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ABSTRACT: Highly porous metal oxide—polymer nanocomposites are attracting consid-
erable interest due to their unique structural and functional features. A porous polymer matrix
brings properties such as high porosity and permeability, while the metal oxide phase adds
functionality. For the metal oxide phase to perform its function, it must be fully accessible, and
this is possible only at the pore surface, but functioning surfaces require controlled
engineering, which remains a challenge. Here, highly porous nanocomposite beads based on
thin metal oxide nanocoatings and polymerized high internal phase emulsions (polyHIPEs)
are demonstrated. By leveraging the unique properties of polyHIPEs, i.e., a three-dimensional
(3D) interconnected network of macropores, and high-precision of the atomic-layer-
deposition technique (ALD), we were able to homogeneously coat the entire surface of the
pores in polyHIPE beads with TiO,-, ZnO-, and Al,O;-based nanocoatings. Parameters such
as nanocoating thickness, growth per cycle (GPC), and metal oxide (MO) composition were
systematically controlled by varying the number of deposition cycles and dosing time under
specific process conditions. The combination of polyHIPE structure and ALD technique proved advantageous, as MO-nanocoatings
with thicknesses between 11 + 3 and 40 &+ 9 nm for TiO, or 31 + 6 and 74 + 28 nm for ZnO and Al,O;, respectively, were
successfully fabricated. It has been shown that the number of ALD cycles affects both the thickness and crystallinity of the MO
nanocoatings. Finally, the potential of ALD-derived TiO,-polyHIPE beads in photocatalytic oxidation of an aqueous bisphenol A
(BPA) solution was demonstrated. The beads exhibited about five times higher activity than nanocomposite beads prepared by the
conventional (Pickering) method. Such ALD-derived polyHIPE nanocomposites could find wide application in nanotechnology,
sensor development, or catalysis.
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1. INTRODUCTION

The idea of compounding metal oxides (MO) into porous
polymer matrices is not new, as numerous MO—polymer pairs
and a variety of approaches to create porous structures have
been combined over the past decades to produce porous
polymer nanocomposites.”” Approaches for preparing porous
polymer nanocomposites include the sol—gel method, electro-
spinning, chemical vapor deposition (CVD), nanocasting, or
template-assisted synthesis, to name a few; however, the choice
of a particular synthesis method depends on what specific
properties we want to tune/control in a porous nano-
composite, either the porous structure, the chemical
composition, or the spatial distribution of nanoparticles.* >
Among the approaches to generate porous polymer matrices,
polymerization of high internal phase emulsion templates
(referred to as polyHIPEs) has lately gained particular
attention.”” The reason for its popularity is that both the
chemistry of the polymer backbone and the porous properties,
i.e., pore volume, pore size distribution, and degree of three-
dimensional (3D) interconnectivity, can be easily tuned and
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controlled.® The polyHIPE (PH) matrices are also very useful
for obtaining porous nanocomposites and hybrids.”'? While
early efforts focused primarily on improving the mechanical
properties of PH matrices,’' ™'’ more recent examples
increasingly aim to add functions to PH such as con-
ductive,"*™!7 magnetic,lg_21 thermo-insulative,”**® cata-
Iytic,”* ™" or capture properties,”® ' to name a few, by
obtaining PH nanocomposites. A number of methods have
been developed to incorporate MO into PHs, which can be
divided into two main strategies. The first is to impregnate the
surface of the voids in the preformed PH with a solution
containing the precursor of the desired MO.>>™** A second
option is to use preformed MO as stabilizers for HIPEs, a
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process known as Pickering-stabilization, in which MO remains
embedded in or attached to the surface of the voids after
polymerization.”> However, both strategies are associated with
difficulties, such as aggregation-related defects, homogeneity,
lack of control over the location of the NPs (surface vs bulk
phase), batch-to-batch reproducibility, and, in some cases, even
clogging of the interconnecting pores by the larger NP
agglomerates. Therefore, the preparation of functional PH
nanocomposites still remains a challenging task, as eflicient
hybridization is required to achieve synergy of the components
at the nanocomposite interface; otherwise, it is merely a
physical mixing. In response to the shortcomings of the above
strategies, in this work, we present a different approach to
obtain functional MO-PH nanocomposites using atomic-layer
deposition (ALD).

