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Abstract: Honeycomb films pore-filled with metal (Au, Ag, and Cu) nanoparticles were successfully
prepared by combining the breath figure method and an in situ reduction reaction. First, a polyhedral
oligomeric silsesquioxane (POSS)-based star-shaped polymer solution containing metal salt was cast
under humid conditions for the formation of honeycomb films pore-filled with metal salt through the
breath figure method. The morphology of the honeycomb films was mainly affected by the polymer
molecular structure and the metal salt. Interestingly, the promoting effect of the metal salt in the
breath figure process was also observed. Then, honeycomb films pore-filled with metal nanoparticles
were obtained by in situ reduction of the honeycomb films pore-filled with metal salt using NaBHy.
Notably, the metal nanoparticles can be selectively functionalized in the pores or on the surface of the
honeycomb films by controlling the concentration of the NaBH,. Metal-nanoparticle-functionalized
honeycomb films can prospectively be used in catalysis, flexible electrodes, surface-enhanced Raman
spectroscopy (SERS), and wettability patterned surfaces.

Keywords: honeycomb films; POSS-based star-shaped polymers; pore-selective functionalization;
metal nanoparticles; breath figure

1. Introduction

Honeycomb films have attracted considerable interest due to their numerous po-
tential applications in the fields of size-selective separations [1], superhydrophobic sur-
faces [2], catalysis sensors [3], and so on. Although there are many methods for preparing
porous films with different pore sizes, shapes, and morphologies, the breath figure (BF)
method is a simple and fast method that uses condensed water droplet arrays as dynamic
templates [4-8].

Functionalized honeycomb films have extensive and particular applications com-
pared with pristine un-functionalized honeycomb films. The incorporation of inorganic
components into polymeric honeycomb films enables synergistic coupling of multiple func-
tionalities of each component. Because metal-nanoparticle-functionalized honeycomb films
can be used as porous electrodes [3], water correctors [9,10], and surface-enhanced Raman
spectroscopy (SERS) substrates [11], there has been much attention focused on preparing
metal-nanoparticle-functionalized honeycomb films. Generally, the main approaches for
the metal modifications of honeycomb films are performed after the BF process [12,13].
Some techniques have been developed for the metal modification of honeycomb films,
such as chemical deposition [14], electrodeposition [11,15], electroless plating [16,17], vapor
deposition [18], and physical adsorption [19]. Although these techniques were successfully
applied in the fabrication of metallized honeycomb films, they involve elaborate procedures,
post-modifications, and /or sophisticated instrumentation. Meanwhile, the superhydropho-
bicity of honeycomb films increases the difficulty of modifications. Therefore, other studies
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have illustrated the use of mixed solutions of polymers and metal nanoparticles to prepare
metal-nanoparticle-functionalized films via the BF method, in which the metal nanoparti-
cles may self-assemble at the polymer solution/water droplet interface and are left in the
polymeric pore after the evaporation of the water droplets [20-25]. Recently, by adding
metal salt precursors into a polymer solution, metal-oxide-nanoparticle-functionalized
honeycomb films were obtained using the breath figure method accompanied by an in
situ chemical reaction. Due to the good dispersibility or solubility in the polymer solu-
tion of their precursors, films functionalized with metal oxide nanoparticles, including
TiO; [26,27], ZnS [28], SnO; [29], and SnS [30], were obtained by subsequently hydrolyzing
or mineralizing the as-prepared films.

Furthermore, the addition of precursors (metal salt) could affect the morphology of
the honeycomb films. For instance, Olga Naboka et al. reported the addition of CoCl; to cel-
lulose acetate (CA)/acetone to obtain CA /CoCl, honeycomb films using the breath figure
method [31]. They found that CoCl, could promote the formation of honeycomb-patterned
CA films. Hsu et al. found that LiCl addition significantly improved film porosity, and that
the micro-pores appeared to be networked [32]. Moreover, the addition of metal salt into a
substrate also affects the morphology of films. Sajjad developed an approach to prepar-
ing a polymer—Ag honeycomb film by casting a polymer solution on an aqueous silver
nitrate solution [33]. They found that the metal-complexation-induced phase separation
approach allowed the formation of a well-defined honeycomb film. Similarly, Do prepared
asymmetrically functionalized poly (e-caprolactone)/polypyrrole/silver honeycomb films
by casting a polymer solution on a reactive ice substrate (containing AgNO3) [34]. Those
studies have clearly demonstrated that metal salt has significant effects on the morphology
of honeycomb films.

