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ABSTRACT: Honeycomb-structured porous films have been widely applied in various industrial areas such as chemical sensors, tissue
engineering, and micro reactors. In this article, one novel self-assembly approach is proposed to fabricate well-ordered polyphenylene
oxide honeycomb films by a facile control of spraying ultrasonic humidifier atomized water droplets. Proper spraying retention time
is necessary for porous films formation with highly uniform pore size. The effect of atomized water droplets flux on the pore size
and the regularity of the hexagonal arrays were experimentally investigated. The pore size became larger with increasing the solution
concentration. Especially, honeycomb films with two-level pores were fabricated by spraying atomized water droplets two times and
the influence of interval time on the two-level honeycomb films formation was investigated. Apart from analysis of structural

characteristics, self-assembly mechanism was also discussed. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41163.
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INTRODUCTION

Honeycomb-structured porous films have received a consider-
able interest in recent years because of their potential applica-
tions in optoelectronic devices,"” tissue engineering,’ filtration
membranes,”™® super-hydrophobic surface,”® catalysis,” and so
forth. In order to fabricate well-defined porous films, a variety
of methods, such as lithography'®'" and templating,'” have
been developed. However, these methods are still plagued with
many disadvantages of cumbersome processes, time-consuming,
and high-cost. In contrast, the breath figure method (BFM), a
self-assembly technique proposed by Francois and coworkers,"
arouse much attention for its high efficiency and low expense
to form honeycomb films. In this technique, moist gas flow is
blown over a polymer solution, and subsequently micrometer-
sized water droplets are condensed onto the solution surface
because of the cooling at the air/liquid interface caused by the
rapid evaporation of solvent. These condensed water droplets
isolatedly float on the solution surface, gradually aggregate and
grow together with increasing density under principles of Mar-
angoni convection,'® resulting in hexagonal arrays driven by
repulsive and attractive forces."”> After complete evaporation of
the solvent and water, the porous thin films with regular honey-
comb patterns are formed.

Simplicity and versatility enable this honeycomb-structured
porous films formation method to become more attractive, and
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mono- or multi-layered polymeric thin films with various pore
sizes were formed by tuning process variables including humid-
ity, concentration, polymer type, molecular weight, and sub-
strate type.'®’ Generally, a moist gas flow or a closed humid
environment is necessary, and ambient humidity control is an
important factor for formation of porous films with regular
pores. The moist airflow was produced by bubbling carrier gas
flow through distilled water,”**> and the humid environment in
a closed chamber was controlled by saturated aqueous solu-
tion.**® However, the moist airflow must be blown over the
solution surface until stable films are formed, and the humid
environment in a closed chamber is not prone to dynamically
change due to high speed of porous thin film formation. There
is little information available in literature about the influence of
dynamical change of humidity on the honeycomb films forma-
tion. Moreover, the investigations on formation of the porous
thin films with regular micro-patterns in literatures are just
focused on one-level. The honeycomb films with regular multi-
level pores have not been fabricated to our knowledge.

In this article, a novel method to prepare honeycomb-
structured films is proposed by spraying atomized water drop-
lets over the polymer solution surface, in which polyphenylene
oxide (PPO) and carbon bisulfide (CS,) are used as polymer
materials and solvent, respectively. Apart from effect of spraying
retention time on formation of well-ordered porous films, the
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Figure 1. Schematic of honeycomb films formation by control of spraying atomized water droplets. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

effects of other important affecting factors, such as the atomized
water droplets flux, ambient humidity, and solution concentra-
tion, are also investigated. Especially, the porous thin film with
two-level pores is firstly formed by control of spraying water
droplets. And its formation mechanism is investigated.

EXPERIMENTAL

Materials

PPO (M, =40,000) and CS, were purchased from Aldrich
(America) and Tianjin Chemical Corporation (China), respec-
tively, and were used as received. Water used to produce the
atomized water droplets was purified by a Millipore system
(Milli-Q, Millipore, America). Atomized water droplets, the size
of which is determined by the oscillation frequency,” with
diameter mainly between 1 and 2 um, were generated by an
ultrasonic humidifier (Deerma Humidifier, China) with an
oscillation frequency about 1.7 MHz.