ALD is a thin-film synthesis technique that is particularly
well-suited for the deposition of a variety of materials on
porous matrices. In the ALD process, the solid (porous) matrix
is exposed in alternating cycles to vaporized chemical
precursors that react with functional groups on the pore
surface and deposit the material in a layer-by-layer fashion.***”
Since a chemical reaction ends when all functional groups on
the pore surface have reacted with the gaseous precursors,
ALD is a self-limiting process that allows precise film thickness
control.>®*** However, for an efficient ALD process, two main
conditions must be met; ie., an interconnected porous
structure and the matrix surface should have a high density
of reactive surface sites."”"" When the PH matrix is used in
ALD, its foamy structure with 3D-interconnectivity should be
advantageous for facilitating the diffusion of the precursor
vapor molecules into the porous structure, reaching the
available reactive sites on the void surface. Another favorable
feature is a broad selection of monomeric systems from which
PH can be synthesized, which, in combination with the
possible chemical functionalization after polymerization,>*
allows the preparation of a tailored surface-chemistry required
for successful ALD. More than a decade ago, Weimer et al.
reported the fabrication of ceramic or biocompatible interfaces
using a relatively nonreactive and hydrophobic styrene-based
PH as a porous matrix for ALD.**** The combination of PH
matrices and ALD holds great potential for the development of
porous nanocomposites with well-defined (nano)-
functionalized surfaces. Thus, in this work, reactive and
hydrophilic poly(acrylamide) (PAM) PH beads are used as
an example and different MOs are synthesized on the surface
of the voids. Of particular interest is the ability to form MO
nanocoatings exclusively on the surface with precise control of
thickness and complete accessibility. Finally, we discuss the
synthesis—structure relationship of TiO,-, Al,O;-, and ZnO-
nanocoated PH beads and evaluate the photocatalytic
properties during the oxidation of the endocrine disrupting
compound bisphenol A (BPA) dissolved in water.

2. EXPERIMENTAL SECTION

Materials. Methylenebis(acrylamide) (MBAA, Sigma),
N,N,N’,N’-tetramethyl ethylenediamine (TMEDA, Merck), Pluronic
F127 (F127, Sigma), acrylamide (AAM, Sigma), ammonium
persulfate (APS, Sigma-Aldrich), toluene for analysis (Merck), and
paraffin oil (density at 20 °C 0.865 kg/L, Pharmachem) were all used
as received. For the atomic layer deposition, three precursors were
used, titanium tetrachloride (Thermo Fisher Scientific, 99.0%),
diethylzinc (STREM, 99.9998% Zn), trimethylaluminum (STREM,
99.999% Al), and the oxidizer was ultrapure water (obtained from
Milli-Q purification system) in all cases.

Preparation of Poly(acrylamide) (PAAM)-Based polyHIPE
Beads through O/W/O Sedimentation Polymerization. O/W
HIPEs were formed by adding toluene as an organic internal phase
dropwise to the aqueous external phase, consisting of AAM
(monomers), MBAA (cross—linking comonomer), initiator (APS),
and surfactant (Pluronic F-108) during continuous stirring (masses
according to the Table S1). Each reagent was dissolved completely
before the addition of the next one. After the addition of the toluene
containing TMEDA, the O/W HIPE was further stirred for S min.
Then the O/W HIPE was injected dropwise into the second
continuous phase (paraffin oil) also containing TMEDA, using a
syringe with a needle (external diameter of 0.8 mm) (Scheme 1). 40

Scheme 1. Schematic Presentation of the Bead Synthesis
and MO-Coating via ALD.
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mL of paraffin oil was charged into a 50 mL graduated cylinder,
degassed in an ultrasonic bath, and then heated in a water bath to 85
°C. After whole O/W HIPE has been added dropwise, the graduated
cylinder was allowed to stand in the water bath for 1 h and then
transferred to an oven at 50 °C for 24 h to complete polymerization.
After polymerization, beads were collected and cleaned in a Soxhlet
apparatus for 24 h with ethanol and 24 h with ether and dried in a
vacuum.

ALD of MO in the PHs. PAAM-based PH beads were coated by
TiO,, ALO; and ZnO films by Beneq TFS 200 Atomic Layer
Deposition equipment using titanium tetrachloride (TiCl,), dieth-
ylzinc (Zn(C,Hs),; DEZ), or trimethylaluminum (Al(CH;),;; TMA)
as precursor molecules, respectively. Throughout the deposition, the
high aspect ratio (HAR) chamber was used. The dosing times of
precursor molecules were 10 s for both Al,O; and ZnO, while in the
case of TiO, it was 10, 30, 60, and 100 s. The deposition temperatures
were 150 °C in the case of Al,05, 175 °C in the case of ZnO, and 250
°C in the case of TiO,, respectively. The resulting materials are
termed MO-X-Y, where MO refers to the metal oxide used, X to the
number of coating cycles, and Y to the dosing time.