In the present work, the pore-selective filling of metal (Au, Ag, and Cu) nanoparticles
in honeycomb films was prepared by combining the breath figure method and an in situ
reduction reaction. Four polyhedral oligomeric silsesquioxane (POSS)-based star-shaped
polymers mixed with metal salt were selected for analyzing the effects of polymer molecular
structure and metal salt on the morphology of honeycomb films during the BF process.
Then, honeycomb films pore-filled with metal nanoparticles were obtained by reducing the
honeycomb films pore-filled with metal salt in situ using NaBHy. This work provides a
new and facile approach to preparing honeycomb films in which the pores are selectively
filled with metal nanoparticles.

2. Materials and Methods
2.1. Materials

The four POSS-based star-shaped polymers used in the present study were synthesized
previously by our laboratory [35,36], and their chemical structures and characteristics are
listed in Figure 1 and Table 1. All reagents were of analytical grade and were used as
received without further treatment. Water used in all of the experiments was deionized
and ultrafiltrated to 18.2 M(Q).

Table 1. Sample codes and characteristics of the star-shaped polymers.

Star Polymers Mn ? (g/mol) Repeating Unit Ratio © Polydispersity Index (PDI ?)

P1 1.24 x 10° / 1.14
P2 1.37 x 10° 66:42 1.23
P3 7.19 x 10% 32:2 1.79
P4 6.00 x 10% 35:4 1.20

2 Measured by gel permeation chromatography (GPC). ® Calculated according to the Mn @ and 'H
nuclear magnetic resonance (NMR) spectra.
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Figure 1. The chemical structure of the polyhedral oligomeric silsesquioxane (POSS)-based star-
shaped polymers.

2.2. Preparation of Honeycomb Films Pore-Filled with Metal Salt

The polymer solution was prepared by dissolving 80 mg of polymer in 1 mL of
tetrahydrofuran (THF). The metal salt (including HAuCly, AgNOj3, CuCly, FeCls, and LiCl)
aqueous solution (200 mg/mL) was then added into the polymer solution in different
contents (wt%). The static breath figure method was employed to fabricate honeycomb
films. The solution of the polymer mixed with metal salt was directly cast onto glass
substrates under humid conditions (>80% relative humidity). During the solvent evapora-
tion, the transparent solution turned turbid rapidly, and water droplets condensed at the
air/solution interface. After complete evaporation of the solvent and water, the honeycomb
films pore-filled with metal salt were prepared. For comparison, polymer films without
metal salt were also fabricated under similar conditions.

2.3. Preparation of Metal-Nanoparticle-Functionalized Honeycomb Films

The metal-nanoparticle-functionalized honeycomb films were obtained by reduc-
ing the metal-salt-filled (including HAuCly, AgNOj3, and CuCl,) honeycomb films using
NaBHj. In addition, differently surface-patterned hybrid polymer-metal films were ob-
tained by reducing the metal salt using the patterned masks. The patterned masks were
prepared by cutting filter paper into different patterns. To be specific, a patterned mask
was superimposed on the metal-salt-filled film, and then the NaBH, aqueous solution was
dropped on the mask. The honeycomb films pore-filled with metal salt were made to react
with the NaBH,; aqueous solution for 1 h. Then, the mask was gently removed. The film
was washed several times with water to remove the unreacted reagents, and was dried
under vacuum at room temperature. Only the mask-patterned region was metallized. Dif-
ferent results were obtained at lower (0.05 mol/L) and higher (0.1 mol/L) concentrations of
NaBHj,. The schematic representation of the metal-nanoparticle-functionalized honeycomb
film fabrication process is shown in Figure 2.
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Figure 2. The schematic representation showing the fabrication of the metal-nanoparticle-functionalized
honeycomb films.