Porous Thin Film Formation

PPO solutions were prepared by dissolving PPO in CS, The
PPO solutions in CS, (about 0.5 mL) were directly casted onto
the glass substrate (20 X 20 mm?) at a dry environment (relative
humidity < 20%). The atomized water droplets, carried by air,
were collected and blown out through a nozzle (20 mm in inner
diameter) at a certain flux. The spraying atomized water droplets
flux was controlled by the power control button on the humidi-
fier. The height between the nozzle and the substrate was set
5 c¢m, as shown in Figure 1. The nozzle was moved over the sub-
strate center immediately after casting solutions, kept blowing for
a certain time, and finally moved away. In order to form honey-
comb films with two-level pores, the nozzle was moved back and
kept over the substrate center for a certain time again after it was
moved away for an interval time At. After complete evaporation
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of water and solvent (the total time was about 3 min), a flat
porous film was obtained.

Morphology Characterization

Surface morphologies of honeycomb films were characterized using
a scanning electron microscope (SEM, Camscan CS-3400, Eng-
land), operating at a 20 kV accelerating voltage. The samples were
sputtered with gold, the thickness of which was about 20 nm. On
basis of SEM images, the pore size and distribution were analyzed
by Image-pro Plus software (Media Cybernetics, America).

RESULTS AND DISCUSSION

Influence of Spraying Time

Experiments were firstly conducted to investigate the optimum
spraying retention time for well-ordered honeycomb films at a
spraying flux of 20 mL/s. Figure 2 shows SEM images of films
formed from PPO/CS, solutions with a concentration 2 g/L at
spraying retention time 5 s, 10 s, 15 s, 20 s, 25 s, and 30 s,
respectively. It can be seen that the average pore size increases
with the increase of spraying retention time, while porous films
with uniform pores in a hexagonal array are only formed in a
proper retention time. At the retention time below 15 s, the
pores of formed films were randomly distributed and their sizes
had no significant regularity [Figure 2(A,B)]. Well-ordered hon-
eycomb films with average pore diameter 3.41 um and 3.87 um
were fabricated at the spraying time 15 s and 20 s, respectively
[Figure 2(C,D)]. However, when the spraying time was
increased above 20 s, the regularity of the pore arrangement
gradually decreased, and well-ordered porous films with regular
patterns became impossible [Figure 2(E,F)].

Using water as a template, honeycomb films were fabricated by
directly spraying micro-sized water droplets, different from the
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Figure 2. SEM images of PPO honeycomb films formed at different spraying time. (A) 5s, (B) 10 s, (C) 155, (D) 20 s, (E) 25 s, and (F) 30 s. Other

conditions: spraying flux 20 mL/s, concentration 2 g/L.

traditional BFM in which all water droplets are nucleated and con-
densed from water vapor. Water droplets on the solution surface
may be formed from the directly spraying or condensed from the
atomized water droplets flow. A low supply results in insufficient
water to condensation and growth, and excessive water gives rise to
too much coalescence.”® Here, fewer water droplets formed on the
solution surface at the short spraying time and only sparsely aggre-
gated and grew, resulting in the subsequently formed porous films
with randomly distributed pores. Too long spraying time yielded
too many water droplets, and resulted in disorder coalescence of
water droplets, which caused a decrease in regularity of the pores.
Thus, proper spraying retention time is very important for well-
ordered honeycomb films formation.

Influence of Spraying Flux
Spraying flux is another important factor in this method. In
order to investigate the influence of spraying flux, honeycomb

Figure 3. SEM images of PPO honeycomb films formed at different spray-
ing flux: (A) 15 mL/s, (B) 20 mL/s, (C) 25 mL/s, and (D) 30 mL/s. Other
conditions: spraying retention time 20 s, concentration 2 g/L.
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films were fabricated by change of spraying flux from 10 mL/s
to 50 mL/s, with a solution concentration 2 g/L at a spraying
retention time 20 s. It was found that the solution could not
form regular patterns both at the low spraying flux (<15 mL/s)
and the high spraying flux (>30 mL/s). While well-ordered
honeycomb films were fabricated at the mediate flux (15 mL/s,
20 mL/s, 25 mL/s, and 30 mL/s), as shown in Figure 3. We can
see that the average pore diameter increases approximately from
3.15 to 5.85 um with increasing the spraying flux from 15 to
30 mL/s (Figure 4). The pore pitch increases as well, while the
regularity of the pore slightly decreases.

