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ABSTRACT: In this work, for the first time, the influence of the
crystallinity of TiO2 nanotube (TNT) layers on their gas phase
photocatalytic performance was investigated under ISO standards
using two distinct model pollutants, namely, hexane and
acetaldehyde. TNT layers (1 μm thick) on 5 × 10 cm2 large Ti
substrates were employed in this work due to their excellent
adhesion to Ti upon annealing at high temperatures. Annealing of
the TNT layers was carried out in a temperature range between
300 and 700 °C, resulting in TNT layers with different crystallinities, i.e., from the pure anatase phase to an 85% rutile phase. The
superior performance of the TNT layers annealed at 600 °C with mixed anatase and rutile phase compared to other specimens was
observed for both model pollutants, stemming from the band alignment between the two crystalline phases. For higher annealing
temperatures, however, the photocatalytic performance of the TNT layers was reduced due to a partial disintegration of the TNTs.
No surface contamination of the TNT layers with residues of pollutant degradation products was observed after experiments.
KEYWORDS: gas phase photocatalysis, TiO2 nanotube layers, annealing temperature, crystallinity, pollutants, VOCs

■ INTRODUCTION
Air pollution is one of the major environmental problems.
Volatile organic compounds (VOCs), exposed by many urban
and industrial sources into the air, are harmful to humans and
the environment and should therefore be removed from air.
The optimal recovery or degradation method is dependent on
the VOC concentration.1−3 For low, indoor pollution levels in
the ppb or low ppm range, photocatalysis can be the method of
choice for VOC degradation4−6 as it leads to the degradation
of pollutants to nonharmful compounds under ambient
conditions, ideally up to their complete mineralization to
CO2 and water.7

Semiconducting TiO2 is known as an excellent photo-
catalyst, which shows a high stability and nontoxicity in
addition to a high photocatalytic performance. Upon UV light
illumination, electron−hole pairs are formed within the TiO2,
leading to the formation of radicals with high oxidative power,
which in turn can oxidize gaseous or liquid organic
pollutants.2,8,9 UV light irradiation is required for this process
due to high bandgaps of 3.2 eV for the anatase phase and 3.0
eV for the rutile phase TiO2.

10−13

For efficient pollutant degradation, photocatalysts with a
large surface area are advantageous. Therefore, often nano-
structured photocatalysts are used in the literature as, e.g.,
nanoparticles, nanorods, or nanotubes.3,14−19 Within the last
∼15 years, specifically, TiO2 nanotube (TNT) layers, prepared
by anodic oxidation of Ti,20,21 have gained paramount
attention as photocatalysts due to their outstanding perform-

ance. Thus, compared to benchmark P25 nanoparticles, TNT
layers have shown a higher photocatalytic performance in the
liquid as well as in the gas phase.17,22 This can be explained by
the fact that anodic TNT layers grow in a highly ordered
manner with a vertical alignment during electrochemical
anodization, with the nanotube openings toward the top of
the layers, while the closed nanotube bottoms are attached to
the Ti substrate.20,21 Thus, the TNT layers naturally have a
very high available surface area and show a straight diffusion
way and an improved charge separation stemming from the
unidirectional dimensionality of the nanotubes.17,23 Addition-
ally, compared to other nanostructures, they have the
advantage that they are attached to a substrate without any
further immobilization necessary and can easily be removed
from a photocatalytic reactor. On the other hand, if free
nanotubes are required, then they can be removed from the Ti
substrate by bending the substrate or by etching to receive
nanotube bundles or single nanotubes.24−26 It must be pointed
out that the as-prepared TNT layers are amorphous. However,
they can be converted into the anatase phase or a mixture
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between the anatase and rutile phase by annealing at
temperatures between ∼350 and ∼700 °C.27−29

In the literature, many studies can be found on using TNT
layers for photocatalytic applications; however, most of them
report on liquid phase photocatalysis,17,18,21 while comparably
few publications investigate the applicability of TNT layers for
gas phase photocatalysis.30−33 Moreover, most studies were
carried out on the lab scale, meaning the TNT layers were
prepared on rather small Ti substrates with areas of up to ∼10
cm2, while only a few studies were carried out on larger
substrates.22,32,34−40 The reason for this is probably the
difficulty in anodization of large Ti substrates as high currents
are flowing between the Ti substrate and the counter electrode,
heating up the electrolyte with high possibility of the dielectric
breakdown occurrence.32,41 However, for possible real
applications, TNT layers on larger areas are necessary.
Recently, we have shown the anodization of Ti foils toward
homogeneous TNT layers of different thicknesses on an area
of 100 cm2.32 Such larger TNT layers can be employed in
photocatalytic gas phase reactors under ISO standards. In the
mentioned study,32 the as-prepared amorphous TNT layers
were annealed at 400 °C to receive the anatase phase.
However, several studies on the influence of the annealing
temperature of small TNT layers for photocatalytic degrada-
tion of pollutants in the liquid phase can be found in the
literature.42−48 The results of these studies are not
unambiguous. While some studies claim that the pure anatase
phase shows the best results for the photocatalytic degradation
of the used pollutants,43−47 other studies show an improved
performance when the TNT layers were composed of a
mixture of anatase and rutile.42,48 A reason for this can be that
at higher temperatures, when rutile begins to form, TNT layers
often start to sinter and disintegrate, resulting in thicker
nanotube walls and a reduction in TNT layer thickness and
consequently in a decrease in surface area.43

