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Abstract: In this paper, new aeromaterials are proposed on the basis of titania thin films deposited
using atomic layer deposition (ALD) on a sacrificial network of ZnO microtetrapods. The technol-
ogy consists of two technological steps applied after ALD, namely, thermal treatment at different
temperatures and etching of the sacrificial template. Two procedures are applied for etching, one of
which is wet etching in a citric acid aqua solution, while the other one is etching in a hydride vapor
phase epitaxy (HVPE) system with HCl and hydrogen chemicals. The morphology, composition, and
crystal structure of the produced aeromaterials are investigated depending on the temperature of
annealing and the sequence of the technological steps. The performed photoluminescence analysis
suggests that the developed aeromaterials are potential candidates for photocatalytic applications.

Keywords: aero-TiO2; atomic layer deposition; titania; anatase; rutile; spinel; zinc titanate; sacrificial
template; annealing; luminescence

1. Introduction

A series of extra highly porous and ultra-lightweight aeromaterials has emerged as a
new class of nanomaterials for electronic, photonic, energy conversion and storage, sensor,
catalysis, and biomedical applications [1–4]. Graphene aerogels (GAs) [5] and Aerographite
(AG) [6] have been demonstrated to be promising scaffolds for the deposition of various
solid-state nanoparticles, resulting in the formation of hybrid nanocomposite materials with
flexible three-dimensional (3D) architectures, such as ZnO-AG [7], GaN-AG [8], CdS-GA [9],
and InP-AG [10] nanocomposites.

Most of these AG materials are prepared on the basis of highly porous ZnO networks of
interconnected micrometer-thick rods with a 3D architecture, often in the shape of tetrapods.
These networks are prepared by using simple and cost-effective flame transport technology,
and they serve as sacrificial templates [11]. AG networks are produced using a one-step
chemical vapor deposition (CVD) process with toluene to transform ZnO tetrapods into
graphite cylinders [12].

In hydride vapor-phase epitaxy (HVPE) processes with Ga and N [13] or Cd and S
precursors [14], aero-GaN or aero-ZnS is produced, respectively. In the first process, GaN
deposition is combined with ZnO template removal, which enables one to fabricate GaN
hollow interconnected microtetrapods with a wall thickness in the nanometer scale, while
in the second process, CdS is deposited on the sacrificial template with simultaneous or
subsequent transformation of CdS into ZnS and the removal of the sacrificial ZnO template.

Both aero-GaN and aero-ZnS materials have been proven to be hydrophilic under
tension and hydrophobic when compressed against water, making them promising for
applications in microfluidic devices, microrobotics, and sensorics. In particular, due to the
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photocatalytic properties of these materials, fluorescent micromotors have been demon-
strated in the presence of a hydrogen peroxide solution, and self-propelled liquid marbles
have been developed [14,15]. Apart from that, aero-GaN is an electromagnetic interference
(EMI) shielding material with good performances in the X-band [16] and THz frequen-
cies [17], and it is suitable for the fabrication of robust pressure sensors [18].

Aero-Ga2O3 is another aero-nanomaterial, and it was produced as a result of aero-GaN
oxidation [19,20]. It exhibits photocatalytic activity as well as extremely low reflectivity and
high transmissivity in an ultrabroadband electromagnetic spectrum ranging from the X-
band (8–12 GHz) to several terahertz, which opens possibilities for new applications [19,20].

In this context, the development of TiO2 aero-nanomaterials, called aero-TiO2 or Aeroti-
tania, is expected to be a prospective direction of investigations. Titania exists in several
crystallographic modifications, of which anatase and rutile polymorphs are most stable
under ambient conditions. Both phases can be photoactivated by UV light, the anatase
phase being found to exhibit higher photocatalytic activity than the rutile phase. Note that
titania nanoparticles have been used in a wide range of applications, such as photocata-
lysts [21–24], dye-sensitized solar cells [25], gas sensors [26], and nanomedicine [27], due to
their nontoxicity, cost effectiveness, and high stability. It has been shown that immobilizing
anatase nanoparticles on ZnO tetrapods using the vapor hydrolysis method significantly
enhances the photooxidation reaction of phenol [28].