As a water-assisted method, the array of water droplets was a
template for the porous structure of the honeycomb films.*>*
The size of the water microsphere and the regularity of the water
droplets array directly determine the final porous films. The
spraying flux affected water droplets formation on the solution
surface, and thus influenced the pores formation of porous films.
The quantity of formed water droplets on the solution surface at
a low spraying flux was not enough for forming a regular pat-
tern. With the increase of spraying flux, more water droplets

—&— pore diameter
7t —&— pore pitch

Pore size (fem)
h

2 1 A 1 1
10 15 20 25 30 35

Spraying flux (mL/s)

Figure 4. Plots of pore size versus spraying flux.
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Figure 5. SEM images of PPO honeycomb films formed from various
solution concentrations. (A) 2 g/L, (B) 4 g/L, (C) 6 g/L, and (D) 8 g/L.
Other conditions: spraying retention time 20 s, spraying flux 20 mL/s.

formed and ensured arrays formation and pores growth. On the
other hand, more water droplets increased the probability of coa-
lescence and decreased the regularity of the pore arrangement.

Influence of Concentration

The concentration influence on the porous films formation was
investigated by changing the PPO solution concentration at a
spraying flux of 20 mL/s, at a spraying retention time 20 s. As
shown in Figure 5, well-ordered honeycomb films were fabri-
cated at different concentrations from 2 to 8 g/L. We can see
the pore size of the formed films decreases from 3.87 to
2.11 um with increasing the concentration, indicating the solu-
tion concentration greatly impacts the film formation. The con-
centration influence on the ordered patterns could be explained
as follows. The floated water droplets on the solution surface
were stabilized by a thin film formed by the congregated poly-

Figure 6. SEM images of PPO honeycomb films formed in a humid envi-
ronment (relative humidity about 60%) from various concentrations with-
out spraying. (A) 2 g/L, (B) 4 g/L, (C) 6 g/L, and (D) 8 g/L.
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Figure 7. SEM images of PPO honeycomb films formed in a humid envi-
ronment (relative humidity about 60%) from various concentrations with
spraying. (A) 2 g/L, (B) 4 g/L, (C) 6 g/L, and (D) 8 g/L. Other conditions:
spraying retention time 20 s, spraying flux 20 mL/s.

mer molecules.”>' When the concentration was low, the
strength of the macromolecule thin film was so weak that water
droplets could easily aggregate and coalesce, resulting in bigger
pores. With increasing solution concentration, more polymer
molecules congregated and formed a stronger thin film. So
water droplets could be stabilized effectively and their growth
capability were decreased, leading to smaller pores.

Honeycomb films formation from a series of concentrations in
a humid environment (relative humidity about 60%), in which
the humidity was controlled by the method available in the lit-
erature,'” was also investigated. Figure 6 shows the porous films
formed without spraying atomized water droplets, just like the
traditional BFM, at the concentration 2 g/L, 4 g/L, 6 g/L, and
8 g/L, respectively. Figure 7 shows the corresponding porous
films prepared with the spraying atomized water droplets at a
spraying flux of 20 mL/s, at a retention time 20 s, in the constant
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Figure 8. Plots of pore diameter versus concentration under the three
conditions: spraying in a dry environment (spraying), no spraying in a
humid environment (humidity), and spraying in a humid environment
(humidity + humidity).
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Figure 9. SEM images of PPO honeycomb films formed by spraying

atomized water droplets two times at different interval time. (A) 20 s, (B)
40 s, (C) 60 s, and (D) 80 s. Other conditions: spraying retention time
20 s, spraying flux 20 mL/s, concentration 2 g/L.

environment. The results concluded the honeycomb film forma-
tion capability of the spraying method in a humid environment.
It can be seen that the average pore diameter under the two con-
ditions decreases from 2.36 um to 1.41 um and from 5.56 um to
2.72 pm, respectively, with increasing the concentrations. The
pore size with the spraying was significantly enlarged at the cor-
responding concentration. This should be attributed to the more
water droplets formed on the solution surface, owing to the addi-
tion of spraying atomized water droplets.