To the best of our knowledge, no studies on the influence of
the TNT crystalline structure (driven by the annealing
temperature of TNT layers) on the photocatalytic performance
in the gas phase can be found in the current literature.
However, in view of possible real applications of the TNT
layers for photocatalytic degradation of gaseous compounds,
such studies should also be carried out for the gas phase. In
this study, photocatalysis with two common VOCs, namely,
hexane and acetaldehyde, was carried out on 1 μm-thick TNT
layers produced on an area of 50 cm2 under ISO standards
(ISO 22197). The relatively thin TNT layers were chosen for
three reasons: (i) it is known that these TNT layers can be
annealed to at least 600 °C without any obvious disintegration
or lifting off of the TNT layers,49 (ii) as the rutile phase starts
to grow from the underlying Ti substrate, already small
amounts of the rutile phase are traceable,27,49 and (iii) such
thin TNT layers are relatively easy to prepare also on the large
scale without the risk of dielectric breakdown.32

■ EXPERIMENTAL SECTION
TiO2 nanotube (TNT) layers were produced in a two-electrode setup
using Ti foil (5 × 12 cm2, Sigma-Aldrich, 0.127 mm thick) as the
anode and a Ti foil of the same size (Sigma-Aldrich, 0.250 mm thick)
as the cathode. The Ti foil was anodized on an area of 5 × 10 cm2 in a
glycerol-based electrolyte containing 270 mM NH4F and 50 vol %
H2O at 20 V (PGU-200 V, IPS Elektroniklabor GmbH) for 100 min
under mild cooling conditions to 16 °C to receive 1 μm-thick TNT
layers with a nanotube diameter of ∼80 nm.32 After anodization, the
TNT layers were rinsed and sonicated in isopropyl alcohol to remove

the electrolyte. Before further use, the amorphous TNT layers were
annealed in a muffle oven at five different temperatures, namely, 300,
400, 500, 600, and 700 °C to convert the amorphous into crystalline
TiO2. The time needed to heat the oven to the final temperature was
kept constant at 3 h. Scheme 1 illustrates the TNT layer preparation.

Photocatalytic degradation experiments were carried out for two
gaseous compounds, i.e., hexane and acetaldehyde, in a photoreactor
built according to ISO standards (ISO 22197) with a photocatalyst
area of 50 cm2. A scheme of the reactor is given in our previous
publications.22,32 In brief, a calibrated gas mixture of 100 ppm of
hexane or acetaldehyde in N2 (Linde Gas) was used as a pollutant
source. A final concentration of 5 ppm of the respective pollutant was
reached by the dilution of the calibrated gas with humidified air,
which was flown through the reactor with flow rates of 1 and also 2 L/
min (in the case of acetaldehyde). The relative humidity (RH) in the
reactor was set to 50%, in line with the ISO standards. The gas
mixture was analyzed using a gas chromatograph equipped with a
flame ionization detector (GC 7890B (Agilent) with a capillary
column (HP Plot U (15 × 0.25) Agilent). All photocatalytic
degradation tests were carried out twice on two different TNT layers
for statistical evaluation.

The surface morphology of the TNT layers was characterized using
field-emission scanning electron microscopy (FE-SEM, JEOL JSM
7500F), and proprietary Nanomeasure software was employed for the
evaluation of the nanotube dimensions, i.e., nanotube diameter and
nanotube layer thickness. As the TNT layers were cut for cross-
sectional SEM analyses, different TNT layers had to be used for the
morphological investigation of unused and used (after photocatalytic
experiments) TNT layers. X-ray diffraction (XRD, Panalytical
Empyrean, equipped with a Cu X-ray tube and a Pixcel 3D
scintillation detector) was employed to study the crystallinity of the
TNT layers annealed at different temperatures. The measurements
were carried out at 45 kV. X-ray photoelectron spectroscopy (XPS,
ESCA2SR, Scienta-Omicron) with a monochromatic Al Kα (1486.7
eV) X-ray source was carried out to acquire the surface composition
of the TNT layers. The binding energy scale was referenced to
adventitious carbon (284.8 eV), while quantitative analysis was
performed by using CasaXPS software with the elemental sensitivity
factors provided by the manufacturer.