Apart from anatase and rutile phases, a ternary Zn2TiO4 phase is often formed when
ZnO and TiO2 are mixed in technological processes. This phase is also photocatalytic-
active [29–33], and it can be used in propanol [34] and acetone [35] gas sensing. ZnO/Zn2TiO4
core/shell nanowires have been proposed for the photocatalytic oxidation of acetone [36].
Rh-doped Zn2TiO4 photocatalysts and Zn2TiO4 nanowires have been used for hydrogen
generation from water [37,38].

Rare-earth elements can efficiently be doped in the Zn2TiO4 matrix up to the solubility
limit of approximately 0.5 at% [39], which makes the material highly luminescent and
suitable for implementation in facile microfluidic devices to detect and remove heavy-metal
ions [40] and in white light-emitting diodes (WLEDs) for display applications [41].

A suitable deposition technique should be used for the preparation of TiO2 aero-
materials on the basis of networks of interconnected ZnO microtetrapods. Atomic layer
deposition (ALD) is an extremely valuable technique for growing conformal ultrathin films
with high accuracy on different substrates [42]. It has been shown that ALD coatings pro-
vide a high stability to various functional nanostructures, improving their performance for
applications in photovoltaics, electrochemical energy storage, photo- and electro-chemical
devices, etc. [43]. In particular, it has been found that conformal ALD TiO2 coatings on
ZnO nanoparticles significantly improve the photostability of the material, concomitantly
maintaining its high photocatalytic activity [44]. ALD has also been applied for the prepa-
ration of TiO2/ZnO double-layer hollow fibers through a consecutive deposition of TiO2
and ZnO layers on sacrificial polymer fibers, followed by thermal treatment, and it has
been shown that the prepared material is highly sensitive to reducing gases [45].

The goal of this paper is to develop technologies for the preparation of TiO2-related
aeromaterials with controlled phase composition on the basis of networks of interconnected
ZnO microtetrapods coated with TiO2 thin films using ALD, taking into account the previ-
ous exploration of composites in the TiO2–ZnO system for various practical applications.

2. Materials and Methods

A sacrificial network of ZnO microtetrapods was prepared using a simple flame
transport approach, which is described elsewhere [11]. The produced powder was pressed
in an inox chamber with dimensions of 24 × 12 mm2 to prepare tablet samples with a
2 mm thickness. In order to increase the mechanical stability, the tablets, with a density of
0.5 g/cm3, were annealed at 1100 ◦C for 1 h in air.

TiO2 films were deposited using a thermal ALD reactor, Veeco Savannah S200 from
Veeco Instruments Inc. (Plainview, New York, NY, USA), equipped with a disk-like chamber



Crystals 2022, 12, 1753 3 of 12

(diameter = 300 mm, height = 7 mm). TiCl4 was used as the Ti precursor, and deionized
water (H2O) was used as the oxygen source. The reaction temperature for TiO2 deposition
was set to 150 ◦C. High-purity N2 was used as the carrier gas, and the chamber was kept at
a flow rate of 20 sccm during the ALD reaction process. The optimized pulse and purge
times were 0.2/120/0.015/120 s for one ALD deposition cycle of TiO2 (TiCl4/N2/H2O/N2).
It was found that a 200 ms pulse time for TiCl4 is enough to saturate the surface [46]. Due
to the low reactivity of TiCl4 with H2O, an exposure time of 60 s with closed valves was
added to fully allow the precursors to react.

With respect to the large surface areas of the samples, the exposure times were kept low,
and the purge times were kept high to ensure the self-limiting character of the ALD process.
The growth rate of TiO2 was determined to be around 0.16 nm/cycle by measuring the
thickness of Si wafers using a spectroscopic ellipsometer ( SENpro, SENTECH Instruments
GmbH, Berlin, Germany), as reported elsewhere [47,48]. In total, 310 cycles were applied
for the TiO2 coatings. The ellipsometry measurements of the Si wafers next to the sample
used as a reference showed an actual thickness of 46 nm.

The etching of the sacrificial ZnO template was performed either in a citric acid aqua
solution of 0.1 M at room temperature (wet etching) for 72 h or in a hydride vapor-phase
epitaxy (HVPE) system with hydrogen chloride (HCl) gas and hydrogen (H2) used as
reaction materials and carrier gases at a temperature of 800 ◦C. The thermal treatment of
the samples was performed either before or after the etching in the citric acid solution at
400 ◦C or 800 ◦C in air for 1 h.

