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ABSTRACT: We created both a superhydrophilic polymer
surface and a superhydrophobic surface by using the
poly(acrylic acid) (PAA)/poly(allylamine hydrochloride)
(PAH) multilayers with the synchronously generated
hierarchical porous surface structures. The formation of
surface and pore structures induced at acidic pH values is
subject to the composition, distribution, and molecular weights
of polyelectrolytes in the layer-by-layer (LbL) assembled film,
leading to a variety of unique surface topographies and porous
structures located on different scales. During the porous
induction at pH 2.0, both nano- and microscaled features
synchronously developed on the surface as a result of the
unique combination of high-molecular-weight PAH (900K g/mol) and low molecular weight PAA (15K g/mol), along with a
much reduced deposition time of 1 min. Although thermally cross-linked, the porous surface with hierarchical structure could
achieve superhydrophilicity due to the remaining free amine and carboxylate groups on the porous structures. A complete switch
from the superhydrophilic to the superhydrophobic surface was achieved via a simple chemical vapor deposition of
trichloro(1H,1H,2H,2H-perfluoro-octyl)silane. In this work, the effects of molecular weight of polyelectrolytes (15K−900K g/
mol), deposition time (10−900 s) during the LbL assembly, and pH (1.8 to 2.4) for the porous induction on the surface
topography, pore structures, and wetting behavior were investigated in detail. A variety of unique porous surface structures on
different length scales were systematically studied by controlling the above parameters.

■ INTRODUCTION

Surfaces with superwettability (i.e., superhydrophobic and
superhydrophilic) play a key role in addressing problems
related to fouling,1 corrosion,2 fogging,3 water collection,4 oil/
water separation,5 and so on. Many techniques including
etching,6 sol−gel,7 electrochemical deposition,8 phase separa-
tion,9 and electrospinning10 have been applied to obtain the
material surfaces with superwettability. The involvement of
hazardous chemicals, complicated processing procedures, high
manufacturing cost, and poor controllability are the major
concerns for these techniques. In recent years, layer-by-layer
(LbL) assembly has been considered as a method to fabricate
superwettable coatings as the process is aqueous based, highly
tunable, and with no limit on the choice of substrate materials.
The surface functionality and physical topography affect the
conformation and connectivity of the adsorbed species and
particles, where molecular interactions at the surfaces or
interfaces are the main controlling factor.11

To achieve superwettability, surface chemistry and top-
ography are the two key factors. Because of the nature of the
polyelectrolytes, films created by LbL assembly are relatively
hydrophilic. Fluoroalkylsilane molecules can be grafted onto
these hydrophilic surfaces by chemical vapor deposition
(CVD), thus making them hydrophobic. However, a contact

angle (CA) of 0° cannot be achieved on any flat surface of
polyelectrolyte multilayers (PEMs) without the increase in
roughness. Meanwhile, the maximum CA on a flat surface of
the fluoroalkylsilane modified PEMs can only be ∼120°.
Without proper surface topography, it is hard to achieve
superwettability. LbL assembly of polyelectrolytes is good at
controlling surface roughness within nanoscale. However,
special LbL conditions are required to enhance surface
roughness. Previously, a superhydrophobic surface was
obtained via fluorinating certain exponentially growing
PEMs.12 The LbL assembly was carried out under a condition
when the polyelectrolytes were weakly charged, leading to
possible concerns about film stability and long processing time.
To achieve stable superwettability, the LbL technique has been
combined with the deposition of nanoparticles. For the
fabrication of superhydrophilic surfaces, mesoporous silica
nanoparticles,13 titanium dioxide nanoparticles,14 and zinc
oxide nanoparticles15 have been applied during LbL assembly
to form the polymer/nanoparticle multilayers. A stable
superhydrophobic surface was achieved by electrodepositing
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gold clusters on PEM, followed by a further modification with
n-dodecanethiol.16 Porous poly(acrylic acid) (PAA)/poly-
(allylamine hydrochloride) (PAH) multilayer films were coated
with silica nanoparticles, and the modification with semi-
fluorinated silane enabled a switch from superhydrophilicity to
superhydrophobicity.17 A similar approach was applied to
porous branched poly(ethylene imine) (BPEI)/PAA multi-
layers and created slippery surfaces with low sliding angles and
low contact hysteresis by the further addition of lubricant.18 In
general, the deposition of nanoparticles could change the
surface chemistry, enhance the surface roughness, and in turn
facilitate the generation of superwettable surface. However, the
combination of LbL assembly with other techniques or
materials increased the complexity of fabrication and the
processing time. Therefore, in this work, only porous PAA/
PAH multilayers were employed to simultaneously generate
both nano- and microscaled features on the porous surface that
can show superwettability.
The PAH/PAA multilayers were fabricated by the alternate