■ RESULTS AND DISCUSSION
Figure 1 shows XRD patterns of the TNT layers annealed at
different temperatures. As one can see, the TNT layers
annealed at 300 and 400 °C reveal purely anatase TiO2 peaks
(ICSD: 154603) and Ti peaks (ICSD: 653280), stemming
from the underlying Ti substrate. After annealing of the TNT
layer at 500 °C, additionally, a small rutile TiO2 peak (ICSD:
169622) at 2θ ∼27.4° was observed, indicating the initiation of
the anatase-to-rutile transformation. This rutile diffraction peak
increased in intensity when the annealing temperature was
further increased to 600 and 700 °C. At the same time, more
diffraction peaks of the rutile phase appeared, while the anatase
peak decreased in intensity. This indicates that more rutile was
formed by transformation of the anatase phase. Moreover, the
intensity of the Ti peaks from the underlying Ti substrates

Scheme 1. Schematic Illustration of the TNT Layer
Preparation
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decreased, suggesting the formation of a thicker oxide layer
between the TNT layers and the Ti substrate. The growth of
such oxide layers, with the rutile phase growth starting from
this layer, is known from the literature and is detrimental for
electrochemical applications due to a reduction in electron
mobility and thus in conductivity of the TNT layers.49

However, such an oxide layer should not decrease the
photocatalytic efficiency when no electrical contact needs to
be established, which is the present case.
Crystallite sizes, calculated using the Scherrer equation, and

weight fractions of the anatase and rutile phase within the
TNT layers are given in Table 1. The overall anatase and rutile
crystallite sizes increased with the temperature, which is in line
with the literature.27−29,50

The weight fraction of rutile was found very low with 4.2%
after annealing of the TNT layers at 500 °C. However, for an
annealing temperature of 600 °C, the weight fractions of
anatase and rutile are almost equal, while after annealing at 700
°C, a weight fraction of rutile of almost 85% was found. This
means that by variation of the annealing temperature, TNT
layers with very different structures were prepared.
To investigate the surface morphology of the TNT layers

annealed at different temperatures, SEM analyses were carried
out. Figure 2 shows the top view and cross-sectional SEM
images of the TNT layers annealed at different temperatures.
The top views, shown in the left column, reveal no significant
differences for annealing temperatures between 300 and 600
°C. However, after annealing at 700 °C, the nanotube walls
seem to be more rounded indicating the beginning of a melting
or sintering of the nanotubes. Statistical evaluations of the
nanotube diameters and wall thicknesses are given in Table 2.
The average nanotube diameter is in the same range for all

TNT layers annealed at different temperatures. However, the
wall thickness of the TNT layers, measured on the nanotube
tops, increases from ∼8.5 to ∼15 nm for TNT layers annealed
at 300 and 700 °C, respectively. While the wall thickness for
TNT layers annealed at 300, 400, and 500 °C increased just
marginally, a larger increase was observed when the annealing
temperature rose from 500 to 600 °C. This can be seen in the
SEM images by more rounded nanotube tops. However, the
TNT layers did not disintegrate yet, as confirmed by the SEM
cross-sectional views, shown in the right column of Figure 2.
All TNT layers annealed at temperatures up to 600 °C showed
a thickness of ∼1 μm. Nonetheless, after annealing at 700 °C, a
sudden decrease in TNT layer thickness to ∼0.7 μm for TNT
layers was observed, proving the partial melting and
disintegration of the TNT layers annealed at such high
temperatures. The partial disintegration of the TNT layers
annealed at 700 °C has a negative effect on the photocatalytic
performance, as discussed in the corresponding text later on.
Additionally, a thermal oxide layer can be observed for TNT
layers annealed at all temperatures, as indicated by red arrows.
This thermal oxide layer is very thin for TNT layers annealed
at 300 °C and thickens with the annealing temperature. This is
in accordance with the significant decrease in the Ti peak
intensity, as observed in Figure 1 for TNT layers annealed at
600 and 700 °C.
The photocatalytic conversion of the model pollutants,

hexane and acetaldehyde, on the TNT layers with different
crystallinities after annealing at different temperatures is shown

Figure 1. XRD patterns of the TNT layers annealed at different
temperatures. A, anatase; R, rutile; Ti, titanium.