TiO,-Pickering PH Bead. TiO,-PAAM polyHIPE beads were
prepared by the conventional Pickering HIPE-templating method.
First, oil-in-water (O/W) HIPEs were prepared using TiO, and
Pluronic F-108 as costabilizers, and then beads were formed by O/W/
O sedimentation polymerization (see details in Supporting
Information (SI)).

Characterization. TGA measurements were performed with a TA
Instruments Q500 Thermogravimetric Analyzer (crucibles: 100 uL of
platinum from TA Instruments). An air flow of 60 mL/min was used,
and the heating rate until a final temperature of 800 °C was 10 °C/
min. Morphology investigations were performed by scanning electron
microscopy (SEM) using a Thermo Scientific Apreo S. microscope.
Micrographs were taken at several magnifications from 1000- to
20000-fold, at 11—12 mm working distance, and at 10 kV acceleration
voltage. The samples were broken and mounted on a carbon tab, and
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Figure 1. Photo of PAAM- and TiO,-coated PH beads (A); SEM micrographs of TiO,-500-10 PH (B); SEM-EDS elemental mapping for Ti atom

of Ti0,-50-10 (C); and Ti0,-500-10 PH beads (D).

a thin layer of gold was sputtered onto the samples. The ETD
detector of the microscope was used. The elemental analysis and the
energy dispersive X-ray spectroscopy (EDS) mapping of the samples
were performed by a Bruker Quantax EDS built into the Thermo
Scientific Apreo S electron microscope. The line profile analysis was
performed with the same instrument over the diameter of the bisected
PH bead. For TEM analysis, samples were embedded in Sigma Epoxy
embedding mixture, which was composed of 45.5% w/w epoxy
embedding medium solution, 28.5% w/w hardener DDSA, 24.5% w/
w NMA solution, and 1.5% w/w accelerator DMP-30. Infiltration was
performed stepwise (impregnation at room temperature for 24 h and
polymerization at 60 °C for 48 h). The resin embedded specimens
were mounted in special holders, which at the same time fit the
microtome. Ultrathin sections (50—100 nm) were obtained by using a
Leica EM UC7 ultramicrotome (Leica, Wetzlar, Germany) equipped
with a diamond knife (Diatome, Switzerland). Sections for TEM
analysis were collected on 400-mesh copper TEM grids and examined
in Technai G? 20x Twin (Philips/FEI, Eindhoven) electron
microscopes at 200 KV accelerating voltage. No staining has been
applied. The X-ray diffractograms of the samples were recorded by a
Rigaku Miniflex II diffractometer using Cu K, radiation at a scan
speed of 2° min~" after comminuting the samples in an achate mortar.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Supra+ device (Kratos, Manchester, UK) equipped
with an Al K,, excitation source (additional information is given in SI).

3. RESULTS AND DISCUSSION

PHs Synthesis and Properties. In the first step, emulsion-
templated PAAM beads were synthesized through the oil-in-
water-in-oil (O/W/O) sedimentation polymerization.* In
practice, toluene-in-(AAm)aq (O/W) HIPE was first prepared
and then injected as individual droplets with a syringe into a
heated sedimentation medium (silicone/paraffin oil), forming
an O/W/O double emulsion (Scheme 1). These droplets were
polymerized by free radical polymerization within the external
phase of the O/W HIPEs. After purification and drying, the
PAAM PH beads had an average diameter of 1.5 + 0.5 mm
(Figure S1) and a total porosity of ~90%, calculated from the
PH density (ppy) of ~0.09 g-cm™ and the PAAM skeletal
density (pp) of ~0.920 g-cm™>. The most important, PAAM
beads exhibited a typical 3D-interconnected microcellular PH
morphology with an average void and window diameter of 10
+ 3 and 3 + 1 um, respectively (Figure S1). It was also
confirmed that the voids were open to the bead surface.
Finally, FTIR spectroscopy confirmed the molecular structure
of the PAAM network cross-linked with MBAAM; typical
stretching vibration peaks at 1645 cm™' (amide C=0 (amide
I)), 1611 cm™' (N—H bending), 3109 and 3340 cm™" (N-H
stretching), and 1108 cm™ (C—N stretching) were observed
(Figure S1). The PAAM PH beads were further used as
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substrates for the deposition of TiO,-, AL,O;-, and ZnO-
nanocoatings by the alternating reactions of vaporized TiCl,,
DEZ, or TMA and H,O with the amide functional groups on
the surface of the voids. However, the 3D-interconnected
porous morphology typical of the PH is crucial in these
reactions as the gaseous precursors must diffuse readily
through the structure to obtain precise control over the
thickness of the deposited MO films (Scheme 1).