2.4. Characterization

Scanning electron microscopy (SEM) images were obtained by a VEGA 3 LMH (TES-
CAN, Brno, Czech Republic) with an accelerating voltage of 20 kV. The elemental compo-
sition distribution was determined using a scanning electron microscope equipped with
energy dispersive spectrometry (EDS) (INCA X-ACT, Oxford Instruments, Abingdon, UK).
Fourier-transform infrared (FTIR) spectra were recorded with a Bruker Tensor 27 spec-
trometer (Bruker, Billerica, MA, USA) at a resolution of 2 cm~!. The surface chemical
analysis was performed with X-ray photo-electron spectroscopy (XPS, Kratos Analytical,
Manchester, UK). The apparent contact angle was measured with the pendent drop method
(JC2000D4 Powereach Tensionmeter, Shanghai Zhongchen Digital Technology Equipment
Co., Ltd., Shanghai, China).

3. Results and Discussion
3.1. Effects on the Morphology of Honeycomb Films

Based on the mechanism of BF formation, nonpolar and highly volatile solvents are
suitable for the BF process. As depicted in our previous contribution [36], the honeycomb
films were obtained from polymers/CHCl;. However, in order to add the aqueous metal
salt to the film-forming solution, THF was chosen as a solvent due to its water miscibility.
As expected, films with disordered pores were obtained when the solvent was THF, as
shown in Figure 3A1,B;,Cq D;. Interestingly, the addition of metal salt into different POSS-
based star-shaped polymer/THF solutions has obviously different effects on the regularity
and shape of the pores.
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Figure 3. Scanning electron microscopy (SEM) images of honeycomb films (A;—Dy) prepared using four POSS-based
star-shaped polymer/tetrahydrofuran (THF) solutions with different contents of CuCl,.

3.1.1. Effect of Polymer Molecular Structures on the Morphology of Honeycomb Films

As shown in Figure 3A1,B1,Cy,Dy, films with disordered pores were obtained when
the solvent was THF without CuCl, because the droplets would coalesce and even mix
with the polymer/THEF solutions. Due to its good amphiphilic property, the film prepared
with P4 was the most regular in the absence of CuCl, (Figure 3Dy).

Interestingly, relatively regular pores were obtained by addition of CuCl, to the POSS-
based star-shaped polymer solution, except for P1. Due to the superhydrophobicity of
P1, it was difficult to capture CuCl, to form polymer-Me™* complexes that could stabilize
the condensed water droplets. In the P1/CuCl, FTIR spectra, the ester group band was
unchanged compared to the spectrum of pure P1, which indicates that P1-Me™ complexes
were not formed (Figure 4A). Moreover, if the polymer solution is very hydrophobic, the
nucleation of the water droplets will be suppressed. As a result, films with irregular pore
arrays were obtained using P1. On the other hand, CuCl, can induce the formation of
honeycomb P2 films with relatively regular pores at 0.2 and 0.4 wt% content (Figure 3B;,B3),
while disordered porous structures were obtained at 0.8 wt% content (Figure 3B4). Due
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to the poly(methyl methacrylate) (PMMA) structures, P2 is more hydrophilic than P1.
Therefore, P2 can capture CuCl, to form polymer-Me™* complexes, which are beneficial
for the stability of water droplets during the BF process. The main adsorption bands of
the FTIR spectra of pure P2 are assigned to the stretching vibration of C=O from ester
groups (1743 cm™!), as well as the symmetric and asymmetric stretching vibrations of
C-O-C (1282 cm ™!, 1139 cm™1). In the P2/CuCl, FTIR spectra (Figure 4B), the stretching
vibration of C=0 and the symmetric and asymmetric stretching vibrations of C-O-C shifted
to 1749,1286, and 1137 cm ™!, respectively. These changes were due to the metal-ligand
interactions between P2 and CuCl,.
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Figure 4. Fourier-transform infrared (FTIR) spectra for polymer/salt films: (A) pure P1 and P1/CuCl,

films; (B) pure P2, P2/LiCl, and P2/CuCl, films; (C) pure P3, P3/LiCl, P3/CuCl,, and P3/FeCl;

films; (D) pure P4, P4/CuCly, and P4/AgNO;s films.