The morphology of the prepared samples was studied using an FEI-Nova NanoLab
600i DualBeam (FEI Company, Hillsboro, OR, USA) scanning electron microscope (SEM),
equipped with EDX detector-analyzer Ametek model ELECT PLUS for a chemical analysis
of the samples. An X-ray diffraction analysis was performed with a Bruker AXS D8
DISCOVER X-ray diffractometer (XRD, Bruker Italia S.r.l., Milano, Italy) in a standard θ–2θ
Bragg–Brentano configuration, with Cu Kα1 radiation (λ = 0.15406 nm) operating at a 40 kV
beam voltage and a 40 mA beam current. Diffraction data were collected in the range of
20–80◦ with a step length of 0.025◦.

Raman scattering (RS) spectra were recorded at room temperature with a Renishaw
inVia Qontor confocal microscope (Renishaw plc, Wotton-under-Edge, UK) equipped with
a laser excitation source of 532 nm (50 mW). A (100×) microscope objective lens was
selected to focus the light on the sample surface. System calibration was performed on a
monocrystalline Si wafer with a main peak measured at 521 cm−1. A total of 10 spectra
were collected, with a 10 s exposure time and 5% laser power for each measurement.

The photoluminescence (PL) was excited by a 325 nm He-Cd laser (Kimmon, Tokyo,
Japan), with the samples mounted on the cold station of an LTS-22-C-330 (US Cryogenics
INC., Vancouver, WA, USA) optical cryogenic system. The emission was analyzed in
a quasi-backscattering geometry through a double SDL-1 spectrometer (LOMO, Sankt
Petersburg, USSR). The signal of an FEU-106 photomultiplier (MELZ, Moscow, Russia)
with an SbKNaCs photocathode working in a photon counting mode was introduced using
an IBM computer.

3. Results and Discussion

The initial ZnO template consisting of microtetrapods with cylindrical microrod arms
(Figure S1) was transformed into cylindrical TiO2 microtubes after etching the sample in
a citric acid solution and annealing at 400 ◦C, as illustrated in Figure 1a. In some cases,
a thin ZnO layer was found on the inner surface of the microtubes. The cylindrical film
proved to be quite dense and solid. A structure with a similar morphology was produced
upon etching the sample in a citric acid solution and annealing at 800 ◦C (Figure 1b).
The structure produced by etching the initial template in the HVPE system consisted of
perforated microtubes, as shown in Figure 1c.
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Figure 2. (a) Results of EDX analysis of a sample annealed at 400 °C with subsequent etching in citric 
acid and (b) a sample annealed at 800 °C with subsequent etching in citric acid. 

The XRD analysis of the as-grown sample (Figure 3a, curve 1) shows reflexes corre-
sponding to the wurtzite ZnO phase according to the PDF code no. 00-036-1451 [49] and 
JCPDS card no. 00-005-0664 [50], which demonstrates the high crystalline quality of the 
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Figure 1. (a) SEM image of a sample etched in citric acid and annealed at 400 ◦C; (b) a sample etched
in citric acid and annealed at 800 ◦C; (c) a sample etched in the HVPE system at 800 ◦C.

The EDX analysis of the initial sample showed that it formed from ZnO microrods
covered by a thin TiO2 layer (Figure S2). The EDX analysis of the sample annealed at
400 ◦C with subsequent etching in the citric acid (Figure 2a) suggests that it consisted of
a TiO2 phase and a thin ZnO film remaining on the inner surface of the TiO2 microtubes
after etching. Similar results were obtained for a sample prepared by etching in the HVPE
system (Figure S3). However, some trace of chlorine from the HVPE process was found in
the sample. However, the sample annealed at 800 ◦C with subsequent etching in citric acid
showed a nearly stoichiometric Zn2TiO4 composition within the limits of errors of the EDX
system, which are around 1 at% for Zn and Ti and around 5 at% for O (Figure 2b).
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Figure 2. (a) Results of EDX analysis of a sample annealed at 400 ◦C with subsequent etching in citric
acid and (b) a sample annealed at 800 ◦C with subsequent etching in citric acid.