Growth of TiO,-Nanocoatings in the PHs. To under-
stand how 3D-interconnected PH morphology affects the
content, thickness, and growth per cycle (GPC) of TiO,
nanocoatings in the PAAM beads, TiCl, was deposited with
varying numbers of cycles. For this purpose, four sets of TiO,
PH samples were synthesized, i.e. TiO,-50-10, TiO,-100-10,
Ti0,-250-10, and TiO,-500-10 PH beads, differing in the
number of coating cycles, namely 50, 100, 250, and 500 cycles
at the same dosing time of 10 s per cycle. All resulting beads
changed color from white to light brown after 50 ALD cycles
to brown after 500 ALD cycles (Figures 1A and S2). The SEM
analysis revealed a completely retained HIPE-templated
macroporous structure after the TiO, deposition, regardless
of the cycle number, and the pore size also did not change
compared to the net PAAM PH (Figure 1B).

This indicates sufficient thermal stability of the porous
PAAM matrix to withstand the high temperatures during the
ALD process (i.e., 250 °C in the case of TiCl, deposition). The
deposition of TiO, inside the porous PH structure was further
investigated by using SEM-EDS on cross-sectioned samples by
tracking the Ti EDS mapping signal. The TiO, content
changes with the number of cycles, as seen in samples TiO,-
50-10 and TiO,-500-10 (Figure 1C and D) and other samples
in this series (Figure S3). Regardless of the amount of TiO,
deposited, TiCl, precursor molecules were able to penetrate
into the porous structure of PH in all cases, which allowed the
facile formation of a TiO, nanocoatings covering the voids’
surfaces in the PH beads. Moreover, the SEM-EDS line profile
analysis data show a uniform distribution of Ti throughout the
bead diameter (Figure S4), confirming that TiCl, indeed
penetrates the large PH structure covering the surface of the
voids with atomic-control.

To quantify the amount of TiO, as a function of coating
cycles, we performed TGA measurements and determined the
residual mass after heating the TiO,—PH nanocomposite
beads in an air stream at 800 °C. First, the thermal behavior of
pure PAAM PH was investigated, and it was found that the
polymer network is stable up to about 270 °C and then
completely decomposes when the temperature further
increases to about 500 °C, as shown by the TGA analysis
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Figure 2. Elastic filtered TEM of TiO,-500-10 (A, B), thickness of TiO, nanocoatings vs number of ALD cycles (C), high-resolution TEM of the
Ti0,-500-10 sample (D), XRD pattern of the TiO,-X-10 sample series (E), and selected-area electron diffraction (SAED) pattern of TiO,-500-10
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(Figure SS). Since the PAAM PH matrix already completely
decomposes at 500 °C in the air stream, these residual masses,
which were determined when TiO,—PH nanocomposites were
heated at 800 °C, were directly related to TiO,. Thus, the total
mass of TiO, increases with the number of cycles from 2 wt %
for TiO,-50 PH beads to 4, 7, and 19 wt % for TiO,-100,
Ti0,-250, and TiO,-500 PH beads, respectively (Figure SS).

TEM analysis was performed to further investigate the
average thickness of the TiO, nanocoatings within the PH
structure in more detail. The TEM imaging of the nano-
composite beads showed that the ALD of TiO, leads to the
formation of a continuous coating over the surface of the void
(Figure 2A, B). The thicknesses of the TiO, coatings were
about 11 + 3, 11.9 + 1, 16 + 1, and 40 + 9 nm for TiO,-50-
10, TiO,-100-10, TiO,-250-10, and TiO,-500-10 PH beads,
respectively (Figure 2C), corresponding to a GPC of about
0.24, 0.11, 0.07, and 0.08 nm.