deposition of PAH at pH 8.5 and PAA at pH 3.5. The porous
induction was carried out under an acidic pH, followed by
rinsing with DI water, drying, and cross-linking.17,19−24 To
form the porous structure, the PAH/PAA multilayers undergo a
rearrangement of the polymer chains at low pH,19,21,22 induced
by the protonation of carboxylate groups on PAA chains and
charge repulsion among the free positive amine groups on PAH
chains. For the porous PAA/PAH multilayers that have been
generated so far, the pore size locates on either nano- or
microscale. No synchronous hierarchical surface structure has
been discovered. Therefore, this work aims to obtain
synchronous generation of hierarchical structures with both
nano- and microscaled features existing on the surface of
porous PAA/PAH multilayers, which, in turn, could lead to
superwettability. It is expected that the hierarchical surface
structures exist at the transition state between nano- and
microscaled surface topography. To gain a precise control on
the porous structures and obtain hierarchical surfaces, the
parameters including the deposition time during LbL assembly,

molecular weight of polyelectrolytes, and pH for porous
induction were investigated in detail. In this work, we
optimized the above parameters and generated synchronous
hierarchical structures with both nano- and microscaled features
existing at the same time. Superwettability was therefore
achieved only with the porous PAH/PAA multilayers. The
elimination of the involvement of other techniques, such as the
deposition of nanoparticles on the microscaled porous surface,
simplifies the fabrication process significantly.

■ EXPERIMENTAL SECTION
Materials. Poly(acrylic acid, sodium salt) solution with Mw of 15

000 g/mol (PAAL, 35% aqueous solution) and two poly(allylamine
hydrochloride) (PAHL, Mw = 15 000 g/mol and PAHH, Mw = 900 000
g/mol) were all purchased from Sigma-Aldrich. 18.2 MΩ Millipore
deionized (DI) water was used to prepare all aqueous solutions. Glass
slides were purchased from Globe Scientific and used as the substrates
for the deposition of PEMs. Before the LbL assembly process,
substrates were cleaned by sonication for 20 min each in ethanol and
DI water, followed by an oxygen plasma treatment by a Harrick plasma
cleaner (Harrick Scientific Corporation, Broading Ossining, NY) for
20 min to clean the surface and make the surface negatively charged.
All polyelectrolyte solutions were prepared at the concentration of 10
mM with respect to the repeat unit. 0.1 M HCl or NaOH solutions
were used to adjust the pH of solutions to desired values.

Fabrication of Porous PAH/PAA Multilayers. A programmable
Carl-Zeiss slide-stainer was used for the assembling of LbL films. After
the oxygen plasma treatment, the glass substrates were immediately
introduced to PAH solution (without adjusting the pH) for 20 min to
form the precursor layer, followed by three washing steps with DI
water. Then, the substrates were immersed in the aqueous solutions of
PAA (pH 3.5) and PAH (pH 8.5) alternatively for the desired
deposition time, with three washing steps in between. For the three
washing steps, the pH of DI water was adjusted to the pH of the
polyelectrolyte solution. The deposition process of PAA (pH 3.5) and
PAH (pH 8.5) was repeated for 20 times. In total, we deposited 20.5
bilayers on the substrate, including the precursor layers. In this work,
the deposition time was set to 10 s, 1 min, 5 min, 10 min, and 15 min,
respectively. For porous induction, the assembled PEM films were
immersed in the water solution at a required pH for 5 min, followed by
washing with DI water for 5 min. Then, the films were dried with

Figure 1. (a−e) Top-view SEM images of the porous (PAHL/PAAL)20.5 with deposition time of 10 s, 1 min, 5 min, 10 min, and 15 min, respectively.
(f−j) Top-view SEM images of the porous (PAHH/PAAL)20.5 with deposition time of 10 s, 1 min, 5 min, 10 min, and 15 min, respectively. (The
porous induction was done at pH of 2.0.) (k−o) Top-view SEM images of the porous (PAHH/PAAH)20.5 with deposition time of 10 s, 1 min, 5 min,
10 min, and 15 min, respectively.
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nitrogen and heated at 180 °C for 2 h to cross-link the porous
structure. The pH for the post treatment varied from 1.8 to 2.4.
Chemical Vapor Deposition of Fluoroalkylsilane Molecules.

