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HIGHLIGHTS

o Synthesis of Zn0, TiO, and composite layers and inverse opals.

o Investigation of the heat treatments effect on the mono- and bilayers.

o Study of the inverse opals with the insight gained from the reference layers.

o Evaluation of the inverse opals photocatalytic capabilities under UV and visible light irradiation.
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The inverse opal structure holds a lot of interesting properties that can be exploited for the use of photocatalysis.
Ti0y, Zn0, and composite inverse opals were synthesised with the aim of producing a photocatalytic layer and
investigating the changes during the preparation of the structure, focusing the annealing of the material during
the removal of the sacrificial polystyrene opal template, First, monolayers and bilayers were synthesised using
atomic layer deposition on Si substrates, and their structures were explored before and after heat treatment. The
composite bilayers showed deformations on the surface under electron microscopy, namely humps and holes,
Second, inverse opals were prepared using vertical deposition of polystyrene nanospheres, atomic layer depo-
sition of TiOz and ZnO, and heat treatment. The surface and bulk (structural) properties were analysed using
water wettability tests, SEM-EDX, XRD, and UV-Vis spectroscopy methods. Photocatalysis experiments were
carried out using UV and visible irradiation of rhodamine 6G solution; interestingly, the performance of the Zn0,
TiO, and composite inverse opals depends on the type of irradiation.

1. Introduction large surface area for enhanced catalytie efficiency [1:]. The photonic

band gap is caused by the structure of the crystal, and the repeating

Inverse opals are widely researched materials in the fields of pho-
tonies [ 1], sensors [2], batteries [3] and catalysis [1-0]. Materials uti-
lising this structure usually have a large specific surface area [7,5] and
photonic properties, such as the photonic band gap [*] and the “slow”
photon effect [10]. The advantages of inverse opal photocatalysis are
derived from two effects of the structure; high surface area and the
'slow’ photon effect, which arises from the photonic band gap [11]. The
hollow inverse opal structures with repeating pattern of holes provide a
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pattern makes an interference effect to the light of a specific wavelength
range, which in turn will be fully refracted [13]. On the two edges of the
photonic band gap (blue edge and red edge), light travels with lower
group velocity; hence the name 'slow’ photon effect. This effect in-
creases the light absorptivity and the optical path length [11]. In the
literature, the best strategy to utilize the ’slow’ photon effect is to
coincide the red edge (“slow” photons propagating in the high dielectric
phase, semiconductor) with the band gap of the semiconductor. The
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logic is that increasing the optical path of light in the semiconductor will
increase the light harvesting, thus making more electron-hole pairs. The
fabrication of this coincidence is not easy, since the position of the slow
photon effect is dependent on structure and the angle of irradiation, but
this was demonstrated in several articles [11,14,15]. However, there is
conjecture in the literature about the nature of the ‘slow’ photon effect,
because experiments showed, that coinciding the blue edges (‘slow’
photons propagating in the low dielectric phase, air/water) with the
band gap of the semiconductor can also increase light harvesting to a
similar amount [16,17]. To make things more complicated, S. John and
coworkers suggest that the optimal structure of inverse opals is to utilize
higher order ’slow’ light modes [4]. Photocatalytically active materials,
such as TiO; [18], ZnO [19], SnOy [20], WO3 [21] and BipWOg [22]
were used to build photonic inverse opals.

In pursuit of increasing the photocatalytic capabilities, producing
composites offers a solution to more than one problem. Usually, semi-
conductor photocatalysis utilizes the electronic band gap to create
electron-hole pairs, which can catalyse chemical reactions. Many phe-
nomena can hinder this process, such as recombination and photo-
degradation [22]. Recombination of the electron and hole is a
well-known bottleneck of photocatalysis and one of the best ap-
proaches to get around it is heterojunctions [24]. Heterojunctions help
to lower the rate of recombination due to the separation of charges
between the two semiconductor band gap systems [25]. This is also true
for ZnO and TiO; formed heterojunctions because their band gaps are
close to each other energy wise, which makes the electron and hole
easily transferable between the two semiconductors [20,27], Further-
more, charge transfer between the two semiconductors works if ZnO
[28] or TiO, [29] is excited by irradiation. Another problem with several
non-Vis absorbing semiconductors, such as anatase TiOz with band gap
of 3.2 eV [30] or ZnO with a similar 3.37 eV band gap [3 1], is that their
band gap is in the UV region, hence it cannot use the full potential of
natural sunlight [32]. In this case, composite materials can increase the
visible light absorbance of the material taking advantage of hetero-
junctions of a large band gap and another with a smaller one [3-]. TiOy
can be used in a heterojunction with Cup0 [#1], CdS [25], PbS [20],
g-C3N4 [271, Si [35] and with metals such as Au [19] or Ag [10,41], but
Zn0O has also been used in a heterojunction with CeOs [12], g-C3Ng4 [42],
Ag [441, NiO [45] and BiOI [4¢] to name a few. Naturally, TiO; and ZnO
composites were synthesised for photocatalytic purposes [17-19]. TiO
and ZnO containing inverse opal composites or sometimes called
core-shell inverse opals in the literature were synthesised like TiO2/WO3;
[50], ZnO/CuO [51]1, CuO2/Zn0 [52], AgsPO4/Zn0 [53], 3D TiOy/-
BiVOy4 [51], 85i0,/Ti05 [5] FTO/TiO2/BiVO,4 [56], 3D FTO/FTO/TiO,
[57] and ZnO/TiO, [58-60] inverse opals, The TiO2/Zn0 and ZnO/TiO;
bilayers are at the forefront of research; they can be used as layers on
nanopillars [011, coating on graphitic-C3N4 [02], membrane coating
(3], forming nanotubes [64], different nanocomposites [05] or anti-
microbial layers [00].