Additionally, CuCl, can induce the formation of honeycomb P3 and P4 films with
regular pores at 0.2, 0.4, and 0.8 wt% content due to their amphiphilic property. In fact,
the existence of polar groups in the amphiphilic copolymers, which could be associated
with metal ions, played important roles in BF processes. In the P3/CuCl, FTIR spectra
(Figure 4C), the ester group band was unchanged compared to the spectrum of pure P3.
The stretching vibration of Ar-NO, was shifted toward a lower frequency (1521 cm™!)
compared to the spectrum of pure P3. In the P4/CuCl, FTIR spectra (Figure 4D), the
stretching vibrations of -CH2- (from polyethylene glycol (PEG)) and C=0O were shifted
toward a lower frequency (2927 cm~!, 1751 cm~!) and the symmetric stretching vibration
of C-O-C was shifted toward a higher frequency (1132 cm~!) compared to the spectrum of
pure P4. In the P4/ AgNOs FTIR spectra (Figure 4D), the stretching vibration of -CHy- (from
PEG) and symmetric stretching vibration of C-O-C were shifted toward higher frequencies
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(2931 cm~!, 1132 em~!) compared to the spectrum of pure P4. Shifts in the polymer/CuCl,
FTIR spectra indicated the metal-ligand interactions between them.

Although P2 and P3 can capture CuCl, to form polymer-Me"" complexes, films with
highly regular pores arrays were obtained by P4. This indicates that the amphiphilic
property of polymers plays an important role in BF processes. Hence, P4 was chosen
for the fabrication of pore-selective metal-nanoparticle-functionalized honeycomb films,
and P2 and P3 were chosen to study the effect of metal salt on the morphology of the
honeycomb films.

3.1.2. Effect of Metal Salt Type and Content on the Morphology of Honeycomb Films

The addition of LiCl, CuCl,, or FeCls aqueous solution into the P3/THF solution with
different contents was chosen to investigate the effect of the metal salt type and content on
the surface morphology of the films. For comparison, the corresponding amounts of pure
water were added into the polymer solution to fabricate the films.

As expected, the addition of pure water into the P3/THF solution was unable to form
regular patterns (Figure 5C;—Cy4). In the P3/LiCl FTIR spectra (Figure 4C), the stretch-
ing vibration of C=0 and asymmetric stretching vibration of C-O-C were shifted toward
higher frequencies (1753 cm ™!, 1284 cm ') and stretching vibration of Ar-NO, and sym-
metric stretching vibration of C-O-C were shifted toward lower frequencies (1521 cm ™!,
1132 cm ') compared to the spectrum of pure P3. Although the shifts in the P3/LiCl FTIR
spectra indicate metal-ligand interactions between P3 and LiCl, films with irregular pores
were obtained using P3/LiCl (Figure 5B1-By). On the other hand, films with relatively
regular pores were obtained using P2/LiCl (Figure 5A;—A3). In the P2/LiCl FTIR spectra
(Figure 4B), the asymmetric stretching vibration of C-O-C was shifted toward a higher
frequency (1286 cm 1) and the stretching vibration of C=O and symmetric stretching vi-
bration of C-O-C were shifted toward lower frequencies (1741 cm~?, 1134 cm~!) compared
to the spectrum of pure P2. Presumably, due to their poor flexibility, it is difficult to form
P3-Li* complexes at the water—solution interface to stabilize the condensed water droplets.
Fortunately, honeycomb films with relatively regular pores were successfully obtained
using P3/CuCl, and P3/FeCl; (Figure 5D1-Dy,E1—E4). They had similar effects on the
regularity of the pores due to the similar metal-ligand interactions with P3. In the P3/FeCl3
FTIR spectra (Figure 4C), the ester group band was unchanged compared to the spectrum
of pure P3. The stretching vibration of Ar-NO, was shifted toward a lower frequency
(1523 cm ') compared to the spectrum of pure P3. Together, these observations indicated
that the polymers tended to coordinate with transition metal ions to form polymer-Me"*
complexes at the water—solution interface to stabilize the condensed water droplets.