The high-resolution TEM image shows that some TiO,
nanocoatings are also crystalline, exhibiting a large number of
fringes (Figure 2D). Analysis of the fringe pattern of the TiO,-
500-10 sample revealed an inter-reticular spacing of 0.355 nm,
which is consistent with the (101) lattice plane of TiO,
anatase. The anatase structure is confirmed by X-ray diffraction
(XRD) analysis with peaks at 26 of 25.2°, 37.7°, 48.0°, 53.8°,
55.2°, and 62.7° corresponding to the (101), (004), (200),
(105), (211), and (118) crystal planes of anatase (Figure 2E).
The TiO, crystal edge orientations were further analyzed using
the corresponding electron diffraction spots in the SAED
patterns, and the following edge orientations (101), (004),
(200), and (10S) were found in the TiO,-250-10 and TiO,-
500-10 samples (Figures 2F and S6), but not in samples
synthesized with fewer ALD cycles, i.e., TiO,-50-10 and TiO,-
100-10 (Figure S6). The thickness and crystallization of TiO,
nanocoatings change with the number of ALD cycles, and this
can be explained by the following hypotheses. Considering that
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the TiO, film thickness increases slowly at the beginning of the
ALD process, i.e., between 50 and 250 cycles, and a sharp
increase in TiO, film thickness is observed only at a higher
cycle number, this indicates a so-called “delayed” growth
mechanism (Figure 2C)."” The delayed-growth phenomenon
is the result of the reactivity difference between the chemical
sites on the polyacrylamide substrate containing amide
functions and the as-grown TiO, films containing hydroxyl
functions. In the Ti0,-50-10 and TiO,-100-10 samples, where
we used 50 and 100 ALD cycles, respectively, we obtain thin
TiO, films because many amide functions are still present on
the surface and they seem to be less reactive toward TiCl,/
H,O precursor molecules. In contrast, thicker TiO, films were
obtained for the TiO,-250-10 and TiO,-500-10 samples, with a
roughly 3-fold increase in thickness for TiO,-500-10 compared
to the TiO,-50-10 sample. The rapid growth indicates a high
density of available hydroxyl functions on the surface of the as-
grown TiO,. Moreover, the film thickness was also found to be
related to TiO, crystallization, which is known as a thickness-
dependent crystallization phenomenon.*** Literature reports
that crystallization of TiO, thin films is strongly affected by the
dosing temperature in thermal ALD. TiO, films deposited at
dosing temperatures <165 °C are amorphous, while those
deposited >165 °C should contain the anatase phase.’
Considering that all four TiO,-X-10 samples were in our
case deposited at the same dosing temperature, i.e. 250 °C, it is
intriguing that the thinner films in TiO,-50-10 and TiO,-100-
10 developed as amorphous coatings, while the thicker ones in
Ti0,-250-10 and TiO,-500-10 exhibited crystalline properties.
Crystallization thus appears to be thickness-dependent; i.e., it
starts with individual crystal grains (S6A) that form after a
specific number of ALD cycles, and above a certain TiO, layer

thickness, this crystallization process extends over the entire
deposited film.>">*
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Figure 3. High-resolution XPS depth profiling of a TiO,-250-10 sample: C 1s (A), Ti 2p (B), O 1s (C), and N 1s (D).

While the number of ALD cycles obviously has an effect on
the thickness and crystallization, we were also interested in the
effect of TiCl, dosing time on the formation of TiO,
nanocoatings. Therefore, three different dosing times were
chosen, namely 30, 60, and 100 s at S0 ALD cycles program.
The average thickness of the TiO, nanocoatings was analyzed
by TEM and found to be 16 + 2, 4 & 1, and 4 + 0.5 nm after
30, 60, and 100 s dose time, respectively. Although no
diffraction peaks belonging to anatase were found in XRD, we
observed some weak diffraction spots in SAED patterns only in
the TiO,-50-100 sample with the following edge orientations:
(101), (200), (116), (103), and (211) (Figure S7). Finally, the
residual masses were determined by TGA and found to be 4.5,
2.0, and 3.5 wt % for the TiO,-50-30, TiO,-50-60, and TiO,-
50-100 PH beads, respectively (Figure S8). Apparently, not
only the number of ALD cycles but also the dosing time can
affect the thickness and crystalline nature of the TiO,
nanocoatings in the PAAM PH beads.