After the porous structures were cross-linked, trichloro(1H,1H,2H,2H-
perfluoro-octyl)silane molecules were further deposited onto surface
through a CVD process at 130 °C for 2 h, followed by heating at 180
°C for 2 h to remove free fluoroalkylsilane molecules.
Characterization. The surface chemistry of the porous films was

determined by X-ray photoelectron spectroscopy (XPS) using a PHI
5400 ESCA spectrometer (Physical Electronics, Eden Prairie, MN). All
measurements took place at operating pressures of less than 5 × 10−8

Torr. The samples were irradiated with a nonmonochromatic Mg X-
ray source (1253.6 eV) operating at 300 W with a takeoff angle of 45◦.
A JEOL 6610LV scanning electron microscopy (SEM) was used to
observe the surface morphology of the porous thin films. All specimens
were coated with gold before examination under the SEM. The surface
roughness was measured in the dry state using a Dektak surface
profiler. The scanning length is 500 μm. The scan duration is 50 s. The
contact angle was measured by a VCA-2000 Video Contact Angle
System (AST Products) with a 4 μL water droplet dispensed onto the
substrate at five different positions. The sliding angle was measured
using a tilted plate. A 4 μL water droplet was placed on the sample that
was inclined slowly until the water droplet started to move. The sliding
angle was then measured by a protractor.

■ RESULTS AND DISCUSSION

Surface Topography and Wetting Behavior of Porous
PAH/PAA Multilayers. The SEM images of the porous PEMs
are presented in Figure 1 for (PAHL/PAAL)20.5, (PAHH/
PAAL)20.5, and (PAHH/PAAH)20.5 with different deposition
time, respectively. The porous induction was carried out at pH
of 2.0. The RMS roughness and CA results are summarized in
Figure 2. The CA before the CVD process was lower than 60°,
which means the surface remained hydrophilic even after the
thermal cross-linking. During the thermal cross-linking, the
COO− groups from PAA reacted with NH3

+ from PAH,
forming the amide bonds (−NHCO−) to preserves the porous
structure from being altered by further immersion in aqueous
solution.22,25 The formation of the amide bonds should
increase the hydrophobicity of the PEMs; however, some free
carboxylate groups and ammonium groups remained in the
films,25,26 which maintained the hydrophilicity for the porous
PEMs. The porous surface was turned from hydrophilic to
hydrophobic by altering the surface chemistry through a CVD

process of trichloro(1H,1H,2H,2H-perfluoro-octyl)silane appli-
cation. XPS spectra of the porous multilayers are shown in
Figure S1. One of the porous (PAHH/PAAL)20.5 films was
randomly picked as an example. No detectable fluorine peaks
was found before the CVD process (Figure S1(a)), whereas a
strong fluorine peak at 688 eV showed up after the CVD
process (in Figure S1(b)), indicating that the fluoroalkylsilane
molecules were successfully grafted onto the porous surface by
reacting with the free amine groups on PAH chains, while after
the CVD process, the CA increased to over 120°, which further
confirms the successful grafting of fluoroalkylsilane mole-
cules.27,28

1. Porous (PAHL/PAAL)20.5. As shown in Figure 1a−e, the
surfaces of the (PAHL/PAAL)20.5 films consisted of small pores,
the size of which increased with the increase in deposition time.
The surface RMS roughness also increased with the deposition
time, as shown in Figure 2a. Figure 2b includes the CA values
before and after the CVD process. When the deposition time
was longer than 1 min, the CA before the CVD process
decreased with the increase in RMS roughness, while the CA
after the CVD process increased with the increase in RMS
roughness. It is interesting that the porous (PAHL/PAAL)20.5
with deposition time of 10 s provided the lowest RMS
roughness but the lowest CA before the CVD process and the
highest CA after the CVD process. This is probably due to the
coexistence of nano- and microscaled features on the surface
(Figure 1a).

