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ABSTRACT

In this work we present a series of hybrid membranes with piezocatalytic properties for
wastewater treatment. For this, four types of barium titanate nanoparticles (BTO NPs)
with different coatings were synthesized. These NPs were embedded in a polystyrene (PS)
matrix to fabricate hybrid, porous membranes using the breath figures (BF) technique.
Advanced electron microscopy analysis showed that the NPs with an amphiphilic coating
composed of PS (hydrophobic, compatibilizing them with the PS matrix) and
hydrocaffeic acid (HCA) (hydrophilic, favoring the formation of ordered pores) led to the
formation of honeycomb-patterned films where these NPs are selectively placed inside of
the pores for a wide range of concentrations, from 5 to 100 wt.%. We demonstrated the
potential of these membranes in piezocatalysis applications, through proof-of-concept

studies of methylene blue (MB) degradation in aqueous solutions.

KEYWORDS: Breath figures; barium titanate nanoparticles; hybrid surfaces; self-

assembly; micropatterning; surface modification; piezocatalysis.



INTRODUCTION

Piezocatalysis has emerged in the last decade as an alternative to develop new
technologies that generate cleaner energy, based on green hydrogen production, with
potential environmental applications such as carbon dioxide reduction or synthesis of
organic compounds.[1-3] Unlike electrocatalysis or photocatalysis, piezocatalysis is
based on the use of a mechanical force as an external energy source, which can be
obtained naturally from wind or waves. When subjected to these mechanical inputs,
piezocatalytic materials deform and locally displace their charges, generating holes (h')
and free electrons (e ™) that in turn generate *O>" and *OH free radicals when immersed
in water. These radical species are highly oxidizing and allow the decomposition of toxic
substances into smaller and harmless molecules, making piezocatalysis a very interesting

approach in wastewater treatment and dye removal applications.[4—6]

There are different inorganic materials with well-known piezoelectric properties,
including BiFeOs, ZnO, NaNbO;, WS,, etc.[7-9], being BaTiO3 (BTO) the most used
due to its high dielectric constant and its simple production via solvothermal
synthesis.[10,11] To improve BTO piezocatalysis efficiency, different authors have
focused on enhancing the piezoelectric coefficient by the substitution of BTO atoms with
other metals[12,13] and increasing their surface:volume ratio by designing nanoparticles
(NPs) of smaller size[14] or more complex geometries such as nanowires and

nanosheets.[15,16]

However, the separation and collection of NPs dispersed in aqueous solutions is complex.
NPs diffuse in the water stream, which makes their reuse difficult and cause additional
contamination in the aqueous medium to be purified, limiting their practical
applications.[17] To solve this, other studies focus on embedding piezoelectric NPs in a
matrix obtaining composite substrates or porous membranes.[18—21] These membranes
can be put through an aqueous flow, where the BTO NPs available in the surface can
eliminate the pollutants by piezocatalysis. For example, different porous hybrid
membranes have been developed using PVDF or PDMS as polymer matrix and nickel or

sugar as sacrificial templates.[17,22]

Breath figures (BF) represent an alternative to these porous hybrid material fabrication
methods, as they allow the fabrication of porous membranes by self-assembly of

functional polymers and NPs, following a bottom-up approach. Briefly, in BF a porous



film 1s formed from a polymer solution dissolved in a volatile solvent that evaporates fast
in a moist atmosphere. In this process, micron-sized water droplets condense on the
surface of the film and act as a template. This leads to a porous membrane when the water
droplets are also evaporated, within seconds.[23,24] When amphiphilic molecules are
used, these condensing droplets stabilize forming a regular honeycomb pattern where
these amphiphilic compounds are selectively localized within the pores as a consequence
of the mechanism of the formation process. This allows the control of the composition
and topography of the membranes designed by BF in one single step.[25,26] Although
block copolymers are typically used as amphiphiles, there are also various studies proving
that star-shaped polymers, dendritic structures, or inorganic NPs can also be used.[27—

31]