XPS was used to analyze the surface composition of the
voids in the TiO,-250-10 sample. The survey spectra showed
the presence of Ti 2p, O 1s, N 1s, and C 1s signals (Figure S9),
indicating the TiO, and PAAM phases in the PH nano-
composite beads. To confirm the layered structure of the
surface of the void and to determine whether TiO, forms only
at the surface or whether the precursor molecules (TiCl,/
H,0) also penetrate and react in the underlying PAAM phase,
depth profiling was performed by sputtering the surface
associated with XPS analysis. Sputtering started by employing
the Arjgp" argon gas cluster ion beam (GCIB) at 10 keV
followed by S keV monatomic Ar* sputtering. High-resolution
XPS spectra are shown in Figure 3. The surface of the voids in
the uppermost position (the lowest spectra in Figure 3) shows
the C-, Ti-, and O-containing species. The C atom probably
comes from adventitious carbon contamination. The latter is
supported by the fact that the main peak in the C 1s spectra
loses intensity with sputtering the surface (Figure 3A),
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indicating the removal of adventitious carbonaceous species.
The presence of the peak in the Ti 2p and the O 1s spectra is
due to the TiO, layer. Analysis of the high-resolution Ti 2p
spectra revealed a doublet, i.e. Ti 2p;,, and Ti 2p, /, at binding
energies of 458.7 and 464.4 eV, respectively, which
corresponds to Ti*/TiO, (Figure 3B).” The high-resolution
XPS O 1s spectra before sputtering show the main peak at
about 530.0 eV with a shoulder at a higher binding energy,
indicating two different chemical environments of O-species.
The main peak is attributed to O*>” in the TiO, crystal
structure, while the shoulder peak at higher bending energy is
likely due to oxygen vacancies.”* Importantly, no N-containing
species were found in the uppermost position (the lowest
spectra in Figure 3D), suggesting a pure TiO, layer (Figure
3D). After the tenth sputtering cycle, the main peak in the Ti
2p spectra began to decrease, indicating the proximity of the
TiO,—PAAM interface. At this point, we continue with a § keV
monoatomic Ar’. After the fifth sputtering cycle with 5 keV
Ar*, a new peak appears in the N 1s spectrum at 396.8 eV,
corresponding to TiO,—N bonding (Figure 3D),” confirming
the TiO,—PAAM interface. Upon further sputtering, the
intensity of the peak in the N 1s spectra increases and shifts
from 396.8 to 399.1 eV, which corresponds to the N atoms in
the amide (Figure 3D).’® Moreover, the peak in the Ti 2p
region eventually disappears, and the peak in the C 1s spectra
gradually increases. Finally, a slight shift of the main peak in
the O 1s region from 530.0 eV (O*7/TiO,) to 532.0 eV (O
originating from C=0) (Figure 3C) confirms the PAAM
phase. Thus, the XPS analysis corroborates that the TiO,
nanolayer occurred only on the void surface and that no TiO,
was found in the PAAM phase.

ZnO and Al,O; Nanocoated PHs. To demonstrate the
versatility of the synthetic approach, we continued our studies
and prepared thin atomic layer-deposited ZnO and Al,O;
nanocoatings on the inner surface of PH beads. Both metal
oxide precursors, i.e., DEZ and TMA, were deposited with 250
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10 pm

Figure 4. SEM images of Zn0-250-10 PH beads (A), A,0;-250-10 PH beads (B), and SEM-EDS elemental mapping for the Zn atom of ZnO-

250-10 PH beads (C) and Al atom of Al,0;-250-10 PH beads (D).

ALD cycles and 10 s dosing time. The EDS analysis clearly
shows the presence of Zn and Al atoms on the surface of the
voids in the PH structure and thus the successful deposition of
ZnO and Al O;, respectively (Figure 4).

Thermogravimetric analysis indeed confirmed the presence
of ZnO and AL, O; in the PAAM matrix. The residual masses
were 26 and 16 wt % for the ZnO-250-10 and Al,0;-250-10
samples, respectively (Figure SA). The average thickness of the
ZnO and Al,O; nanocoatings determined by TEM imaging
was found to be about 31 + 6 and 74 + 28 nm, respectively
(Figure SB and C), corresponding to a GPC of about 0.12 and
0.29 nm under these experimental conditions. Interestingly, the
GPC values for ZnO-250-10 and Al,03-250-10 are both higher
than that of TiO,-250-10 PH, although the opposite would be
expected. Indeed, steric hindrance from chemisorbed neigh-
boring precursor molecules at the polymer surface is lower
when smaller TiCl, molecules are deposited than for larger
DEZ and TMA molecules, which affects the concentration of
the accessible reactive surface sites. However, the main reason
for the lower growth rate of TiO, is probably secondary
reactions, namely the chlorination of the substrate surface by
HCI formed during the TiCl,/H,0 process, which temporarily
blocks the adsorption sites for TiCl, and reduces the growth
rate and thickness of TiO, nalnocoatings.57’58

The high-resolution TEM analysis shows that ZnO nano-
coatings are also crystalline, exhibiting a large number of
fringes (Figure SD). Analysis of the fringe pattern of the ZnO-
500-10 sample revealed an inter-reticular spacing of 0.288 nm,
consistent with the (100) lattice plane of ZnO wurtzite. The
XRD diffraction patterns are shown in Figure SE. In the case of
Zn0-250-10, typical diffraction peaks at 26 of 31.5°, 34.6°,
36.1°, 47.2°, 57.1°, 62.8°, and 67.9° correspond to crystal

planes (100), (002), (101), (102), (110), (103), and (112) of
hexagonal wurtzite ZnO. Most of these planes were also
corroborated by corresponding electron diffraction spots in the
SAED pattern, and the following ZnO crystal edge orientations
found at (200), (002), (101), (102), (110), (100), and (112)
(Figure SF). On the other hand, the XRD diffraction pattern of
the Al,0;-250-10 sample revealed an amorphous structure
without diffraction peaks as well as without detectable electron
diffraction spots in the SAED (Figure S10).>”