2. Porous (PAHH/PAAL)20.5. The surface of porous (PAHH/
PAAL)20.5 with deposition time of 10 s contained both
nanosized pores and macrosized bulge structures, as shown in
Figure 1f. However, the surface RMS roughness is relatively
low. When deposition time increased to 1 min, the surface
exhibited a hierarchical structure with both nanoscaled texture
and microsized pores with sharp ridges (Figure 1g). The RMS
roughness increased to ∼224 nm. The CA before the CVD
process was close to 0°, indicating a superhydrophilic surface.
The mechanism behind is that the water could penetrate
through the porous structure due to the rough hierarchical
surface topography and the remaining hydrophilic functional
groups in the porous structures. In addition, the hierarchical
surface topography of porous (PAHH/PAAL)20.5 induced a
successful transition from superhydrophilicity (CA ≈ 0°) to

Figure 2. Values of (a) roughness and (b) contact angle for (PAHL/PAAL)20.5, (PAHH/PAAL)20.5, and (PAHH/PAAH)20.5 with different deposition
time, respectively. (The porous induction was done at pH of 2.0.)
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superhydrophobicity (CA = 155.6 ± 2.2°) after a simple CVD
process of fluoroalkylsilane molecules, as shown in Figure 2b.
The sliding angle was also measured. It was found that the
sliding angle for porous (PAHH/PAAL)20.5 with deposition time
of 1 min is ∼3° (<10°), indicating that the surface was located
in the Cassie’s state and owned a good self-cleaning property.
When the deposition time reached 5 min, the surface pore size
increased to >10 μm. The surface started losing the nanoscaled
features but contained the microsized pores with sharp ridges.
The surface still exhibited superhydrophilicity and super-
hydrophobicity before and after the CVD process, respectively
(Figure 2b). However, the sliding angle increased to ∼10° due
to the disappearance of nanoscaled features. With the further
increase in deposition time to 10 and 15 min, the hydrophilicity
and hydrophobicity of the porous surface both decreased. The
sliding angle also increased to >20°, indicating a possible
transition between Cassie’s state and Wenzel’s state. On the
basis of the literature,29−32 we believe that the size and the
depth of the pores can strongly affect the transition. This also
explains why it is hard to build a direct connection between the
CA and surface RMS roughness.
3. Porous (PAHH/PAAH)20.5.When the deposition time was as

short as 10s, the surface of porous only (PAHH/PAAH)20.5
consisted of nanosized pores, leading to a low RMS roughness.
When the deposition time increased to 1 min, the surface
became rougher and started showing microscaled pores, leading
to a decrease in CA before the CVD process and an increase in
CA after the CVD process (shown in Figure 2b). With a further
increase in deposition time to 5 min (Figure 1m), both nano-
and microsized pores existed on the surface, leading to a
decrease in CA before the CVD process to 4.1° and an increase
in CA after the CVD process to 149.3°. For porous (PAHH/
PAAH)20.5 with deposition time of 10 or 15 min, the surface
exhibited superwettability, as shown in Figure 2b due to the
increase in surface roughness and the detailed topography.
However, for porous (PAHH/PAAH)20.5, long deposition time
was required to generate hierarchical structures and achieve
superwettability.
Effect of Molecular Weight of PAH on the Surface

Topography and Wetting Behavior. As shown in Figure 1,
the surface topography of porous (PAHH/PAAL)20.5 greatly
varies from porous (PAHL/PAAL)20.5. In general, the surface
pore size of (PAHH/PAAL)20.5 was larger than that of (PAHL/
PAAL)20.5, and the pore size distribution was wider. According

to our previous studies,26 high-molecular-weight PAH could
provide stronger intramolecular charge repulsion during the
porous induction, leading to more drastic chain rearrangement.
Therefore, the application of the high-molecular-weight PAH
could increase the surface pore size as well as the surface
roughness. This is consistent with the values of surface RMS
roughness shown in Figure 2a that the surface of (PAHH/
PAAL)20.5 was rougher than that of (PAHL/PAAL)20.5. This
further led to a lower CA before the CVD process and a higher
CA after the CVD process (Figure 2b).