TiOs ALD is a well-researched area due to the properties of ALD
technique and TiO, based applications. An important aspect of thin films
is their thickness and crystallinity; while the first depends on the cycle
number of the ALD program, the latter depends on the deposition tem-
perature and precursors. For typical TiCly/H20 deposition TiOz is
amorphous at low temperatures (below 125-165 °C), then its anatase
and at higher temperatures (350 °C) it is in rutile form. The thickness of
the film has a direct effect on the roughness of the surface, which is also
determined by the number of cycles and the deposition temperature
[67]. Crystallinity has a large effect on photocatalysis, as crystals are
favoured over amorphous structures. In the case of TiO, the anatase
form is regarded superior [0]. Film thickness can affect photocatalysis
due to the roughness of thin films, due to grain sizes, which have an
optimal value at 150 nm [69] the case of ZnO, the case of crystallinity
becomes easier, because the deposition of the amorphous ZnO layer is
harder and more intentional. Zn0O, even at room temperature, forms
partially wurtzite thin films [/0], and to grow amorphous films, the
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stoichiometry of ZnO must be shifted [71] or grown in ultrathin thick-
ness [72]. Similarly to the number of cycles of TiOa, the deposition
temperature influences the film thickness, roughness of the surface and
the grain size. A study has shown, that in the case of ZnO wurtzite thin
films, film thickness of 50 nm and grain size of 20 nm are the optimum
value [73]. To the knowledge of the authors, no article delves as deeply
into the exact grain size and crystalline orientations depending on the
ALD conditions during the deposition of bilayers. On the other hand,
there are articles that optimized the bilayer structures to achieve
maximum photocatalytic efficiency and comparisons were made to
monolayers. 5 nm thick nanosheets of TiOz, ZnO and TiO,/Zn0O were
compared, where the bilayer performed tree times better [74]. In the
cases of membrane coating, monolayers and bilayers in different ratios,
were compared, and the 1:3 TiO2:ZnO performed the best [75]. In the
case of another membrane, the optimal bilayer cycle number ratio was
found to be 80:40 TiO2:Zn0O and the optimal number of bilayers to be 7
[76]. Note, that in our case, the goal of the ALD deposition is the filling
of the opal structure, which makes the layer thickness limited; however,
the ratio of the two layers opens a new perspective for us to improve our
results. Crystallinity was achieved during the heat treatment of the
samples.

Substrates can influence photocatalytic efficiency. Usually, the sub-
strate used in thin film growth influences the final properties of the
layers, such as crystallinity (and crystal orientation), roughness and
structural errors such as cracks [77 79]. Substrates can also affect the
photaocatalytic activity by different ways. As two examples: first, sodium
from glass type substrates can diffuse into the TiO; layer and decrease
the photocatalytic activity [$0]; second, the substrate can have an effect
on crystallization during heat treatment [$1]. In our case, the purpose of
the Si wafer is to be coated with the polystyrene opal sacrificial
structure.

TiO, is a popular target material for photocatalytic applications,
because of its chemical stability. ZnO has similar capabilities compared
to TiOg, but its photostability is lower, due to the dissolution of ZnO
under UV light [22]. The application of a protective layer to ZnO to
prevent its photocorrosion is a complex task, as the protective layer can
decrease the photocatalytic activity of the coated photocatalyst [23].
Hence, there is a balance, between the two extremes: the bare ZnO
photocatalyst, which is efficient, but prone to photocorrosion and the
Zn0 photocatalyst fully coated by a protective layer, which has lower
efficiency, but is more stable. The intermediate state is a partially coated
ZnO structure, which gives some protection, but still has significant
photocatalytic activity [44]. Moreover, there are reports that the pro-
tective layer increased the photocatalytic activity, like a graphite-like
layer on the ZnO particle [55]. The combination of ZnO and TiO2 for
this purpose is also evident, since TiO3 is more stable. Ultrathin layers of
TiO, were deposited on ZnO nanoparticles, which reduced the effect of
photocorrosion and mainly preserved the photocatalytic efficiency of
Zn0 [46]. There are also cases in the literature as well in our work,
where the TiO2/Zn0 and ZnO/TiO» composites proved to be less effi-
cient photocatalysts, than ZnO or TiOz. This can have multiple reasons:
the additional deposition of the denser TiO, layer can decrease the
number of particles per mass in the sample and this can be a misleading
conclusion that the composite has a worse photocatalytic effect [#7].
Similarly, an additional layer deposition can decrease the specific sur-
face area of the samples [#5]. Also, the annealing temperature can
decrease the specific surface area and the number of active hydroxy
groups on the surface of the material [89].