Obtaining hybrid surfaces with inorganic NPs through BF is less explored, in part, due to
the lack of compatibility between the inorganic NPs and the polymer matrix. Although
there are studies of hybrid membranes prepared by BF using quantum dots,[32]
AgNPs,[33] AuNPs,[34] Al,O3 NPs,[35] or TiO2 NPs,[36] few of these works study the
effect of the surface modification of the NPs on the BF process. However, metal oxide
surfaces have been extensively studied for their ability to undergo various
functionalization reactions. One such reaction involves the use of catechol-bearing
molecules, which can efficiently form mononuclear bidentate chelates on metal oxide
surfaces, such as BTO, Fe,03, MnO,, etc.[37] This reaction occurs under non-acidic
conditions and takes advantage by the ability of catechols to coordinate with metal ions
on the surface of metal oxide NPs. The resulting chelates are highly stable and can be
efficiently used for the preparation of polymer composites.[38] This would allow tuning
and optimizing the design of the porous membranes using BF, expanding the range of

exploitable materials.

Hence, a series of BTO NPs with different organic coatings have been synthesized in this
work. These BTO NPs have subsequently been used as additives in the fabrication of
porous films by BF using polystyrene as a matrix. We demonstrate that the BTO NPs
coating plays a key role in the order of the porous membranes and the distribution of the
BTO NPs on their surface. Finally, we show the application of these porous membranes
in the removal of pollutants by piezocatalysis, by monitoring, as a proof of concept, the

removal of methylene blue in an aqueous media.



MATERIALS AND METHODS

Materials. High molecular weight polystyrene (PS, My, = 2.5 x 10° g/mol) and amino-
terminated polystyrene (PS-NH», My, = 5000 g/mol, PDI < 1.2), hydrocaffeic acid 98%
(HCA), dicyclohexylcarbodiimide 99% (DDC), N,N-dimethylaminopyridine >99%
(DMAP), barium hydroxide octahydrate >98% and titanium tetraisopropoxide >97%
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
Methylene blue >96% (MB) and dichloromethane (DCM) were purchased from Scharlab
(Barcelona, Spain). Barium titanate nanoparticles (BTO NPs) and BTO NPs coated with
dopamine dodecylamide (BTO-DDA NPs) were synthetized as previously reported.[39]

Synthesis of catechol-functionalized polystyrene (PS-HCA). In a dry 50 mL round-
bottomed flask equipped with N> inlet and magnetic stirrer, 1 g of PS-NH, (0.2 mmol/g
of free amino groups) was dissolved in 25 mL of DCM, previously passed through basic
AL O3, followed by the addition of 54.7 mg of HCA (0.3 mmol). The mixture was cooled
to 0 °C using an ice bath, then 61.9 mg of DCC (0.3 mmol) and 2.4 mg of DMAP (0.02
mmol) were sequentially added under stirring conditions. Then, the ice bath was removed
and the amide coupling reaction was allowed to take place by stirring at room temperature
overnight. The next day, purification of the catechol-modified PS was performed by
repeated precipitation in an excess of methanol followed by centrifugation (9000 rpm, 30

min) and redissolution in a small amount of DCM.

Synthesis of BTO NPs coated with PS-HCA (BTO-PS NPs). BTO NPs (400 mg) were
dispersed in 50 mL of THF by tip-probe sonication (50% amplitude, 2 min), and 800 mg
of PS-HCA were added, and the sonication was continued for 2 further minutes. Then,
the suspension was refluxed overnight, and the mixture was cooled to room temperature
and BTO-PS NPs were purified by repeated centrifugation (6000 rpm, 20 min) and

redispersion in THF.

Synthesis of BTO NPs coated with PS-HCA and HCA (BTO-PS/HCA NPs). BTO NPs
(400 mg) were dispersed in 50 mL of THF by tip-probe sonication (50% amplitude, 2
min), and 400 mg of PS-HCA were added, and the sonication was continued for 2 further
minutes. Then, the suspension was poured into a 100 mL round-bottomed flask and stirred
at 60°C for 2 h, after which 100 mg of HCA were added to ensure efficient NP coating.

Reflux is then continued overnight, then the mixture was cooled to room temperature and



BTO-PS/HCA NPs were purified by repeated centrifugation (6000 rpm, 20 min) and

redispersion in THF.