Effect of Molecular Weight of PAA on the Surface
Topography and Wetting Behavior. As shown in Figure 1,
the surface topography of porous (PAHH/PAAH)20.5 further
differs from (PAHL/PAAL)20.5 and (PAHH/PAAL)20.5. Com-
pared with (PAHH/PAAL)20.5, high-molecular-weight PAA
limited the surface pore size. This is consistent with our
previous studies26 that high-molecular-weight PAH was weakly
charged during the porous induction and therefore could hinge
the rearrangement of polymer chain due to the decrease in
swellability. This also explains that surface RMS roughness of
(PAHH/PAAH)20.5 was lower than that of (PAHH/PAAL)20.5.
However, because of the existence of high-molecular-weight
PAH, the surface contained pores with very different sizes when
the deposition time increased to >1 min, leading to different
surface wettability.

Effect of Deposition Time on the Surface Topography
and Wetting Behavior. For all three porous films, it is
obvious that the deposition time affects the surface topography
significantly. During the LbL assembly, the film thickness,
composition, and polyelectrolyte distribution were all changed
by different deposition time. These changes further affect the
polymer chain rearrangement during the porous induction,
leading to different porous structure, surface topography, and
wettability. In the case of (PAHH/PAAL)20.5 films, the amount
of high-molecular-weight PAH deposited in the film increased
with the increase in deposition time. Therefore, the surface
roughness increased due to the increased charge−charge
repulsion among PAH chains. A hierarchical structure was
generated when the deposition time was 1 min. With the
further increase in deposition time, the surface lost the
nanoscaled features. When the deposition time decreased to
10 s, the surface was not rough enough to achieve
superwettability. With the application of high-molecular-weight
PAA instead of the low-molecular-weight PAA, the surface

Figure 3. SEM images of the porous (PAHL/PAAL)20.5 surfaces ((a−d) deposition time of 10 s; (e−h) deposition time of 1 min) with porous
induction at pH of 1.8, 2.0, 2.2, and 2.4, respectively.
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became hierarchical when the deposition time increased to >5
min. The “delay” of the transition between nano- and
microscaled surface topography is due to the suppression of
the porous structure formation by high-molecular-weight PAA.
In all, the molecular weight of polyelectrolytes and the
deposition time influence the porous surface topography in a
synergistic manner.
Effect of pH for Porous Induction on the Surface

Topography and Wetting Behavior. Several previous
studies have shown the effect the pH for porous induction
on the pore size.19,22,23,33 The difference in pH affects the
concentration of H+, leading to different rate and distribution of
the breakage of the ionic cross-links between PAA and PAH,
which provides different chain rearrangement behavior and, in
turn, leads to different porous structures. Thus, the pH for
porous induction is critical for controlling the structure
topography. According to the data in Figure 2b, we were able
to achieve superwettability when the deposition time was as
short as 1 min. Thus, considering the fabrication efficiency, we
only investigated the pH effect on the surface wettability with
deposition time of 10 s and 1 min. The porous induction was
carried out at pH 1.8, 2.0, 2.2, and 2.4, respectively. The surface
SEM images of the porous (PAHL/PAAL)20.5, (PAHH/
PAAL)20.5, and (PAHH/PAAH)20.5 are presented in Figures
3−5, respectively. In general, the surface pore size increased

with the pH of porous induction, which is consistent with the
previous studies.19,22,23 Some exceptions were found when the
porous induction was carried out at pH 1.8, especially for the
PEMs fabricated with short deposition. For example, no porous
structure was observed from Figure 3a. Also, for porous
(PAHL/PAAL)20.5 with deposition time of 1 min, the pore size
of porous induction at pH 1.8 (Figure 3e) was larger than that
of porous induction at pH 2.0 (Figure 3f). A similar result was
also found for porous (PAHH/PAAL)20.5 that pore size in Figure
4a was larger than that of Figure 4b as well as Figure 4e. These
are due to the drastic breakage of ionic cross-links when the
PEMs were exposed to a low pH, leading to a significant
dissociation of polyelectrolytes from the surface.33 In addition,
the dissociation of polyelectrolytes was more obvious for short
deposition time because smaller amounts of materials were
deposited. It was also found from Figure 5 that the film stability
increased with the deposition of high-molecular-weight PAA.
The increase in molecular weight leads to the increase in radius
of gyration (Rg), which limited the dissociation of PAA and in
turn improved the stability of the multilayers when immersed at
pH 1.8.
Table 1 lists the CA values before and after the CVD process

according to the porous surfaces shown in Figures 3−5. As
shown in Figure 3c−h, the surface of porous (PAHL/PAAL)20.5
only contained pores with diameter over 100 nm. Therefore,