The purpose of this study is the preparation of TiO, Zn0, TiO2/Zn0O
and Zn0/Ti0, photocatalytically active, photonic inverse opals on Si
substrates. Inverse opals are prepared, by coating opal crystals formed
from vertically deposited polystyrene nanospheres with ZnO and TiOp,
and calcinating them at high temperature. Initial experiments on the
effect of this high temperature (500 °C) calcination were performed on
monolayers and bilayers. The characterisation of the layers and inverse
opals was done by SEM, XRD, AFM, UV-Vis reflectance spectroscopy
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Fig. 1. AFM measurement of the metal-oxide layers. Image names: A - 36 nm Zn0, B - 36 nm TiOZ2, C- 18 nm ZnO/18 nm TiO2, D - 18 nm Ti02/18 nm ZnO and 1 -

1 % 1 pm, 2-0.3x0.3 pm.

and water contact angle measurement. Photocatalytic experiments were
carried out using rhodamine 6G as the model molecule to decompose
under UV and Vis irradiation.

2. Materials and methods
2.1. Preparation of the opal crystals

For the preparation, 460 nm diameter polystyrene nanospheres
(Sigma Aldrich) were received in the form of a 10 w/w% water sus-
pension, which was diluted to a 0.3 w/w% suspension and ultra-
sonicated for 2 h. Meanwhile, Si substrates were cut to make
approximately 2 x 4 cm slides, these slides were cleaned with soap, then
ethanol and distilled water, finally treated with a *piranha’ solution (3:1
mixture of concentrated sulfuric acid and 30 % hydrogen-peroxide) for
1 h. For vertical deposition, the slide was placed vertically in the sus-
pension and got heat treated in a Nabertherm L9/11/B410 furnace with
the following heat programme: 14 h at 50 °C, then 1,5 h at 80 °C. During
vertical deposition, a large glass beaker filled with water was placed
inside the furnace, as higher humidity in the furnace reduces the cracks
of the opal crystal.

2.2. Atomic layer deposition

Zn0 and TiO, depositions were carried out in a Beneq TFS-200-186
flow ALD reactor using DEZ (diethylzinc) for ZnO and TiCly for TiOy,
water was used as co-reactant. The deposition was carried out at 50 "C
and 1.4 mbar in the reactor and 7 mbar in the outer chamber, the pulse
time was 300 ms and the purge time was 3 s for all samples. Four de-
positions were made, each time on an opal sample and an Si substrate:
36 nm ZnO by 434 cycles, 36 nm TiOp 514 cycles, 18 nm Zn0O by 217
cycles and 18 nm TiO3 by 257 cycles and finally, 18 nm TiOy by 257
cycles and 18 nm ZnO by 217 cycles. The 36 nm layer thickness is equal
to the smallest hole in an inverse opal made from 460 nm polystyrene
nanospheres, this is due to the hexagonal structure of the opal. Layer
thicknesses were calculated beforehand from preliminary deposited
layers, which was checked using ellipsometry.

2.3. Inverse opal samples and layer annealing

Removal of the polystyrene nanospheres was done in the Naber-
therm 1.9/11/B410 furnace. The coated opals were annealed with the
following heat programme: the furnace was heated up to 500 “C under 4
h, then kept at this temperature for 2 h. The polystyrene nanospheres
were removed from the inverse opal structure. The same heat treatment
was applied to the monolayer and bilayer samples.

2.4. Characterization

The SEM images were taken to confirm the surface of the thin films in
the micrometre scale and the structure of the inverse opals. For this we
used a JEOL JSM 5500-LV scanning electron microscope, in high vac-
uum mode, and using the secondary electron detector. The samples were
held in place with adhesive carbon tapes on top of the copper sample
holder. For better image quality of the polystyrene and carbon opals, a
layer of Au/Pd was sputtered on the samples.

EDX spectra were taken by the JEOL JSM-5500LV scanning electron
microscope, for each sample three measurement points were averaged.
This method can affirm the ALD deposition and is usually has a
measuring depth of few pm.