The XRD analysis of the as-grown sample (Figure 3a, curve 1) shows reflexes corre-
sponding to the wurtzite ZnO phase according to the PDF code no. 00-036-1451 [49] and
JCPDS card no. 00-005-0664 [50], which demonstrates the high crystalline quality of the
ZnO template.
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(b) XRD pattern of samples subjected to wet etching without annealing (curve 1) and with annealing
at 400 ◦C (curve 2) and 800 ◦C (curve 3), as well as a sample etched in the HVPE system (curve 4).
The reflexes on curve 2 are indicated for the anatase phase, while those on curve 4 are indicated for
the rutile phase.

The XRD patterns of samples etched in the citric acid solution with subsequent thermal
treatment (TT) at different temperatures, as well as of a sample etched in the HVPE system,
are shown in Figure 3b. Again, the wet-etched sample without annealing is amorphous
(curve 1). The wet-etched sample annealed at 400 ◦C exhibits reflexes from the TiO2 anatase
phase according to JCPDS no. 00-004-0477 [22,23,50], while both samples prepared using
wet etching with subsequent annealing at 800 ◦C and that prepared using etching in the
HVPE system contain reflexes from the rutile phase (JCPDS no. 00-004-0551) [22,23,50], in
addition to reflexes from the anatase phase. Therefore, one can conclude that the sample
prepared using wet etching with subsequent annealing at 400 ◦C only contains the anatase
phase, while the other samples represent a mixture of anatase and rutile phases.

The reversal of the etching and annealing steps does not significantly change the
composition of the obtained sample when annealing is performed at 400 ◦C. In both cases,
the produced samples have an anatase TiO2 phase. However, the XRD analysis suggests
that the crystalline quality of the sample firstly etched and then annealed (curve 2 in
Figure 3b) is better than the quality of the sample firstly annealed and then etched (curve 2
in Figure 4a). The situation is different for samples annealed at 800 ◦C. While the sample
firstly etched and then annealed (curve 3 in Figure 3b) represents a mixture of anatase and
rutile phases, the sample firstly annealed and then etched (curve 2 in Figure 4b) is of a pure
Zn2TiO4 phase indexed according to the JCPDS card no. 00-019-1483 [50]. The reflexes
marked with asterisk in Figure 4b (curve 1) refer to the Zn2TiO4 phase, but they are slightly
shifted with respect to those of curve 2.

The XRD data are corroborated by the Raman scattering analysis. The sample with
the sacrificial template removed via wet etching without thermal treatment discloses the
amorphous nature of the TiO2 coating, with no Raman peaks observed in the spectrum
(curve 1 in Figure 5a). The Raman spectrum of a sample wet-etched with subsequent
annealing at 400 ◦C exhibits peaks from the anatase phase (curve 2 in Figure 5a). The
anatase TiO2 (space group D19

4h – I41/amd) has six Raman-active vibrations: A1g + 2B1g +
3Eg [51]. Four of these modes situated at 143 cm−1, 397 cm−1, 517 cm−1, and 639 cm−1

prevail in the Raman spectrum, being attributed to Eg(1), B1g(1), a superposition of B1g(2)
and A1g, and Eg(3), respectively. A weak peak is also observed at 197 cm−1, corresponding
to the Eg(2) vibration.
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at 800 ◦C without etching (curve 1) and a sample subjected to wet etching after annealing at 800 ◦C
(curve 2).
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Figure 5. (a) Raman spectra of a sample subjected to wet etching without annealing (curve 1) and with
annealing at 400 ◦C (curve 2) and 800 ◦C (curve 3). (b) Raman spectra of a non-annealed wet-etched
sample (curve 1), a sample annealed at 400 ◦C with subsequent wet etching (curve 2), a sample
annealed at 800 ◦C with subsequent wet etching (curve 3), and a sample etched in the HVPE system
at 800 ◦C (curve 4). The notations A, R, and TS mean anatase, rutile, and ternary spinel Zn2TiO4,
respectively.

An additional weak band is observed at 447 cm−1 in the spectrum of the sample
wet-etched with subsequent annealing at 800 ◦C (curve 3 in Figure 5a), which comes from
the rutile phase, suggesting that this sample represents a mixture of anatase and rutile
phases, as also demonstrated by the XRD analysis. The rutile structure of titania belongs to
the space group D14

4h, and it has four Raman-active vibrations: A1g + B1g + B2g + Eg [52,53].
The band at 447 cm−1 corresponds to the Eg mode.