NPs characterization. XRD analysis was performed using a Philips PW 1050/81
spectrometer with a PW 1710 chain counting. A nickel filter of 0.15418 mm was used to
make monochromatic the Cu(Ka) radiation. The acquisition region was 5° < 2 theta < 80°,
with steps of 0.1° and count of intensity every two seconds. The range of analysis was 20°
< 2 theta < 80° with a scanning rate of 0.05°/s and time-per-step of 1 s. '"H NMR spectra
were obtained on a Varian Inova (14.09 T, 600 MHz) NMR spectrometer. In all recorded
spectra, chemical shifts have been reported in ppm of frequency relative to the residual
solvent signal (7.26 ppm for CDCl3). Thermogravimetric analysis (TGA, Q50, TA
Instruments) was carried out in a nitrogen atmosphere by heating the sample (10—15 mg)
at a rate of 10 °C/min from 30 to 600 °C in a platinum crucible. Fourier Transform
Infrared (FTIR) spectra were recorded from 4000 to 650 cm™' with a spectral resolution
of 4 cm™! in a Bruker Alpha spectrometer. Contact angle (CA) measurements of were done
on films of the dry powders dispersed on a double-sided tape using deionized water in an
FDM-printed goniometer. A coupled digital microscope was used to capture the images
of the water droplets and the results were analyzed using the contact angle plugin of the
Image] software. At least 4 independent measurements were done for each sample. The
values obtained were averaged and standard deviations were presented as error bars.
Unmodified and surface-modified BTO NPs were also analyzed by transmission electron
microscopy (TEM) techniques, including imaging (high resolution transmission electron
microscopy (HRTEM), and high angle annular dark-field (HAADF)) and spectroscopic
measurements (energy dispersive X-ray spectroscopy (EDX) and electron energy loss
spectroscopy (EELS)), performed in a FEI Talos F200X operated at 200kV. The
microscope is equipped with a field emission gun, a ChemiSTEM EDX detector
(providing high-resolution TEM imaging and EDX mapping) and a Gatan Continuum
energy filter (suitable for the EELS mapping). The NPs were directly drop-casted onto

holey/lacy TEM carbon membranes.

Preparation of porous films by Breath Figures. Blends of all the previously synthesized
NPs (namely BTO NPs, BTO-DDA NPs, BTO-PS NPs and BTO-PS/HCA NPs) and PS
were prepared varying the NPs concentration from 5 to 100 wt.%. Then, DCM was added,
keeping a total concentration of 30 mg/mL. After PS was dissolved in DCM, solutions

were sonicated for few seconds to disperse the NPs right before injecting them inside a
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closed chamber with controlled temperature and relative humidity (RH) on top of glass

substrates. All the samples were prepared at room temperature and saturated RH.

Characterization of the porous films. SEM measurements were performed on Au-
coated specimens (5 nm coating thickness) using a FEI Nova NanoSEM 450 microscope
equipped with a field-emission gun and provided with a concentric annular detector
suitable for backscattering electron imaging displaying Z-contrast. TEM measurements,
including HAADF and EELS, were carried out at a Thermo Fisher Scientific TALOS
F200X operated at 200kV, as in the case of the NPs characterization. In this case, the

TEM specimens were prepared by placing the PS porous membranes on Cu TEM grids.

Piezocatalytic tests. The piezocatalytic activity of the BTO-PS/HCA NPs hybrid porous
membranes was evaluated by immersing them in 50 mL of a 5 mg/L. MB aqueous solution.
The membranes were left in the solution overnight to ensure that the adsorption-
desorption equilibrium is reached.[6] Then, the system was placed in an ultrasonic cleaner
water bath (USC500T, VWR) working at 45 kHz with a maximum power of 200 W.
Ultrasounds were applied at intervals of 30 min during 4 h. After every 30 min, 0.5 mL
samples were analyzed by UV-Vis spectroscopy in a Varian Cary 50 Conc
spectrophotometer. Tests using 0.12 mg/mL BTO-PS/HCA NPs (previously dispersed
overnight), and in absence of NPs were also done as controls. All the tests were repeated
3 times at temperatures below 20 °C in a dark environment to avoid any thermal or

photocatalytic degradation of MB.

RESULTS AND DISCUSSION

Barium titanate nanoparticles (BTO NPs) were synthesized following a previously
reported and well-established solvothermal approach at atmospheric pressure, using
barium hydroxide octahydrate and titanium tetraisopropoxide as metal precursors.[39]
After synthesis and purification, BTO NPs were surface-coated with dopamine
dodecylamide (BTO-DDA NPs), catechol-functionalized PS (BTO-PS NPs), and a
mixture of catechol-functionalized PS and hydrocaffeic acid (BTO-PS/HCA NPs), in
order to assess the influence of the nature of BTO surface chemistry on the features of the

porous membranes prepared by breath figures (Figure 1).