XRD measurements of the inverse opal samples were made by a
PANanalytical X' Pert Pro MPD X-ray diffractometer using Cu K-o radi-
ation, between the angle range of 5°-65°. Crystallinity is an important
factor in photocatalysis; determining it is crucial.

UV-Vis reflectance spectroscopy can reveal the optical structure of
the samples, and this can indicate how these nanomaterials can act
under light irradiation. This was measured by Avantes AvaSpec-2048
spectrophotometer equipped with optical cables; the substrate Si wa-
fers were used as reference.

AFM measurements show the surface smoothness of the monolayer
and bilayers on the nanometre scale. This was carried out by a Nanosurf
C3000 atomic force microscope with a Tapl190DLC needle in tapping
mode.

Water contact angles were measured using a KRUSS DSA30 drop
shape analyser. This method can determine the polarity of thin film
surfaces, this can affect the adsorption of dye molecules, which ulti-
mately, determines the mechanism of photocatalysis. In addition, in the
case of photocatalytic materials, the polarity of the surface increases as a
result of irradiation, so the measurement of the contact angle can also
provide information about the photocatalytic properties. Advancing
contact angles were measured by the sessile drop method with ultrapure
water (Adrona Integrity-+, specific resistance: 18 MQcm) at 22 °C and at
least 80 % humidity. The data was recorded within the first minute after
the 10 pL droplet formation. Receding contact angles were measured
after removing 5 pL liquid from the droplet. Contact angle hysteresis was
calculated as the difference of the advancing and receding angles. UV
ircadiations effect on the contact angles were explored using three-three
stacked 18 W fluorescent lamps, facing each other at 10 cm distance. The
samples were in the middle 5-5 em away from the lamp stacks. The
irradiation time was 2 h and the measurement points were at 0, 5, 10,
30, 60 and 120 min.

UV photocatalysis tests were carried out in a 30 ml 3,5%x2,2 x 5 cm
quartz cuvette with the inverse opal sample attached to one of the 3,5 x
5 cm sides. 10 ml of 5 x 10°® mM rhodamin 6 G solution was poured
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Fig. 2. SEM images of the mono- and bilayers. Samples name: A ~ 36 nm Zn0O, B - 36 nm TiO2, € - 18 nm Zn0/18 nm Ti02, D — 18 nm TiO2/18 nm ZnO and 1 -
before heat treatment, 2 — after heat treatment. Red crosses are the EDX measurement points.

into the cuvette, magnetic stirring was used and the top of the cuvettes
was covered with parafilm to decrease the effect of evaporation. The
geometry of the setup was the following: three-three 18 W fluorescent
lamps, stacked were facing each other at 10 cm distance; the befor-
ementioned cuvette was in the middle on top of a magnetic stirrer 5-5
cm away from the lamp stacks. The rhodamine 6 G solution with the
sample was stirred for 15 min and then every half hour 3 mL of the
solution was poured into a standard 1x1x4 cm cuvette for UV-Vis

Table 1
Compositions of the ZnO and TiO, mono- and bilayers measured by EDX.
Before Heat Treatment Mass%
Si o] Zn Ti
36 nm Zn0O 93,16 4,31 2,54 &
36 nm TiOy 95,18 3,94 - 0,89
18 nm ZnO/18 nm Ti0, 94,55 3,97 1,00 0,49
18 nm TiO2/18 nm ZnO 94,51 4,24 0,92 0,34
After Heat Treatment Mass%
Si 0 Zn Ti
36 nm ZnO 93,11 3,91 2,99 -
36 nm TiOy 95,09 3,80 - 1,11
18 nm Zn0/18 nm TiO, 94,70 3,86 0,89 0,56

18 nm TiO2/18 nm ZnO 94,71 3,61 1,17 0,51

measurement for 4 h. For tests under visible light, the setup was the
same.

Additional tests were performed on 4-nitrophenol under visible light
irradiation with the set-up mentioned above, except for the concentra-
tion, which was 2.7*10"* M and 1.9*10 * M. 4-nitrophenol has a pKa =
7.15 [90], this causes the nitrophenol spectra to change slightly during
the photocatalysis test, so the pH was controlled between 10.0 and 10.5,
which is also a beneficial environment for nitrophenol photo-
degradation [91]. The change in pH is a reported phenomenon for
nitrophenol photocatalysis [02], because of this, pH adjustments were
done by adding NaOH solution of pH = 14, this helped to avoid false
positive measurement by dilution, because in each measurement step
approximately 1 pL was added.

3. Results and discussion
3.1. Mono- and bilayers

Before heat treatment, measurements with atomic force microscopy

(i, 1.) were carried out on the samples with two different scanning
area sizes (1 x 1 um® and 0.3 x 0.3 pm?). The 36 nm TiO; layer shows
(Fis. 1/A1-2) a smooth surface compared to the other samples; this is

since at 50 "C ALD deposition TiOz is amorphous [V5]. According to the
literature low temperature ALD deposition of ZnO provides a crystalline
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Fig. 3. X-ray diffractograms of the layers, before heat treatment and after heat treatment. ©Si substrate, ®Zn0O layer, wurtzite and @TiO, layer, anatase.

layer [7:1]. This may explain the visibly rugged surface of the samples
containing a ZnO layer, which is possibly due to the crystalline grains of
waurtzite.

