 49.5 μm, leading to a decrease of solid area
fraction on surface. The solid area fraction refers to the
geometric top area of pillars to the total geometric area of
membrane, which is a key parameter to aﬀect the hydro1225
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Figure 5. (A) Fourier transform infrared (FT-IR) spectra, (B) thermogravimetric curves, and (C) derivative thermogravimetric curves of initial and
chemical modiﬁed membrane-2.

Figure 6. (A) Static contact angles of chemical modiﬁed membranes-1 to -6 with diﬀerent surface solid area fractions. (B) Contact angle hysteresis
of prepared membranes-1 to -6. Insets: optical microscopic images of membranes-5 and -6 (top) and the interface images of water droplets sitting
on the surface (bottom).

phobicity. The measured static contact angles of membrane-1
to -6 versus surface solid area fraction are plotted in Figure 6A.

The surface solid area fraction decreases from 0.33 to 0.04 in
the order of membranes-1, -2, -3, -5, -4, and -6. With the
1226
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Figure 7. (A) Static contact angles of diﬀerent solutions on chemical modiﬁed membrane-2. (B) Dynamic process of diﬀerent liquids rolling oﬀ
isocyanate modiﬁed membrane-2. (C) Plots of water contact angle versus contact time on the modiﬁed membrane-2. Insets: photographs of the
water drops sat on the membrane-2.

with wax, the measured static water contact angle reached over
150°, verifying a superhydrophobicity which is the same as
prepared nanocellulose membranes.
3.5. Wettability for Other Solutions and Stability.
Besides water, several liquids that are common sources of
stains in daily life were applied to investigate the wettability of
the prepared membrane. Figure 7A includes the contact angles
of solutions of coﬀee, tea, Sprite, Coca-Cola, Fanta, and red
wine. It is important to note that the surface tension of these
solutions are varied because some salts and organics are
dissolved in the solutions, such as sugar in Sprite, Coca-Cola,
and Fanta, alcohol in red wine, and caﬀeine in coﬀee and tea.
The surface tension of the solutions may be decreased or
increased compared with that of water. Therefore, the
measured contact angles ﬂuctuate around 140°−150°, as
shown in Figure 7A. In general, most of the chosen solutions
have high contact angles on prepared membrane-2. More
importantly, the solution drops can easily roll oﬀ the prepared
membranes without signiﬁcant adhesion. Figure 7B and Figure
S6 show dynamic rolling-oﬀ processes of diﬀerent solutions
from isocyanate reagent modiﬁed membrane-2, suggesting that
prepared membrane cannot be contaminated by these soft
drinks so it should be used as soft drink containers.
The contact time eﬀect was also investigated on the
chemical modiﬁed membrane-2. As we can see from Figure
7C, the water contact angles for AKD and isocyanate modiﬁed
membrane-2 maintain stable as the water contact time
increases from 0 to 20 min. The wax modiﬁed membrane
shows a little decrease, but the contact angles are still around

decrease of solid area fraction, the static water contact angle
increases. The membranes with wax modiﬁcation have slightly
higher contact angles than that of membranes with the
modiﬁcation of TDI + C16OH and AKD at the same
characteristic sizes of pillars. But the contact angles with
three diﬀerent chemical modiﬁcations are all >150°, which
means superhydrophobicity when the solid area fraction is
lower than 0.25. The contact angle hysteresis (CAH), deﬁned
as the diﬀerence between the advancing and receding contact
angle in a dynamic process, is an important parameter to
characterize superhydrophobic surfaces. Low CAH indicates
the low friction for water droplet rolls oﬀ the surface. The
CAH in this study is summarized in Figure 6B, showing that
the CAH drops with the decrease of solid area fraction.
Although the membrane-2 has a high static contact angle over
150°, the CHA value is still high (>10°). When the solid area
fraction is lower than 0.21 (membranes-3, -4, -5, and -6), the
CHA value drops to lower than 10°, which means a very low
moving fraction for water droplets and possibly forms a selfclean surface. The optical microscopic images of membranes-5
and -6 and the interface images of water droplets sat on the
surface are inserted in Figure 6B.
The patterned surface can also be coated on substrates to
form a composite membrane. By simply putting nanocellulose
slurry on the surface of substrates and then templated pressing,
the pattern layer can be formed on the substrate surface. In this
study, a patterned composite membrane was fabricated by
combining a microﬁber copy paper layer and a patterned
nanocellulose layer (as shown in Figure S5). After modiﬁcation
1227
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150° after 20 min contact time. The physical coating of wax
modiﬁcation but not chemical bonding can explain the slight
decrease of water contact angle. Diﬀerent from wax, the AKD
and isocyanate reagent can chemically bond with the surface
−OH group of cellulose to form a chemically stable structure
that can maintain high water contact angles during long
contact time. The knife scratching test was also performed
according to the literature methods.19,32,33 After scratching by
a knife, the membrane surface was cut and broken (see Figure
S7), but the patterned pillars were not completely removed.
The measured water contact angle was slightly decreased to
145°−149°, and the water droplets can smoothly droll oﬀ the
tilted surface in the testing (Figure S7).
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