The Raman spectrum from the sample annealed at 400 ◦C with subsequent wet
etching (curve 2 in Figure 5b), similarly to the sample etched and annealed, i.e., with
reversed technological steps, is also dominated by the peaks coming from the anatase
vibrational modes, while the spectrum of the sample annealed in the HVPE system (curve
4 in Figure 5b) represents a combination of vibrational modes related to both anatase and
rutile phases, similarly to the XRD data presented by curve 4 in Figure 3b. Apart from
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the four vibrational modes related to the anatase phase and marked as A in Figure 5b,
the spectrum of the sample annealed in the HVPE system reveals two modes at 447 cm−1

and 612 cm−1 assigned to Eg and A1g of the rutile phase, respectively. A band with the
maximum around 250 cm−1 is also observed in the spectrum, which is usually assigned to
second-order Raman scattering in the rutile phase [53].

Regarding the sample annealed at 800 ◦C with subsequent wet etching, the Raman
scattering analysis confirms the results of the XRD analysis indicating that it consists of
a ternary spinel-type Zn2TiO4 compound. This compound belongs to the Fd-3m space
group with 56 atoms in the unit cell, in which 32 oxygen atoms comprise a face-centered
cubic lattice with associated interstitial octahedral (O) and tetrahedral (T) sites. The T
sites are occupied by half of the divalent Zn cations, while the O sites are randomly filled
with a stoichiometric mixture of divalent Zn and tetravalent Ti cations. Nevertheless, the
smallest Bravais cell contains only 14 atoms, and, according to the factor group analysis, the
irreducible representations of the vibration modes at the Γ point are described as A1g(R) +
Eg(R) + F1g+ 3F2g(R) + 2A2u + 2Eu + 4F1u(IR) + 2F2u, of which five modes are Raman-active,
including A1g(R), Eg(R), and 3F2g(R) [54]. The Raman spectrum of the sample is dominated
by the A1g mode at 720 cm−1. The peak at 475 cm−1 is indexed as the Eg mode, while the
peaks at 250 cm−1, 308 cm−1, and 350 cm−1 are attributed to the F2g modes [54]. The peaks
at 154 cm−1, 570 cm−1, and 794 cm−1 are also observed in the spectrum. It has previously
been suggested that these vibrations do not belong to the first-order Raman modes of
Zn2TiO4 [54].

Luminescence was investigated to assess the presence of defects in the prepared
samples. Figure 6 compares the PL spectra of samples annealed at 400 ◦C (Figure 6a) and
800 ◦C (Figure 6b) with subsequent etching in citric acid solutions. The PL spectra cover a
wide energy range from 2.0 eV to 3.5 eV in both samples. They consist of a high-energy PL
band with the maximum around 3.0 eV and a low-energy band with the maximum around
2.5 eV, with the intensity of the low-energy band being higher in the sample annealed at
800 ◦C. Apart from that, one can see that the intensity of the high-energy band is quenched
stronger than the intensity of the low-energy band with an increase in the temperature from
10 K to room temperature. The PL spectra of the sample prepared via etching in the HVPE
system are similar to those of the samples annealed at 400 ◦C with subsequent etching in
citric acid solutions. However, the high-energy emission band is slightly shifted to lower
photon energy (Figure S4).

Crystals 2022, 12, x FOR PEER REVIEW 7 of 12 
 

 

cubic lattice with associated interstitial octahedral (O) and tetrahedral (T) sites. The T sites 
are occupied by half of the divalent Zn cations, while the O sites are randomly filled with 
a stoichiometric mixture of divalent Zn and tetravalent Ti cations. Nevertheless, the small-
est Bravais cell contains only 14 atoms, and, according to the factor group analysis, the 
irreducible representations of the vibration modes at the Г point are described as A1g(R) + 
Eg(R) + F1g+ 3F2g(R) + 2A2u + 2Eu + 4F1u(IR) + 2F2u, of which five modes are Raman-active, 
including A1g(R), Eg(R), and 3F2g(R) [54]. The Raman spectrum of the sample is dominated 
by the A1g mode at 720 cm−1. The peak at 475 cm−1 is indexed as the Eg mode, while the 
peaks at 250 cm−1, 308 cm−1, and 350 cm−1 are attributed to the F2g modes [54]. The peaks at 
154 cm−1, 570 cm−1, and 794 cm−1 are also observed in the spectrum. It has previously been 
suggested that these vibrations do not belong to the first-order Raman modes of Zn2TiO4 
[54]. 