The XPS survey spectra measurements for Al,O;- and ZnO-
250-10 samples showed the presence of C 1s, N 1s, and O 1s
signals along with Zn 2p, Zn 3s, and Zn 3p XPS signals and
XPS-induced Auger LMM signals for ZnO, and Al 2s and 2p
signals for Al,O;, clearly indicating the presence of ZnO and
ALO; at the surface of the voids in PAAM PH beads (Figure
S11). Moreover, high-resolution XPS spectral measurements
were performed for ZnO, Al,O;, and PAAM and are shown in
Figure S12. The peak in the C 1s spectrum at a binding energy
of 285.6 eV can be assigned to C—N in the amide group of
PAAM (Figure S12A). In addition, the C 1s spectrum in ZnO-
250-10 reveals a second peak at 289.15 eV, which is probably
related to the COO groups that appear after amide hydrolysis
in PAAM.®” COO is also seen in the spectral O 1s spectrum at
534.23 eV. Interestingly, this peak is not seen in the other two
samples, i.e., TiO,- and Al,0;-250-10. Hydrolysis of the amide
group leading to a carboxylic acid group within the PAAM
macromolecular backbone can indeed occur by different
mechanistic pathways.61 In our case, therefore, amide
hydrolysis is likely related to the different conditions under
which precursor molecules react with surface functional groups
to form MO. The presence of PAAM can be further confirmed
by the high-resolution XPS spectra of the N Is and the O 1s
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Figure S. TGA of ZnO- and Al,05-250-10 sample (A), elastic filtered TEM of ZnO- and Al,05-250-10 sample (B, C), high-resolution TEM of the
Zn0-250-10 sample (D), XRD pattern of the ZnO- and Al,0;-250-10 sample (E), and selected-area electron diffraction (SAED) pattern of ZnO-

250-10 sample (F).

orbitals exhibiting peaks at 399.7 and 532.0 eV, respectively
(Figure S12B,C). The Al 2p region revealed a single peak at
74.1 eV corresponding to Al**/AL O, (Figure S12D), while the
Zn 2p spectrum showed a doublet at 1021.5 and 1044.6 eV,
which corresponds to the Zn 2p;,, and Zn 2p, ,, respectively,
in the Zn**/ZnO (Figure SI2E).5%¢3

Photocatalytic Oxidation of Bisphenol A (BPA). The
photocatalytic activity of the developed TiO,-250-10 beads as
heterogeneous catalysts was determined for the oxidative
photodegradation of BPA dissolved in water and compared
with that of TiO,—PH beads prepared by the conventional
Pickering method. It should be noted that the PH beads
obtained by both routes contained the same amount of TiO, in
the structure, ie, ~10 wt %, and differed only by spatial
distribution. The SEM-EDS elemental mapping for Ti in the
Pickering beads’ PH revealed that TiO, is mainly present in
the PAAM phase and less at the surface (Figure S13). Namely,
we and others have shown that in the Pickering PHs, MOs are
present both on the surface of the voids and in the bulk of the
PH skeleton.'***% However, as we show in this paper, ALD-
derived PH nanocomposites have MO exclusively on the
surface of the voids, which should be beneficial for applications
such as heterogeneous catalysis and advantageous over the
Pickering PH nanocomposites that we will show as an example.
Figure 6A shows a comparison of photocatalytic activity
exerted by various samples. Control experiments conducted
with PAAM beads without TiO, or without UV light
illumination showed no BPA degradation. The ALD-derived
TiO,—PH beads showed rapid photocatalytic degradation of
BPA in an aqueous solution and could photodegrade about
30% BPA within 120 min. In contrast, the Pickering PH beads
reacted very slowly after the light was turned on and exhibited
some photocatalytic activity within 120 min, ie. ~5%.
Interestingly, in the “dark phase” (experimental phase without
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light), about 6% of the BPA is adsorbed in the ALD-derived
TiO, PH beads but not in the net PAAM, which means that
this must be related to the TiO, layer on the surface and not to
the highly porous PH structure. However, the adsorption
apparently has no effect on the further photocatalytic efficiency
since the ALD TiO,—PH photocatalyst still achieves a BPA
degradation of 30% within 120 min without reaching the
plateau. Moreover, ALD derived TiO,—PH beads can be easily
recovered and reused. After five consecutive runs, some
diminution in the photocatalytic performance is observed. It
decreased by 15% between the first and third runs and
remained at a similar level until the fifth run (Figure 6B). The
decrease in BPA degradation could be due to accumulation
and deposition of the photochemical degradation products on
the surface of the TiO, nanocoating. Although the photo-
catalytic activity of the TiO,-250-10 sample decreases after five
runs using the same batch of catalyst, it is still much better than
the performance of the Pickering TiO,-PH beads in the first
cycle (Figure 6B). Finally, to confirm the robustness of the
synthesized TiO, layer on the PH surface, XPS analysis of the
beads was performed after the fifth photocatalytic cycle. The
XPS spectrum of the Ti0O,-250-10 sample is shown in Figure
S14 and reveals the Ti 2p, Ti 3s, Ti 3p, O 1s, and C 1s signals
corresponding to TiO,. This confirms the presence of TiO, in
the PH nanocomposite beads, even after five consecutive
photocatalytic runs in the aqueous medium. The results of the
experiments on photocatalytic oxidation of an aqueous BPA
solution (Figure 6) show that the efficiency of the ALD TiO,—
PH sample is significantly higher than the efficiency of the
Pickering TiO,—PH sample, which we attribute to the more
suitable deposition of the TiO, phase and thus easier access of
the BPA molecules dissolved in water to the active sites as well
as more efficient use of UV light. The ALD method of
depositing the TiO, phase, compared to conventional methods
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Figure 6. Photocatalytic oxidation of an aqueous solution of BPA
carried out in the presence of PH catalysts irradiated with UV light
(A) and BPA photodegradation performance during S cycles using the
same catalyst batch (B).