Low magnification SEM images (/'iz. 2.) show that the deposited
layers are smooth at micrometre level for all samples. After heat treat-
ment for the bilayer samples significant change can be observed (I'iy. 2/
C2-D2), for C2 black dots appear and for D2 black dots and white lines
are visible to form a pattern. After further magnification (I'iz. 2.), in the
image of C2 humps, whereas in the image of D2 humps and holes can be
observed. Similarly annealed ZnO and TiO; bilayers in the literature
show that this process can cause cracks or other changes in the surface
[94,95].

Energy dispersive X-ray analysis (EDX) measurements (1able 1)
confirmed the presence of titanium and zinc in the films. The O content
originates from the respective oxides and also from the native oxide
layer on the Si substrate, the measuring depth of EDX can reach 1-2 pm,
so this is expected. Interestingly, the mass of Zn was nearly double in the
composite films compared to Ti, which was different from that expected
from the ALD cycle numbers. This might be explained by the easier
nucleation of ZnO than of TiOs.

The crystallinity of the samples was explored by X-ray diffractom-
etry, before and after heat treatment. The diffractograms of the ZnO and
Ti0, monolayer show (1. ) that the ZnO layer deposited by ALD is
crystalline both before and after heat treatment, while TiO is initially
amorphous but turns crystalline by annealing. The bilayers show a more
interesting change. The diffractogram of the Zn0/TiO- bilayer initially
shows a peak of ZnO wurtzite; after heat treatment, this disappears.
Additionally, this ZnO peak has a different orientation [1 0 0] compared

to the peak [0 0 2] of the ZnO monolayer. The TiOz/ZnO layer shows
that ZnO is crystalline, and the wurtzite peak disappears after heat
treatment.

The optical properties of the samples were explored using UV-Vis
reflectance spectroscopy. The ZnO monolayer has an observable peak
(115 4) around 300 and 363 nm, which shifts to around 290 and 380 nm
after heat treatment. The absorption edge is also changing slightly. The
TiO, monolayer has one peak around 410 nm; this shifts to 405 after the
heat treatment. Interestingly, the optical properties of the bilayer
change with heat treatment. Before heat treatment, the ZnO/TiO;
bilayer spectra show two peaks (at 245 and 363 nm), the second peak is
the same as the ZnO monolayer’s. After heat treatment, the bilayer has
one notable peak (at 407 nm), which is close to the 405 nm peak of the
TiO, monolayer. The reverse tendency can be seen in spectra of the
Ti04/Zn0 bilayer. Initially, before heat treatment, it has one large peak
(at 403 nm), which is close to the 410 nm peak of the TiO, monolayer.
After heat treatment, the TiO2/Zn0 peak shifts to the UV region (352
nm), and a second peak is observable around 245 nm).

Water contact angle measurements were taken to determine the
wettability of the monolayers and bilayers. For each data point, four
measurements were taken, and every measurement provided two con-
tact angles (left and right sides of the droplet), so each advancing and
receding contact angle was averaged out from eight contact angles. The
monolayers and bilayers showed similar contact angles (1able 2) before
heat treatment; the difference is within error. After heat treatment, the
7n0 and the TiO2/ZnO layers become more hydrophobic. In the case of
the bilayer coating, this change can be attributed to the change in the
crystalline structure of the ZnO layer on top (see i1 ), or the emerging
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Fig. 4. UV-Vis reflectance spectrums of the mono- and bilayers. Large graphs present comparisons between the samples before and after the heat treatment (above),

small graphs show the optical effect of the heat treatment (bottom).

Table 2
Results of the contact angle measurement.

Before Heat Treatment Contact Angle

Advancing Receding Hysteresis
36 nm ZnO 772 48 1+ 2 31+2
36 nm TiOa 77 +2 47 + 2 2042
18 nm Zn0/18 nm TiO, 76+ 3 47 +1 3043
18 nm TiO,/18 nm ZnO 73+ 1 39 + 2 35+ 2
After Heat Treatment Contact Angle

Advancing Receding Hysteresis
36 nm Zn0O 89+ 1 50+ 1 37+2
36 nm TiOy 62+1 34+1 28+2
18 nm Zn0/18 nm TiO, 75+ 2 44 + 1 31x1
18 nm Ti0,/18 nm ZnO 83+ 2 50+ 1 32+2

surface heterogeneities (1'i5. 2, D2). Asa result of the heat treatment, the

surface became more polar in the case of the TiO2 monolayer, which
may be related to the change in the crystal structure. In the case of the
Zn0/TiO; layer, there is no change in the crystal structure of the upper
layer, and the contact angles are also unchanged. The change of ZnO and
TiOy/Zn0O changes can reflect to the EDX results (1able 1.), which
showed that these layers lost significantly more oxygen during the heat
treatment. The O vacancies could be the cause of the increased apolarity.