Luminescence was investigated to assess the presence of defects in the prepared sam-
ples. Figure 6 compares the PL spectra of samples annealed at 400 °C (Figure 6a) and 800 
°C (Figure 6b) with subsequent etching in citric acid solutions. The PL spectra cover a 
wide energy range from 2.0 eV to 3.5 eV in both samples. They consist of a high-energy 
PL band with the maximum around 3.0 eV and a low-energy band with the maximum 
around 2.5 eV, with the intensity of the low-energy band being higher in the sample an-
nealed at 800 °C. Apart from that, one can see that the intensity of the high-energy band 
is quenched stronger than the intensity of the low-energy band with an increase in the 
temperature from 10 K to room temperature. The PL spectra of the sample prepared via 
etching in the HVPE system are similar to those of the samples annealed at 400 °C with 
subsequent etching in citric acid solutions. However, the high-energy emission band is 
slightly shifted to lower photon energy (Figure S4). 

 
Figure 6. (a) PL spectra of samples annealed at 400 °C and (b) 800 °C with subsequent etching in 
citric acid solutions, measured at 10 K (curve 1) and at room temperature (curve 2). 

The deconvolution of the PL spectra shown in Figure 7 indicates that the spectra con-
sist of three energy bands, namely, one green band and two violet bands. The green band 
is situated at 2.5–2.6 eV, and the first violet band is situated at 2.9–3.0 eV. The second violet 
band is centered at 3.1 eV and 3.2 eV in the samples annealed at 400 °C and 800 °C, re-
spectively. The deconvolution of the PL spectra of the sample prepared via etching in the 
HVPE system showed that the high-energy PL band is shifted by around 0.1 eV to lower 
photon energy, with it being centered at 3.03 eV (Figure S5). 
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The deconvolution of the PL spectra shown in Figure 7 indicates that the spectra
consist of three energy bands, namely, one green band and two violet bands. The green
band is situated at 2.5–2.6 eV, and the first violet band is situated at 2.9–3.0 eV. The second
violet band is centered at 3.1 eV and 3.2 eV in the samples annealed at 400 ◦C and 800 ◦C,
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respectively. The deconvolution of the PL spectra of the sample prepared via etching in the
HVPE system showed that the high-energy PL band is shifted by around 0.1 eV to lower
photon energy, with it being centered at 3.03 eV (Figure S5).
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As demonstrated by the XRD analysis, the sample annealed at 400 ◦C is formed
from TiO2 microtubes with an anatase structure. As shown in previous investigations, the
bandgap of the anatase phase is 3.2 eV [55,56]. Taking this into account, one can suggest
that the high-energy emission band at 3.1 eV comes from the near-bandgap transitions.
The shift of the high-energy PL band by around 0.1 eV to lower photon energy in the
sample prepared via etching in the HVPE system is indicative of the presence of the rutile
phase in the sample, since it is known that the bandgap of the rutile phase is around 0.1 eV
lower than that inherent to the anatase phase. This observation is consistent with the
results of the XRD analysis presented in Figure 3b and the Raman scattering presented
in Figure 5b. The second violet PL band at 2.9 eV could be attributed to a defect, which
is not identified. The green band has previously been attributed to the recombination of
self-trapped excitons (STEs) made out from carrier polarons [57]. It has been suggested
that, on the one hand, oxygen vacancies allow for the efficient trapping of carriers or
polarons, and, on the other hand, a very efficient charge separation allows for the collection
of electrons and holes or their trapping at different locations, which could be on the surface.
Taking into consideration the huge surfaces of aeromaterials, one can suggest that their
surfaces may play an important role in their photoluminescence processes. Note that the
thickness of the microtube walls in the investigated samples is around 50 nm.