The effectiveness of the solvothermal synthesis of BTO NPs was assessed by XRD, which
confirmed the expected tetragonal structure of BTO crystal cells upon comparison with
the theoretical reflections previously reported for BTO (Figure 2a).[40] Then, catechol-
functionalized PS was prepared by carbodiimide-mediated amide coupling between the
carboxylic acid of HCA and the terminal amino group of the PS-NH; (see Figure 1a)).
The success of the surface functionalization reactions was assessed by comparing the
dispersibility of the pristine and surface-functionalized BTO NPs (Figure S1). The clear
preference of DDA-, PS- and PS/HCA-coated BTO NPs towards lipophilic environments
(i.e. DCM) with respect to hydrophilic BTO NPs demonstrates the good outcome of the
surface modifications, as well as the typical orange-brown color taken on by catechol-
modified nanoparticles. Furthermore, the amidation between the amino group of PS-NH,
and the carboxylic acid moiety of HCA was investigated by comparing the dispersibility
behavior of BTO-PS NPs with that of a control prepared by simply mixing the pristine
BTO NPs with commercial PS-NH; (Figure S2). Complementary 'H-NMR experiments
were also conducted to assess the synthesis of PS-HCA, but the outcome of the reaction
could not be properly observed due to the overlapping of the PS and HCA signals at 6-7
ppm. However, the amidation of organic acids via DCC coupling and the redox binding
of catechol moieties to metal oxide surfaces are well-stablished reactions, known to give
quantitative yields [41,42], thus the ability of the as-prepared PS-HCA to bind the BTO
surface was considered a satisfactory proof for the success of the amide coupling and

surface functionalization of the BTO NPs.
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Figure 1. a) Reaction scheme for the synthesis of HCA-modified polystyrene (PS-HCA);

b) representation of the different BTO surface coating approaches tested in this work.
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Figure 2. a) XRD spectra of BTO NPs compared to the reference peaks for tetragonal
BTO reported in the literature. [40] b) FTIR and c) contact angle measurements of BTO
NPs, BTO-DDA NPs, BTO-PS NPs, and BTO-PS/HCA NPs.



Then, the prepared nanomaterials were characterized by FTIR (Figure 2b). BTO NPs
show an intense peak at 3428 cm! related to the stretching of surface O-H group, and
adsorbed water was revealed by the H-O-H bending peak at 1635 cm™!. Furthermore, a
peak at 1440 cm! reveals the presence of surface carbonates, but the absence of crystal
reflections related to BaCOs in the XRD spectrum suggests that the number of carbonates
is minimal. Finally, an intense peak at 618 cm™!' was associated with the vibration modes
of Ti-O bonds.[43] When functionalized with DDA, the nanopowder retains all the FTIR
bands of BTO, but additional absorptions related to the organic ligand are easily visible.
In particular, the peaks at 2850 and 2920 cm™ related to symmetric and asymmetric
aliphatic C-H stretching, the amide C=0 stretching band at 1660 cm™, the amide N-H
bending at 1605 cm!, the aromatic C=C stretching at 1520 cm™! and the amide C-N
stretching at 1280 c¢cm™.[44] Regarding BTO-PS NPs and BTO-PS/HCA NPs, FTIR
spectra clearly resemble both the features of BTO and PS-NH,, in particular the aromatic
C-H stretching peaks in the 3032-3090 cm™! region, the aliphatic C-H stretching modes at
2928 and 2950 cm!, the aromatic ring modes at 1450-1610 cm™ and the aromatic C-H
bending between 1800 and 1940 cm™.[45] Due to the overlap between the signals
expected for catechol moieties and the PS backbone, it was not possible to identify the
presence of catechol moieties at the end of PS chains, except for the appearance of the
amide C-N stretching band at 1270 cm’', which confirms the effectiveness of PS
functionalization with HCA. Contact angle measurements were conducted to support the
FTIR results (Figure 2c¢)). The analyses revealed that BTO exhibited the expected
hydrophilic behavior with CA values below 90° (CA = 62 + 26°). BTO-DDA NPs
demonstrated superhydrophobic behavior (CA = 158 + 3°) due to the presence of long
aliphatic chains on the surface. Both BTO-PS NPs and BTO-PS/HCA NPs exhibited
hydrophobic behavior, with CA values of 136 + 2° and 107 £+ 3°, respectively. The
hydrophobicity of PS is lower than that of DDA, and the presence of hydrophilic HCA
moieties on the surface of BTO-PS/HCA significantly reduces the overall hydrophobic
behavior of these NPs. In addition, TGA analysis was performed to assess the total
inorganic content of the NPs (Figure S3). An inorganic content of 88.9, 53.4, and 63.6
wt.% was displayed for BTO-DDA NPs, BTO-PS NPs, and BTO-PS/HCA NPs,
respectively. These results are coherent with a consistent surface coating, which leads to
higher inorganic content when using small molecular weight ligands (i.e. DDA) for