The changes in wettability of the samples were investigated under
UV irradiation (see I'ic. 5). The ZnO layer becomes more hydrophilic
after long irradiation times. The thin TiO2 layer does not show a sig-
nificant change in the contact angles. Zn/TiO layer shows a decrease in
contact angle after 20 min of irradiation and the TiOy/Zn0 layer re-
mains around 80". The contact angle of the Si substrate remains around
40.-50°.

3.2. Inverse opals

After the evaluation of the monolayers and bilayers the inverse opals
were prepared by the same ALD programme on the sacrificial poly-
styrene opal templates. The template removal was done by the same
programme as the heat treatment used on the mono and bilayers. Inverse
opals were investigated by SEM, EDX, XRD and UV-Vis spectroscopy.
Photocatalytic experiments were done under UV and visible light
irradiation.

3.2.1. SEM images

SEM images (I'i¢. 0.) show the surface structure of the inverse opals.
Images of the Ti0 and the composite inverse opals show the remaining
coating after the burn out of the opal crystal. The outline of the original
nanospheres is visible. In the case of the ZnO inverse opal's surface, the
inner hollow structure is visible, but it’s covered. Interestingly, if this is
due to the Leat treatment process, it did not happen with the TiOz/ZnO
inverse opal.

3.2.2. EDX measurements

EDX measurements (1ablc 3.) of the samples show, that the ALD
depositions were carried out successfully, which is indicated by the high
amount of titan, zinc and oxygen. The high carbon presence might
suggest that the annealing was not complete, this is more of an issue for
the bilayered samples, but carbon could also be detected from the car-
bon tape used for the sample immobilisation for SEM. Silicon (substrate)
levels also vary, between the monolayered and the two bilayered sam-
ples, this could indicate the difference in the inverse opal layer thick-
ness, because the signal intensity can vary of the penetration depth of
the electron beam. Al is detected from the SEM sample holder.

3.2.3. XRD diffractograms

XRD diffractograms (Iig. 7.) show, that all inverse opals proved to be
crystalline, meaning that the initially deposited amorphous TiO; was
annealed to anatase form. The most intense peaks are connected to the Si

6
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substrate. ZnO and TiOy inverse opals are in wurlzite and anatase form
respectively. The composite inverse opals show the crystallinity of the
top layer, for ZnO/TiO; its anatase and for TiO»/ZnO its wurtzite.

3.2.4. UV-Vis spectroscopy

The UV-Vis spectra (Iiz. &.) of the inverse opals show the optical
properties. The ZnO inverse opal has an absorption edge between 370
and 390 nm and an absorbance minimum, the photonic band gap around
600 nm. Normally, for ZnO thin films the UV-Vis spectra flatten after the
adsorption edge [90], in this case individual peaks cannot be observed,

but the increase in absorbance is induced by the ‘slow’ photon effect.
The spectrum of the TiO, inverse opal is more complex, with an ab-
sorption edge starting from 230 nm, but it is hard to determine where it
ends, because three peaks (375, 420 and 470 nm) overlap with it. A
broad peak between 510 and 845 nm is observable. The absorption edge
of the inverse Zn0O/TiO2 opal is between 310 and 340 nm, has a small
peak (365 nm) and a large broad peak between 430 and 750 nm. The
Ti04/Zn0 inverse opal also has a more complex spectra, the absorption
edge starts around 320 nm and is overlapping with a peak around 390
nm, it has a small peak at 450 nm, a broad peak between 475 and 720
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Fig. 6. SEM images of the inverse opal samples.

Table 3

Compositions of the ZnO and TiO, mono- and bilayered inverse opals measured
by EDX.

Element/m/m% TiO, 10 Zn0 10 TiOa/2n0 10 Zn0/TiO; 10
C 7.7 59 11.5 16.8

0] 29.5 15.4 8.8 13.1

Al 0.5 1.4 5.7 2.0

Si 23.0 28.6 1.4 49.5

cl 0.8 0.5 1.0 0.8

Ti 38,5 = 10.0 16.0

In - 52.4 61.6 1.7

nm, and another small at 740 nm. The photonic band gap of the TiOx,
Zn0/Ti0, and Ti0»/Zn0 inverse opals is at 505 nm, 430 nm and 422
nm, respectively. The numerus number of peaks can be attributed to the
"slow* photon increased absorbance and the interference between the
light reflected from the surface and the substrate.