The sample annealed at 800 ◦C with subsequent wet etching is composed of Zn2TiO4
microtubes. Regarding the bandgap of Zn2TiO4, there is no consensus in the literature,
with the reported values ranging from 3.1 eV [58] to 3.7 eV [59,60]. It could be that the
high-energy PL band at 3.2 eV observed in aero-Zn2TiO4 is also related to near-bandgap
transitions. Concerning the green PL band, its intensity in aero-Zn2TiO4 is even higher than
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that in aero-titania. One may suggest that the internal surface and the oxygen vacancies
also play an important role in the PL processes in this material.

It has previously been shown that, during the photocatalytic oxidation reaction process,
oxygen vacancy defects in the nanocomposite ZnO-TiO2 materials can act as active centers
to capture photoinduced electrons, resulting in a great improvement in photocatalytic
activity [30]. Oxygen vacancies also promote the adsorption on the sample of the oxygen
from the environment, which results in a strong interaction between the photoexcited
electron captured by oxygen vacancies and its adsorbed oxygen. Figure 8 demonstrates
that the intensity of the green PL band in the prepared aeromaterials strongly decreases
when an air atmosphere is introduced instead of a vacuum one. This observation can be
explained by oxygen adsorption, promoted by oxygen vacancies, on the huge surfaces of
aero-nanomaterials. Apart from that, the possibility to prepare various nanocomposites in
a controlled manner provides opportunities for bandgap engineering and the alignment of
the conduction and valence bands of the nanocomposite components with respect to the
HOMO and LUMO molecular orbitals of organic compounds subjected to photocatalytic
degradation. In these conditions, the photogenerated electrons move from the conduction
band of one component to that of another component, while the photogenerated holes
move from one valence band to another one. The excited electrons also move from the
organic compounds to the conduction bands of the nanocomposite components, therefore
producing reactive species for chemical reactions [33]. Taking into account the large specific
surface area of the produced aeromaterials, one can also expect that surface states play an
important role in shifting the edge of the valence band, therefore improving the visible
light photocatalytic properties, including those related to water splitting, as shown in
a first-principle study [38]. Additionally, the hetero-interfaces between nanocomposite
components play an important role in improving gas-sensing properties [35].
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4. Conclusions

The results of this study demonstrate the possibility to prepare titania-based aeromate-
rials with a controlled morphology, composition, and crystal phase structure on the basis of
ZnO-nanostructured sacrificial templates. The initial interconnected ZnO microtetrapods
with cylindrical microrod legs are transformed into microtubes with various compositions
upon atomic layer deposition of thin TiO2 layers followed by the etching of the sacrificial
template. The thin walls of the microtubes are dense and solid if wet etching is performed
for the removal of the sacrificial template, while they are perforated if etching is performed
in an HVPE system with HCl and H2 reaction chemicals. The composition and crystal
phase structure of the produced aero-nanomaterials are determined by the annealing tem-
perature, as well as by the sequence of the technological steps. Anatase TiO2 microtubes
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are produced with annealing at 400 ◦C either with annealing performed before wet etching
or vice versa. In the case of annealing at 800 ◦C, a mixture of anatase and rutile phases is
obtained if wet etching is performed in the first technological step and annealing in the
second one. At the same time, a spinel Zn2TiO4 phase is obtained with the reversal of the
technological steps. Etching in an HVPE system results in the formation of a mixture of
anatase and rutile phases.

The photoluminescence of the produced aero-nanomaterials is composed of three
emission bands at 2.5–2.6 eV, 2.9–3.0 eV, and 3.1–3.2 eV. The high-energy PL band is
supposed to be related to near-band edge emission, while the low-energy band is associated
with oxygen vacancies. Taking into account that, according to previous reports, oxygen
vacancies play an important role in photocatalytic properties, one may expect that the
developed titania-based aero-nanomaterials are potential candidates for photocatalytic
applications, as well as for sensoric applications, as demonstrated for other aeromaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12121753/s1, Figure S1: SEM image of ZnO microtetrapods
covered by a thin TiO2 layer; Figure S2: Results of EDX analysis of ZnO microtetrapods covered by a
thin TiO2 layer; Figure S3: Results of EDX analysis of a sample prepared via etching in the HVPE
system; Figure S4: PL spectra of a sample prepared via etching in the HVPE system measured at 10 K
(curve 1) and at room temperature (curve 2); Figure S5: (a) Deconvolution of PL spectrum measured
at 10 K and (b) at room temperature for a sample prepared via etching in the HVPE system.
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