In addition to the above metal salt types, the morphology of pores can be affected
by metal salt content. For instance, P2/CuCl, films with relatively regular pores were
obtained at 0.2 and 0.4 wt% content of CuCl,, while disordered porous structures were
obtained at 0.8 wt% content of CuCl, (Figure 3B,-By), because they surpass the ability
of the polymer-Me"* complexes to stabilize the condensed water droplets. However, a
higher content of CuCl, or FeCl; in P3 will lead to smaller pores on the films. The average
pore size of P3/CuCl, films decreased from 1.67 to 1.44 um with the increase of CuCl,
content from 0.2 to 1.6 wt% (Figure 5D;,Dy). Similarly, the average pore size of P3/FeCls
films decreased from 1.68 to 1.45 um with the increase in FeCls content from 0.2 to 1.6 wt%
(Figure 5E;,Ey).



Polymers 2021, 13, 316

8 of 14

0wt% 0.1wt% 0.2wt% 0.8wt% 1.6wt%

Figure 5. SEM images of honeycomb films prepared using P2 (Ag—A4) and P3 (Bg—E4) with different metal salt types and

contents.

3.2. Proposed Mechanism of the Effects on the BF Process

Amphiphilic block copolymers composed of hydrophilic and hydrophobic blocks
are widely used in the fabrication of honeycomb films because they can assemble at the
water—solution interface to stabilize the condensed water droplets [37]. The polar groups
in the polymers can capture metal ions to form polymer—-Me™" complexes. Thus, the
complexes become amphiphilic, with hydrophilic ionic structures and a hydrophobic core.
As a consequence, the formation of polymer-Me™* complexes is beneficial for the stability
of water droplets during the BF process. The expected possible mechanism for the effects of
polymer molecular structure and metal salt on the BF process can be explained as follows.

First, films with disordered pores were obtained when the solvent was THF because
the droplets would coalesce and even mix with polymers/THF due to the water miscibility
of THEF (Figure 6a). Among them, the films prepared using P4 were the most regular in the
absence of metal salt. According to the Hansen solubility parameters of PEG and PMMA,
P4 is more hydrophilic than P2 [38,39]. Thus, the chains of P4 containing the hydrophilic
groups were easily located near the water droplets and precipitated around condensed
water droplets to prevent their coalescence, which was different from the system of P2
in THE. Consequently, relatively regular pores were generated after evaporation of water
droplets using P4/THE.
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(C) o : Metal ion

Figure 6. Schematic illustration of water droplets stabilized at the interface during breath figure
formation: (a) polymer solution without metal salt; (b) addition of appropriate content of metal salt
into the polymer solution; (c) addition of excess content of metal salt into the polymer solution.

Second, addition of an appropriate content of metal salt was found to promote the
formation of honeycomb films (Figure 6b). In addition, the average pore size can be
decreased by increasing metal salt content. This can be explained by the spreading property
of the water droplet on the polymer surface. The spreading coefficient S is defined as
follows [40]:

S=7vsg — (Ywg + Yws)

where yqg is the surface tension of the polymer solution; ywg is the surface tension of the
water droplet; and yws is the interfacial tension between the polymer solution and the
water droplet. The addition of metal salt to the polymer/THF changes the composition of
the solution, leading to the increase of ysg. As a result, the water droplets become flatter
and lead to the formation of larger ellipsoidal pores on the films. However, the metal salt
will transfer from the polymer/THF solution to the water droplets with the further increase
of salt content. The presence of metal salt in water droplets increases the surface tension of
the water droplets, ywg. Water droplets with a larger surface tension are strongly prone to
shrinking their surface area; thus, they can maintain their spheroidal shape. Therefore, with
the increase of salt content in the polymer/THF solution, the shape of the water droplets
progressively changed from an ellipsoid to a spheroid. Additionally, guided by specific ion
effects, the presence of metal ions could affect the solubility of the polymer in the solution.
The metal ions are more prone to inducing precipitation of polymer chains depending on
their position in the Hofmeister series [41,42]. Therefore, the salting-out effect of metal salt
will accelerate the precipitation and solidification of the polymer [43], thereby preventing
the growth and condensation of water droplets, which leads to the formation of fewer and
smaller pores. Consequently, relatively smaller spherical pores were generated after the
evaporation of spherical water droplets.