Inverse opal samples show high hydrophilic characteristics with ZnO
and the TiO»/Zn0O inverse opals showing sub 5° contact angles without
irradiation. Interestingly, these two compositions showed increased
contact angles after heat treatment, when it had a layer structure, this
can indicate that inverse opal structure increases the hydrophilicity of
these materials, TiO; inverse opal also reaches sub 5° contact angle after
2 h of UV irradiation and the Zn0O/TiOy composite inverse opal also
reaches sub 10° contact angle (I'ig. V).

Inverse opal samples show high hydrophilic characteristics, ZnO and
the TiO2/ZnO inverse opals showed sub 5° contact angles, moreover
TiO, inverse opal also reached sub 5° after 2 h of UV irradiation and
Zn0/TiO; reached around 10°.

3.2.5. Photocatalytic experiments
Photocatalysis experiments using UV lamps (/'ig. 10 e [ 11.)showed
that the inverse opal samples are capable of decomposing rhodamine

6G. The efficiency in order is TiO2/Zn0 (the best), TiOs, Zn0 and ZnO/
TiO,, these inverse opals decomposed 41 %, 34 % 18 % and 11 % of the
rhodamine 6G during the investigated time of irradiation. TiOz/Zn0O
inverse opal performed the best, on the other hand the ZnO/TiO; has the
poorest performance. The substrate decomposed 6 % of rhodamine 6G.
Difference between the TiO,/Zn0O and the ZnO/TiQ2 could be under-
stood by the difference in wettability, which is observable in the UV
irradiation contact angle measurements.

Serial experiments were performed with the two bilayer samples
under UV light. The efficiency reduction was on the scale of 1-2%, in the
case of the TiO2/Zn0O inverse opal the final degradations were 66 %, 68
9 and 71 % and for the ZnQ/TiO2 it is 91 %, 93 % and 93 %. The dif-
ference between the two systems is that TiOy is more resistant to pho-
tocorrosion and is used for ZnO as a protective layer in the literature
[971.

Visible light-induced photocatalysis experiments differed in the ac-
tivity of the inverse opals. Bilayered inverse opals proved to be the most
efficient samples by decomposing 14 % and 11 % of rhodamine 6G
during the invstigated time of irradiation. The ZnO inverse opal is also
close with 9 % and the last is TiO; inverse opal with 7 %, which is close
to the blank and substrate’s performance, this shows, that non-
composite TiO inverse opal is inefficient under visible light irradia-
tion. It is observable, that under visible light, the composite inverse
opals perform better, this could be because under visible light charge
separation has a more dominant effect on photocatalysis.

Interestingly, in both cases the TiO2/ZnO had the highest efficiency,
on the other hand, while the ZnO/TiO, was the worst under UV light, it
proved to be better under visible light irradiation than the monolayered
inverse opals. It is also observable, that TiO2 inverse opal performs
better under UV, but becomes practically unusable under visible light, at
the same time, ZnO inverse opal becomes better under visible light. It is
also notable, that the bilayer works better, if the inner layer is TiO» and
the outer layer is the ZnO (see I'igs. 12 14).

The initial concentration of Rhodamin 6 G and pH was tested on the
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Fig. 7. X-ray diffractograms of inverse opals,

photocatalytic efficiency of the bilayered inverse opals. Changing the
initial concentration from 1.5%10° decreased the activity of the TiOz/
Zn0 inverse opal. In the case of the ZnO/TiO, inverse opal, reducing it to
0.93*1079 improved the degradation rate. The initial pH had the same
effect to both bilayered inverse opals; more acidic environment
decreased the efficiency of photocatalysis, but the more basic pH
improved it. These findings are mainly consistent with the literature
[98].

An experiment closer to life with an organic pollutant other than
Rhodamine 6 G was tested on the best bilayer; the TiO2/Zn0O inverse
opal. Now, our choice was nitrophenol, which is also used as a model
pollutant and is harder to decompose. The pH of the nitrophenol was
kept between pH 10.0-10.5, method is described in Chapter 2.4 Char-
acterization. In some articles, it is usually photocatalyzed using a
reduction agent like sodium-borohydride [99] or hydrogen-peroxide
[100]. However, we measured a 10 % degradation of nitrophenol,
without using reducing agents; on the other hand, the pH was in a
favourable basic environment.

4. Outlook

Inverse opal photocatalysis still faces two big problems; one is the
scalability and environmental friendliness of the production process and
some aspects of the usability.