Figure 4. SEM images of the porous (PAHH/PAAL)20.5 surfaces ((a−d) deposition time of 10 s; (e−h) deposition time of 1 min) with porous
induction at pH of 1.8, 2.0, 2.2, and 2.4, respectively.

Figure 5. SEM images of the porous (PAHH/PAAH)20.5 surfaces ((a−d) deposition time of 10 s; (e−h) deposition time of 1 min) with porous
induction at pH of 1.8, 2.0, 2.2, and 2.4, respectively.
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the CA before and after the CVD process was mainly around
56 and 125°, respectively. The only exception is the porous
surface with deposition time of 10 s and pH of 2.0 for porous
induction due to the existence of both nano- and microscaled
features on the surface, as introduced before. Similar results
were found for porous (PAHH/PAAH)20.5. The surfaces only
consisted of holes with different sizes when the deposition time
was 10 s (Figure 5a−d). Even when the deposition time
increased to 1 min (Figure 5e−h), the surface was not able to
achieve superwettability. For porous (PAHH/PAAL)20.5, it is
obvious from Figure 4 that lower pH for porous induction
facilitated the formation of nanoscaled features on the surface.
When porous induction was carried out at pH 1.8, the surface
mainly contained nanoscaled porous features, as shown in
Figure 4a,e. However, only nanoscaled roughness is not enough
for achieving superwettability. When the pH increased to 2.0,
both nano- and microscaled features existed on the surface
(Figure 4b,f), leading to a decrease in the CA before the CVD
process and an increase in the CA after the CVD process. If the
pH for porous induction was further increased to 2.2 (Figure
4c,g), the nanoscaled features started vanishing, resulting in an
increase in CA before the CVD process and a decrease in CA
after the CVD process. It is interesting that the surface pore size
exhibited a bimodal distribution for the porous (PAHH/
PAAL)20.5 films induced at pH 2.4. In summary, the pH for
porous induction is critical to the surface topography of porous
PEMs. A low pH for porous induction would facilitate the
formation of nanoscaled features as well as jeopardize the film
stability, whereas a relatively high pH for porous induction
would help form microscaled features. An intermediate pH was
required to obtain a possible hierarchical structure.

■ CONCLUSIONS
In this work, we found that the deposition time, molecular
weight of polyelectrolytes, and pH for porous induction affect
the surface topography of porous PEMs in a synergistic
manner. For (PAHL/PAAL)20.5, no superwettable surfaces could
be generated regardless of the deposition time and the pH for
porous induction. For porous (PAHH/PAAL)20.5, a synchronous
hierarchical surface with both nano- and microscaled features
was achieved with deposition time of 1 min and porous
treatment at pH 2.0. With the further increase in deposition
time or pH for porous induction, the surface lost the
nanoscaled features, whereas the surface lost the microscaled
features if the deposition time or pH decreased. For porous
(PAHH/PAAH)20.5, the existence of high-molecular-weight PAA
hinged the porous structure formation, leading to a decrease in
roughness and a “delay” of the formation of microscaled
features on the porous surface. Therefore, the surface became
superwettable when the deposition time increased to over 5
min. When the deposition time was <5 min, no hierarchical
surface structure could be formed regardless of the pH for the
porous induction. In general, short deposition time as well as
low pH for porous induction could facilitate the formation of
nanoscaled features on the porous surface. High-molecular-
weight PAH could help generate rough surfaces; whereas high-
molecular-weight PAA could limit the surface roughness. With
the optimization of above parameters, we successfully fabricated
a surface with hierarchical structure by depositing porous
(PAHH/PAAL)20.5 with deposition time of 1 min and porous
treatment at pH 2.0 and achieved superwettability. The
decrease in deposition time from conventional 15 or 20 min
to only 1 min significantly improves the efficiency of fabricating
porous multilayer films.
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