coating the NPs.
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TEM analysis (Figure 3) revealed that all the NPs show a homogeneous size, in the range
from 50 to 200 nm, regardless of the surface modification performed. The blue arrows in
the HRTEM image of BTO NPs (Figure 3e)) point to the clean surface of the
nanomaterial, whereas the yellow arrows in Figures 3f-h) (corresponding to BTO-DDA
NPs, BTO-PS NPs, and BTO-PS/HCA NPs, respectively) evidence the organic coating
of the surface-modified NPs. The observed lattice symmetry agrees with the perovskite

phase of the BTO (see the indexed FFT in Figure S4).

EELS mapping in Figure 4 addressed the chemical composition of BTO NPs and BTO-
PS NPs. Figure 4a) shows the Ba, Ti and O signals at the locations where there are BTO
NP, as observed in the HAADF image, while the C signal comes from the carbon coating
of the TEM grid. In Figure 4b), the Ba, Ti and O signals arise from the BTO-PS NP, while
the C signal peaks around those locations, proving the presence of the PS coating. The
coating, a few nm thick, covers the NPs homogeneously, evidencing that the
functionalization happens uniformly at the surfaces of the BTO NPs. A similar study is
presented in Figure S5, where EDX maps were obtained from BTO-DDA NPs and BTO-
PS/HCA NPs, exhibiting similar results to those observed in the BTO-PS NPs.

Figure 3. HAADF-TEM images of a) BTO NPs; b) BTO-DDA NPs; ¢) BTO-PS NPs and
d) BTO-PS/HCA NPs; HRTEM images of e¢) BTO NPs; f) BTO-DDA NPs; g) BTO-PS
NPs and h) BTO-PS/HCA NPs.
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50 nm 50 nm

Figure 4. a) HAADF image and EELS mapping of samples containing a) BTO NPs and
b) BTO-PS NPs. Ba, Ti and O signals, colored in orange, green and purple, respectively
belong to the BaTiO; whereas the C, colored in magenta, arises from the TEM grid in a)
and from the organic coating in b), evidencing the success of the surface functionalization.
Then, the porous membranes were fabricated by breath figures (BF). SEM images
presented in Figure 5 and Figure S6 show the surface topography of the films prepared
using 20 and 50 wt.% BTO NPs, BTO-DDA NPs, BTO-PS NPs and BTO-PS/HCA NPs.
Surfaces formed with BTO NPs (Figure 5a) and Figure 5e)) show an irregular
distribution of pores, with a wide polydispersity of pore size. This polydispersity is even
higher for 50 wt.% BTO NPs (see Table S1), implying that the presence of unmodified
BTO NPs affects negatively to the formation of the pores. Surfaces with BTO-DDA NPs
(Figure Sb) and Figure 5f)) show an irregular distribution of pores as well along the
surface. Even though the pore size is more uniform, and the distribution is a bit closer to
the typical honeycomb pattern exhibited in optimized BF surfaces, these surfaces do not
exhibit a controlled topography. The BTO-DDA NPs are preferably located at the edges
of the pores, implying that they participate somehow in the stabilization of the water
droplets during their condensation in the formation of the films by BF. However, they are

not able to produce homogeneous, regular honeycomb patterns, likely due to the lack of
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compatibility between the DDA moieties and the PS matrix. Although both are
hydrophobic, their different chemistry favors that the BTO-DDA NPs tend to migrate
towards the edge of the pores. We have previously observed this when preparing porous
films by breath figures using dendrons, where the presence of a PS block was key to
enhance the compatibility between the functional additive (in this case the NPs) and the
polymer matrix.[31,46]