The production method of this material can be divided into the main

Si substrate, ®ZnO layer, wurtzite and @TiO; layer, anatase.

steps of synthesis of the raw materials (polystyrene nanospheres and
precursors vertical deposition, layer deposition and heat treatment.
Polymer nanosphere production is viable via the emulsion polymeriza-
tion mechanism [101], which is an applicable method on an industrial
scale [102]. Vertical deposition was our choice of method for the
preparation of opal crystals, since it is relatively easy and economical.
The main problem is not the upward scaling of the method, it is possible
to coat larger surfaces [102,101], but the time. Faster methods based on
the principles of vertical deposition usually use another force or mech-
anism to speed up the process, this can be imbibition [105], electric
force [106], magnetic force [107], or reduced pressure [105]. ALD
precursors are usually organometallic compounds, which are widely
used in industrial synthesis as a methylation reagent [104]. Historically,
the first industrial use of ALD was the coating of thin film electrolumi-
nescence (TFEL) displays, but it became more widely known after its
application in the electronics industry [110]. Nowadays, there are
studies for the use of ALD in solar panels [ | | 1] and astronomical mirrors
[112], these substrates demand a larger reactor chamber, which can be
on meter scale [112]. Another methodology is the roll-to-roll ALD
technique, which utilizes a conveyor system to continuously deposit,
this technically can coat “infinitely”, very long substrates [113,114]).
Environmentally friendly materials are the focal point of research
nowadays, such as photocatalysis. However, it is questionable whether
the production or degradation of a photocatalyst has serious impact on
the environment, whether it is worth producing. In our case, the source
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of danger to the environment can come from the synthesis and degra-
dation of the catalyst. The synthesis uses polystyrene nanoparticles,
which have a tremendous literature to be hazardous to living organisms
[115,116]. This problem can be solved by preventing polystyrene from
being released into the environment through the manufacturing process,
or by replacing it with more environmentally friendly or degradable
nanospheres [117] through an environmentally friendly synthesis path

TiO, Inverse Opal
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and Ti0,/Zn0 inverse opal contact angles were

[118]. Atomic layer deposition has several major problems with respect
to its impact on the environment; the precursors (mainly, its synthesis),
the temperature and working duration (energy consumption) and the
inefficient use of the precursors [119]. The development to solve these
issues is underway; to name a few examples, the duration of the ALD
deposition can be reduced by the spatial ALD method [119] or green
chemistry can be applied for precursor synthesis [120]. A catalyst can
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impact the environment in two ways; it can mechanically break and get
into nature, or photocorrosion can degrade it. The first case is solvable
using filters, but the second is trickier; since Zn?* or Ti*' can enter the
environment [121,122]. This is mainly a problem for ZnO-based catal-
ysis, because TiOy is much more stable. Photocorrosion is preventable by
modification of crystallinity, doping, use of a cocatalyst, composite with
carbon nanomaterial, heterojunctions and control over reaction pa-
rameters [122].

5. Conclusion
5.1. Layer structures

Mono- and bilayers were deposited using ALD on silica substrates to
study the effects of the 500 °C heat treatment process of sacrificial
template removal and crystallization. AFM measurements show the
precision of the ALD technique and the contrast between the amorphous
TiO, and wurtzite ZnO. SEM images show, that the heat treatment
creates humps and holes on the surface of the bilayers due to the high
temperature or crystallization, later is supported by the XRD. UV-Vis
spectroscopy proves, that the heat treatment has little effect on mono-
layers, in contrast the ZnO/TiOz bilayer’s spectra redshifted and the
Ti03/Zn0 bilayer’s spectra blueshifted. Heat treatment had an effect on
wettability, ZnO became less hydrophilic and TiO, became more hy-
drophilic. In the case of the bilayers, the ZnO/TiO; wettability did not
change, but the TiO»/Zn0O became less hydrophilic like the ZnO mono-
layer, this could be explained by O vacancies as the EDX data shows
lower O amount.

5.2, Inverse opal structure

The preparation of the TiOs, ZnO and composite inverse opals were
successfully prepared using vertical deposition and ALD, which is
proved by SEM and EDX. XRD diffractograms indicate the crystallinity of
the materials, which are anatase for TiOy and wurtzite for ZnO. Optical
properties were explored using UV-Vis reflectance spectroscopy, which
shows a simple optical structure for the ZnO inverse opal, but a more
complex one for the TiO3 and the bilayered inverse opals. Photocatalysis
experiments using UV irradiation showed, that the most effective TiO,/
Zn0O inverse opal due to its lower contact angle, hence better wettability.
TiO performs better than ZnO in contract to its worse wettability,
however ZnQ has more O vacancies showed by EDX in the reference
layers. Under visible light irradiation, photocatalysis tests showed that
Ti04/Zn0 inverse opal still performs the best, but the ZnO/TiO; is also
comparable and the TiO; and ZnO inverse opals efficiency is close to the
substrates. This might indicate that under visible light, apart from the
“slow™ photon effect, charge separation plays a dominant role in pho-
tocatalysis. Additionally, measurements were done for the further
optimization of the catalysis systems by setting optimal pH and con-
centration. The best performing catalyst, the TiO2/Zn0O inverse opal is
capable of degrade 4-nitrophenol at alkaline pH without reducing agents
using visible light irradiation.
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