Last, the addition of excess content of metal salt into the polymer/THF solution
will lead to the formation of irregular and larger pores on the films (Figure 6¢). During
THF evaporation, water droplets condense and are deposited on the solution’s surface.
Subsequently, the metal salt will transfer from the polymer/THF solution to the water
droplets on a relatively fast timescale, which leads to a significant increase in the surface
tension of the water droplets, making the interface unstable. Since metal salt has much more
polarity than water, it can cause water droplets to coalesce more strongly and efficiently. If
it surpasses the ability of the polymer-Me"* complexes to stabilize the condensed water
droplets, the coalescence cannot be prevented due to the high surface tension of the water
droplets. Ultimately, disordered and large pores will be observed on the films.
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3.?. Surface Characterization and Morphology of Metal-Nanoparticle-Functionalized Honeycomb
Films

Generally, the large surface area and high porosity endowed the honeycomb films
with superhydrophobicity [2]. Therefore, it was difficult to uniformly distribute metal salt
on the surface of honeycomb films by dropping the metal salt aqueous solution directly
on the films (Figure 7A,B). On the contrary, the CuCl, was uniformly distributed on the
honeycomb films, which were prepared from the CuCl,/P4/THF solution. Figure 7C
shows the top surface morphology of CuCl,-filled honeycomb film; the CuCl, particles
were uniformly left in the polymeric cavity and micro-dome. To further confirm that the
CuCl, particles were left in the polymeric cavity, the top layer of the honeycomb film was
peeled off using an adhesive tape. It is clearly shown that the CuCl, particles were trapped
in the holes of the honeycomb film (Figure 7D).

Figure 7. SEM images of honeycomb films with metal salt. (A) AgNOj3 and (B) CuCl, on the surface
of the film by dropping the metal salt aqueous solution directly on the film. (C) The top surface of
CuCl,-filled honeycomb film. (D) CuCl,-filled honeycomb film without the top layer.

Honeycomb films pore-filled with metal nanoparticles were fabricated by using
NaBH, to reduce metal salt particles into metal nanoparticles in situ. Notably, the hy-
drophilicity of the films was enhanced by the presence of metal salt. Therefore, the NaBH,
aqueous solution could spread well on the films, and then the metal salt was reduced
well. As can be seen from Figure 8B, the honeycomb-patterned porous morphology with
Cu-nanoparticle-filled pores was good. The pores and Cu nanoparticles were arranged
hexagonally with few defects. More interestingly, the CuCl, particles were initially in
the polymeric cavity and were not easily observed from the top surface, while the Cu
nanoparticles filled in the polymeric micro-dome and could be easily observed from the
top surface. It was noted that the size of the Cu-nanoparticle-filled polymeric micro-dome
could be adjusted by simply tuning the content of CuCl,. The Cu nanoparticles became
larger as CuCl, addition increased (Figure 8B-D).

More interestingly, it was found that metal nanoparticles could be selectively function-
alized on the surface or in the pores of the honeycomb films by controlling the concentration
of the NaBH,. At the higher concentration of NaBH, (1 mol/L), the Cu nanoparticles be-
came smaller and assembled on the surface of the honeycomb films instead of the pores
(Figure 8A). However, honeycomb films with Cu-nanoparticle-filled pores were obtained
at a lower (0.05 mol/L) concentration of NaBH, (Figure 8B). This phenomenon can be
explained as follows [44-47]: At higher concentrations of NaBHy, the reaction was violent
and atomic diffusion was high, so the Cu?* could easily diffuse on the surface of film
(Figure 8a). The excess reducing agent increased the reduction rate of Cu?* to Cu®, which
provided a higher number of Cu nuclei. The formation of this higher number of Cu nuclei
consumed a large portion of the Cu?*, which inhibited the growth of nanocrystals, leading
to the formation of small-sized nanoparticles. The resulting small-sized nanoparticles were
immobilized on the surface of the film. However, at a lower concentration of NaBHy, the
reaction was less violent and the atomic diffusion was not high, so the Cu?* could not
easily diffuse on the surface of film and remain in the pore (Figure 8b). A slow reduction
of the Cu®* was used to prevent the generation of new nuclei, which led to the decreased
nuclei numbers. Thus, the Cu nuclei could grow into large Cu nanoparticles in the pores
of film.
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Figure 8. SEM images of honeycomb film with 0.8 wt% CuCl, additions reduced by different
concentrations of NaBHy: (A) 1 mol/L and (B) 0.05 mol/L. The film reduced by 0.05 mol/L NaBHy
with different additions of CuCl,: (C) 1.2 wt% and (D) 1.6 wt%. A boundary is clearly shown in
(E). (F) Digital photographs of the patterned film filled with Cu nanoparticles; the dark region is
filled with Cu nanoparticles. Image illustrating the heart-shaped liquid pattern on the patterned
honeycomb film surface with wettability contrast.