On the other hand, surfaces prepared with BTO-PS NPs (Figure 5c) and Figure 5g)) and
BTO-PS/HCA NPs (Figure 5d) and Figure 5h)), show a very homogeneous honeycomb
pattern of pores with unimodal distribution of size (see Table S1). In the two cases the
pore sizes are rather similar for both 20 and 50 wt.% NPs. The NPs seem to be preferably
inside of the pores, which can be clearly seen in Figure 5g). BTO-PS and BTO-PS/HCA
allow the formation of highly ordered honeycomb-patterned porous films due to the
presence of the PS block covalently linked to the BTO NPs surfaces. This has a double
effect: 1) it avoids the macroseparation of the BTO-PS and BTO-PS/HCA NPs from the
organic PS matrix, as it happens to the unmodified BTO NPs and 2) it permits that the
NPs participate in the stabilization of the condensing water droplets during the BF
formation mechanism, contributing to the formation of highly ordered structures where
the NPs are selectively located inside of the pores. The presence of BTO-PS NPs inside
of the pores can be noticed more easily at the SEM images of Figure 5¢) and Figure 5g)
probably because they aggregate easier than the BTO-PS/HCA NPs, which are more
amphiphilic. This also explains that the honeycomb structure shown in Figure Sc) is
slightly less ordered than that of Figure 5d), as the BTO-PS/HCA NPs have a higher
amphiphilic behavior that may lead to more ordered structures. The fact that they cannot
be seen so clearly in Figure Sd) or Figure Sh) may correlate with their more
homogeneous distribution inside of the pores, and that they are below the instrumental
resolution limit of SEM, but they must be there otherwise the pores formed would not be
so homogeneous. This is further addressed in the following by more detailed SEM and

TEM analysis.
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Figure 5. SEM images of BF films prepared with 20 wt.% a) BTO NPs; b) BTO-DDA
NPs; ¢) BTO-PS NPs and d) BTO-PS/HCA NPs and with 50 wt.% e) BTO NPs; f) BTO-
DDA NPs; g) BTO-PS NPs and h) BTO-PS/HCA NPs. Scale bar in a) is applicable to all

images.

Since BTO-PS/HCA led to very regular porous structures, the study on this material
system was extended by varying the amount of BTO-PS/HCA NPs between 5 and 100
wt.%, keeping a total concentration of 30 mg/mL. Figure 6 shows SEM images of the
surfaces obtained under these conditions. Regular honeycomb patterns are formed in all
cases, implying that a small concentration of BTO-PS/HCA NPs is already enough to
optimize the formation of the porous films. The pore size decreases gradually when the
BTO-PS/HCA NPs increases (see Table S2 for more details), in agreement with previous
reports, which show that a higher concentration of amphiphile can stabilize a larger
number of condensing water droplets resulting in the formation of more pores with
smaller size per area.[47] The regularity of the porous structure is kept for concentrations
up to 90 wt.% BTO-PS/HCA NPs indicating that there is a wide range of concentrations
suitable for tailoring the topography and composition of these surfaces. The surfaces
prepared with only BTO-PS/HCA NPs (Figure 6g)) also presented a high degree of
porosity with an acceptable homogeneous distribution. However, in this case, due to the
lack of a polymer matrix, the surfaces formed were very brittle. A similar study using

BTO-PS NPS with very similar results is presented in Figure S7.
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Figure 6. SEM images of BF films prepared with a) 5 wt.%; b) 10 wt.%; c) 20 wt.%;
d) 50 wt.%; e) 70 wt.%; f) 90 wt.% and g) 100 wt.% BTO-PS/HCA NPs. Scale bar in a)

is applicable to all images.