The average pore diameters of the honeycomb films formed
under the three conditions, that is, spraying in a dry environ-
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ment, no spraying in a humid environment, and spraying in a
humid environment, are summarized in Figure 8. It can be noted
that the three series of pores have the same changing tendency
with changing the concentrations. The pore under the third con-
dition (humidity + spraying) is obviously larger than the other
two conditions, while is smaller than the sum of them. Actually,
the spraying not only introduced water droplets into the casting
system, but also assisted in the evaporation of solvent.”** A
spraying resulted in a fast solvent evaporation, and, therefore, the
time for water droplets to grow in the spraying system was
shorter than that in the humid environment without spraying.
So the effect of spraying in a humid environment on the pore
formation was weaker than the sum of spraying in a dry environ-
ment and no spraying in a humid environment.

Formation of Honeycomb Films with Two-Level Pores

Considering that solution concentration increases with the solvent
evaporation, it is difficult for water droplets to aggregate at the
last phase of films formation. We tried to prepare the honeycomb
films with two-level pores from solution concentration 2 g/L by
spraying atomized water droplets two times at a spraying reten-
tion time 20 s, at a spraying flux 20 mL/s. Figure 9 shows SEM
images of four kinds of films formed at the interval time 20 s, 40
s, 60 s, and 80 s, respectively. We can see that ill-ordered porous
film with nearly no small pores surrounding the big pores was
formed at the interval time 20 s. When the interval time was
increased to 40 s, the number of the small pores increased but
the big pores were still in an irregular array. More small pores
began to be formed at the interval time 60 s, and the porous film
with well-ordered big pores (pore diameter, 4.09 um) surrounded
by regular small pores (pore diameter, 0.40-0.85 um) was fabri-
cated when the interval time was 80 s. Porous films formed at a
long interval time (>100 s) had no small pores. Moreover, both
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Figure 10. Proposed mechanism of honeycomb-structured porous films with two-level pores. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the size of the big pores and the size of the small pores slightly
decrease with the increase of interval time.

The mechanism of the two-level honeycomb films formation may
be explained as follows. When spraying atomized water droplets
was applied to the casting system, some micro-sized water drop-
lets directly fell onto the solution surface and some condensed
onto the solution surface due to the cooling at the air/liquid sur-
face, caused by the strong solvent evaporation [Figure 10(A)].
With the density of water droplets increasing, water droplets
aggregated and grew slowly, resulting in a hexagonal array. Mean-
while, the solution concentration increased and polymer mole-
cules congregated around the water droplets [Figure 10(B)]. The
resulted polymer molecule thin film was favorable for water
droplets stabilization.>">> When the spraying was applied for the
second time before the complete solvent evaporation, water drop-
lets from the spraying fell onto the solution surface [Figure
10(C)]. Owing to the stable polymer molecule thin film, it was
difficult for water droplets to aggregate and grow. Water droplets
formed at the second spraying among the big water droplets
were just stabilized at their local position. After complete evapo-
ration of water and solvent, porous films with big pores sur-
rounded by small pores were formed [Figure 10(D)]. Besides, a
longer interval time meant less time for water droplets from the
second spraying to aggregate and coalesce and stronger polymer
molecule thin film from the first spraying to stabilize the water
droplets. And thus, smaller pores were formed with a longer
interval time due to less time to grow and stronger stabilization.

CONCLUSIONS

A novel approach to prepare well-ordered PPO honeycomb films
with various pore sizes has been built by spraying atomized
water droplets. The optimum spraying retention time for well-
ordered honeycomb films formation was experimentally found
ranging from 15 to 20 s. The pore size of formed porous films
increased with increase of the spraying flux, while the honey-
comb pattern regularity of porous thin film decreased. The solu-
tion concentration had a great impact on the microstructure of
honeycomb pattern, and honeycomb pattern with smaller pores
and thicker walls were formed with improvement of solution
concentration. Especially, by spraying atomization two times at
an interval time 80 s, we succeeded in fabricating two-level
porous films with regular big pores surrounded by small pores.
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