Furthermore, differently surface-patterned honeycomb films containing Cu nanoparti-
cles in the pores were prepared by using different masks (Figure 8F), which were used to
prevent the NaBHy aqueous solution from spreading. Figure 8E shows a clear boundary
that formed between the regions functionalized and unfunctionalized by the Cu nanopar-
ticles. The Cu-nanoparticle-functionalized region was hydrophilic (CA ~ 22°), and the
unfunctionalized region was hydrophobic (CA ~ 102°). As we know, the introduction of
Cu nanoparticles will increase the roughness of the surfaces, making the surfaces more
hydrophobic. However, too many Cu nanoparticles lead to a decline in the apparent
contact angle of water because Cu nanoparticles are hydrophilic [48]. Therefore, between
the two factors (i.e., surface roughness and chemistry) that affect the surface wettability,
the chemical properties of Cu nanoparticles play a dominant role in this study.

With this proposed strategy, honeycomb-patterned porous films filled with Au or Ag
nanoparticles were also fabricated (Figure 9A,B). The EDS spectra support the presence
of Au or Ag nanoparticles in the film. In addition, the XPS spectra confirm that metal
salts were reduced to metal nanoparticles by NaBHjy. In the Au4f region (Figure 10B), two
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peaks at 87.3 and 83.7 eV were assigned to the binding energies of Au(0) 4f5,, and Au(0)
4f; s, respectively. In the Ag3d region (Figure 10C), two peaks at 374.1 and 368.1 eV were
assigned to the binding energies of Ag(0) 3ds,, and Ag3ds,,, respectively. Similarly, in the
Cu2p region (Figure 10D), two peaks at 953.4 and 933.2 eV were assigned to the binding
energies of Cu(0) 2p1/» and Cu(0) 2ps,,, respectively.

Figure 9. SEM images and corresponding energy-dispersive spectroscopy (EDS) spectra of the
honeycomb films filled with metal nanoparticles: Au (A), Ag (B), and Cu (C). The concentrations of
metal salt are 0.4 wt% (Au, Ag) and 0.8 wt% (Cu), and they were reduced by 0.05 mol/L NaBHj.
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Figure 10. (A) X-ray photo-electron spectroscopy (XPS) survey spectra of honeycomb films filled
with metal nanoparticles; (B-D) high-resolution XPS spectra of Au 4f, Ag 3d, and Cu 2p, respectively.

4. Conclusions

In summary, honeycomb films with pores selectively filled with metal (Au, Ag, and
Cu) nanoparticles were successfully prepared by combining the breath figure method and
an in situ reduction reaction. The polymer molecular structures of POSS-based star-shaped
polymers played a crucial role in the morphology of the honeycomb films. It was found
that the POSS-based star-shaped polymer with relatively more hydrophilic groups made
it easy to generate regular honeycomb films. Within a range of conditions, metal salt can
promote the formation of regular honeycomb films using the POSS-based star-shaped
polymer with relatively more hydrophobic groups. This can be attributed to the formation
of polymer-Me™ complexes that could stabilize the condensed water droplets. Metal salt
is left in the pores after the evaporation of the solvent and water, which makes it possible to
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reduce them into metal nanoparticles in situ in the pores. Notably, metal nanoparticles can
be selectively reduced in situ in the pores of the honeycomb films using lower (0.05 mol/L)
concentrations of NaBHy, while they can be assembled on the surface of the honeycomb
films at higher (1 mol/L) concentrations of NaBHj.
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