The cross-section SEM images presented in Figure 7 show that the membranes possess
amultilayer pore structure, with at least two or three interconnected porous layers. Figure
7a) shows the BTO-PS NPs settled preferentially inside the pores in the form of micron-
sized aggregates. In the case of the 20 wt.% BTO-PS/HCA NPs membranes (Figure 7b)),
no NPs can be seen in the top layer of the pores but a homogeneous distribution of
submicron-sized NPs is observed in the second layer of pores. The larger BTO-PS NPs
aggregates suggest that the BTO-PS/HCA NPs have a greater ability to stabilize the water
droplets during the BF mechanism, likely due to their higher amphiphilic behavior, in

agreement with the previous observations addressed in Figure 5.

The BTO-PS NPs aggregates observed by SEM are in the order of several microns, so
they are most likely below the surface because they fall by gravity, due to their own
weight, while BTO-PS/HCA NPs aggregates are in the range of hundreds of nm.
However, in both cases the highly ordered structures in the top layer suggest that BTO-
PS NPs and BTO-PS/HCA NPs must also be present there. Otherwise, the water droplets
would not be properly stabilized, and an irregular surface would be formed, as in the case

of unmodified BTO NPs.

To understand better this mechanism, TEM analysis was done on a 70% BTO-PS/HCA
NPs film. This is expected to provide more information since the number of NPs is higher
and TEM has a considerably higher resolution than SEM. The pore detail displayed in
Figure 7c-d) shows the presence of submicron-sized aggregates but also individual BTO-

PS/HCA NPs inside. These NPs are well embedded in the PS matrix, as shown in Figure
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7e), where the mapped EELS C signal covers the NP. More HAADF images and chemical

maps are presented in Figures S8-S9.

Top-view EELS analysis shown in Figure 8 reveals a preferential distribution of the Ba,
Ti and O signals inside of the pores, corresponding to the BTO-PS/HCA NPs, while the
C signal, corresponding mainly to the PS matrix, is more intense in the walls of the pores,
where the thickness of the membrane is higher. This implies that the BTO-PS/HCA NPs
are preferably inside the pores of the hybrid membranes, although they were not clearly
seen in Figures 5-6, and confirms that polymer-coated NPs participate in the stabilization

of the condensing water droplets during the BF mechanism, contributing to form a regular

honeycomb pattern.

Figure 7. Cross-section SEM images of BF films prepared with a) 20 wt.% BTO-PS NPs
and b) 20 wt.% BTO-PS/HCA NPs; ¢, d) HAADF images and ¢) EELS maps of a film

prepared with 70 wt.% BTO-PS/HCA NPs.

Figure 8. Top-view HAADF image and EELS mapped signals from a BF film prepared
with 70 wt.% BTO-PS/HCA NPs.
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Once the hybrid membranes were fully characterized, they were used as membranes for
piezocatalysis thanks to the presence of the BTO NPs, which is known to be able to
generate hydroxyl radicals in solution upon exposure to ultrasound waves (Figure S10a).
The generated hydroxyl radicals are then involved in a cascade of decomposition
reactions involving, in this case, methylene blue, leading to its complete decomposition
into harmless NH4™ and SO4?" ions, water and carbon dioxide (Figure S10b). Similarly,
hydroxyl radicals are known to be able to efficiently decompose other common pollutants
such as pesticides and pharmaceuticals.

In order to assess the piezocatalytic properties of the presented approach, membranes of
ca. 7 cm? were manufactured using BTO-PS/HCA NPs with concentrations of 50, 70 and
90 wt.%. and were immersed in 50 mL of a 0.5 mg/L MB solution. It was observed that
the 70 and 90 wt.% BTO-PS/HCA NPs membranes were not mechanically stable during
the piezocatalysis experiments, likely because the vibrations of the ultrasounds damage
and break the membrane. The 50 wt.% BTO-PS/HCA NPs membranes, however,
remained stable, so this concentration was fixed for the catalysis experiments. Figure 9
and Figures S11-13 show the evolution of the absorbance of MB with time in the presence
of the porous membrane. The same experiment was also carried out in absence of BTO-
PS/HCA NPs and with a similar concentration of BTO-PS/HCA NPs dispersed in solution
as controls. The decrease of the MB absorbance values indicates its oxidation by the
presence of hydroxyl radicals ultimately generated by the ultrasound’s activation of BTO-
PS/HCA NPs.