of material preparation, may also have an impact on the optical
and electronic properties of the photocatalysts and, con-
sequently, on the efficiency of formation of reactive oxygen
species involved in the photocatalytic oxidation process. The
latter remains the subject of further research.

4. CONCLUSIONS

In summary, atomic-layer deposition has been successfully
used for 3D surface nanofunctionalization of macroporous PH
beads. A key advantage of this technique is the controlled
atomic-scale thickness of the deposited layers on the surface of
the voids in the PH structure. The successful synthesis of the
MO-PH beads thus obtained was confirmed by TGA, SEM,
EDS, XRD, TEM, and XPS analyses. The combination of these
characterization techniques showed that both the number of
ALD cycles and the dosing time have an influence on the total
mass, thickness, and crystallization of the obtained MO layers
in the PAAM PH. TGA showed between 2 and 19 wt % TiO,
and about 26 and 16 wt % ZnO and Al,O;, respectively. The
primary macroporous morphology of PHs was not affected by
the ALD process, as shown by SEM, although in some cases
the vaporization temperature reached 250 °C. The results of
the EDS examination indicated that MOs were deposited on
the entire inner and outer surfaces of PAAM PH beads. TEM
analysis revealed nanolayers on the inner highly porous PH
surfaces with thicknesses between 11.3 + 3 and 40 + 9 nm for
TiO, and 31 + 6 and 74 + 28 nm for ZnO and ALO;,
respectively. Further combination of TEM and XRD measure-
ments confirmed a thickness-dependent crystallization behav-
ior, with TiO, nanolayers appearing as an amorphous structure
at 50 or 100 cycles and beginning to crystallize at 250 cycles of
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ALD. In the case of Al,O;, we could not detect any crystalline
structure under these ALD conditions. Qualitative XPS
analysis enabled the confirmation of the chemical composition
of the respective nanocoatings by identifying specific species,
namely, Ti*/TiO,, Zn**/ZnO, and AI**/AL,O,. Moreover, the
XPS depth profiling of the TiO,—PH sample displayed a TiO,
nanolayer formed exclusively on the surface of the voids and
confirmed that the precursor molecules did not penetrate into
the underlying PAAM phase. Finally, the advantage of this
surface coverage by TiO, in the ALD-derived TiO, PH beads
was demonstrated through the photocatalytic oxidation of
BPA. It has been shown that the efficiency is significantly
better compared to Pickering TiO, PH beads.

The combination of atomic-layer deposition and emulsion-
templated macroporous structures opens up the possibility of
creating PH nanocomposites with well-defined and easily
accessible MO layers. However, it is important to note that the
functionality is not limited only to the combination of TiO,,
ZnO, or Al,O; in PAAM PH shown in this work but can be
considered as a more universal method for functionalization of
PH that can also include biological materials such as peptides
or enzymes.
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