Figure 9a) shows a small MB degradation is observed in absence of BTO-PS/HCA NPs,
induced by an autocatalytic process due to the formation of free radicals.[49] However,
the kinetics significantly increase when a small amount (0.12 mg/mL) of BTO-PS/HCA
NPs is added into the solution (Figure 9b)). This demonstrates that the polymeric coating
does not block the BTO surface, allowing it to interact with water molecules. MB
degradation is also observed with the 50 wt.% BTO-PS/HCA NPs porous membrane
(Figure 9c)), prepared with a total amount of NPs equivalent to those used in the
experiment with the dispersed BTO-PS/HCA NPs shown in Figure 9b). Figure 9d)
shows the evolution of MB absorbance over time for these experiments. This data was
fitted to zero, first and second order kinetic models finding that the best fit (i.e., higher
R?) was obtained for the first-order model (Table S3). This finding aligns with previous
studies on MB (or similar molecules such as Rhodamine B) piezocatalysis degradation

by dispersed BTO [17,48], as well as other reactions in BF-prepared membranes [34], all
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of which were best described by first-order kinetics, based on a simplified Langmuir-
Hinshelwood mode.[50] Fitting this data to the first order kinetic equation yields constant
values of k=(4.3£0.7) - 103 min and (2.7 £ 0.8) - 10~ min™! for the BTO-PS/HCA NPs
in solution and prepared by BF, respectively. Although a 37% decrease in kinetics is
observed, likely due to reduced NP mobility, these results remain comparable to those
reported for other BTO membranes [6] and indicate that the BTO-PS/HCA NPs are
accessible to water molecules in the porous membrane and can effectively promote the
formation of free radicals capable of degrading MB. To ensure that the BTO-PS/HCA
NPs do not detach from the porous membrane, a second catalysis cycle was conducted.
The catalytic activity was similar to that observed in the first cycle, significantly higher
than the minor autocatalytic activity seen in the control experiment without BTO-PS/HCA
NPs (Figure S14), suggesting that the NPs are properly immobilized within the polymer
matrix. Therefore, these results demonstrate that BF is a practical and cost-effective
approach for preparing hybrid membranes with piezocatalytic activity. The
immobilization of BTO-PS/HCA NPs in a solid membrane facilitates their removal after

catalysis, unlike NPs in dispersion, which requires more complex and time-consuming

processes such as centrifugation or ultrafiltration.
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Figure 9. UV-Vis spectra of MB under sonication at different times a) in absence of BTO-

PS/HCA NPs; b) in presence of 0.12 mg/mL BTO-PS/HCA NPs dispersed in solution; ¢)
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in presence of a 50 wt.% BTO-PS/HCA NPs porous membrane prepared by BF; d)

evolution of the absorbance of MB with time, measured at A = 663 nm.

CONCLUSIONS

In conclusion, this study has established an innovative strategy for integrating surface-
functionalized barium titanate nanoparticles (BTO NPs) into highly ordered, porous
hybrid films using the breath figures (BF) method. We demonstrated that the surface
chemistry of BTO NPs plays a pivotal role in dictating the formation, regularity, and
stability of honeycomb-patterned porous structures. By employing three distinct surface
modification techniques — dopamine dodecylamide functionalization (BTO-DDA),
catechol-functionalized polystyrene (BTO-PS), and a synergistic dual modification using
catechol-functionalized polystyrene and hydrocaffeic acid (BTO-PS/HCA) —
compatibility of BTO NPs with hydrophobic polymer matrices was achieved.

The significance of the presented results extends to applications in piezocatalysis. BTO
NPs are well-known for their piezoelectric properties, which make them promising
candidates for catalyzing chemical reactions under mechanical stimuli. The development
of highly ordered porous films with evenly distributed BTO NPs opens new opportunities
for optimizing piezocatalytic performance. This work addresses these challenges by
achieving uniform nanoparticle distribution and maintaining robust structural order. This
advancement is critical for maximizing the active surface area and ensuring efficient
charge separation, both of which are crucial for high-performance piezocatalysis.

The present approach introduces several key improvements over existing methods. The
incorporation of BTO-PS/HCA-modified nanoparticles has not only preserved the
honeycomb structure but also enhanced the piezocatalytic capabilities of the films,
making them highly effective for potential applications in water purification,
environmental remediation, and energy conversion systems. The integration of the
presented surface-engineered BTO NPs within these highly ordered porous architectures
presents a versatile and impactful platform for next-generation piezocatalytic

technologies, promising significant environmental and technological benefits.
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