Table 1. Crystallite Sizes and Weight Fractions for Anatase
and Rutile Phases of TNT Layers Annealed at Different
Temperatures

crystallite size/nm weight fraction/%

annealing temperature/°C anatase rutile anatase rutile

300 29.7 100 0
400 30.4 100 0
500 33.7 12.4 95.8 4.2
600 36.3 39.5 57.2 42.8
700 37.9 54.5 15.4 84.6

Figure 2. SEM top views (left column) and cross-sectional views
(right column) of TNT layers annealed at different temperatures. The
red arrows indicate the thermal TiO2 layer grown between the TNT
layers and the Ti substrate due to the annealing.

Table 2. Average Nanotube Diameter and Wall Thickness of
TNT Layers Annealed at Different Temperatures

annealing temperature/°C nanotube diameter/nm wall thickness/nm

300 77 ± 13 8 ± 2
400 73 ± 12 9 ± 2
500 74 ± 12 11 ± 2
600 78 ± 12 13 ± 3
700 74 ± 12 15 ± 4
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in Figure 3. For both pollutants, an increase in the
photocatalytic conversion was observed for TNT layers
annealed at temperatures up to 600 °C. This increase in
photocatalytic conversion can be explained for annealing
temperatures of ∼300−500 °C, i.e., when mainly the pure
anatase phase or very small weight fractions of the rutile phase
were observed by an increase in crystallinity and larger
crystallite sizes and a decrease in surface states. This is in
accordance with the literature on photocatalytic degradation of
pollutants on TNT layers in the liquid phase.43,44

Additionally, after annealing of the TNT layers at 600 °C,
the weight fraction of rutile in the TNT layers rose significantly
to a ratio between the anatase and rutile phases of
approximately 1:1. Although, as discussed in the Introduction,
many studies on the application of TNT layers for photo-
catalysis in the liquid phase report on the highest performance

for TNT layers consisting of the pure anatase phase, it is
commonly agreed in the literature that the best photocatalytic
efficiency of TiO2 is achieved, when a mixture of both
crystalline phases is used, instead of just one pure crystalline
phase.51−53 This is explained with a synergistic effect ascribed
to an integrated driving force for photogenerated charge
separation.54 Several studies53,55,56 show an energy band
alignment of rutile when in contact with anatase, with the
conduction and valence band of rutile being of higher energy
than those of anatase. Besides the positive effect of the
heterojunction on the photocatalytic performance, there seems
to be also a positive effect of the underlying rutile layer (due to
the increased light absorption) formed by thermal oxidation of
Ti. The recent work of Sepuĺveda et al.57 shows that the
double-/single-wall nanotubes are still purely anatase after
annealing at 600 °C if they are annealed without the Ti

Figure 3. Changes in hexane (A) and acetaldehyde (B) concentrations, CO2 production upon degradation of hexane (C) and acetaldehyde (D),
and conversion and mineralization of hexane (E) and acetaldehyde (F). The legend in panel (A) is also valid for panels (B−D).
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substrate underneath. This supports the explanation that the
improvement is due to the formation of a rutile layer and
improved light absorption and results in significantly higher
production of photogenerated charges. The formed hetero-
junction plays a minor role.
As a result, the TNT layers annealed at 600 °C, revealing a

high amount of rutile phase with a weight fraction of 42.8%,
show the best photocatalytic performance of the TNT layers
employed in this study.
An annealing temperature of 700 °C resulted in a majority of

the rutile phase of ∼85% in combination with a partial
disintegration of the TNT layers, leading additionally to a
significantly decreased available surface area. Therefore, the
photocatalytic conversion of the TNT layers decreased upon
annealing at higher temperatures.
When comparing the conversion of both model pollutants, it

is obvious that an approximately 3 times higher conversion was
obtained for acetaldehyde, i.e., the conversions of acetaldehyde
and hexane were ∼75 and ∼23%, respectively. This can be
attributed to the easier degradation of acetaldehyde compared
to hexane, stemming on the one hand from the presence of the
reactive carbonyl group in acetaldehyde and on the other hand
from the higher solubility of acetaldehyde in water, resulting in
a higher affinity of acetaldehyde to the hydrophilic TNT layers
compared to the nonpolar hexane.58 At such high conversions
of acetaldehyde, depletion of acetaldehyde in the vicinity of the
TNT layers may occur, and the rate of photocatalytic reaction
can be limited by mass transfer. For this reason, degradations
were repeated at a higher flow rate (2 L/min). The results
show that the photocatalytic conversion of acetaldehyde was
not limited by the mass transport, and the observed differences
in the conversions are due to the differences in crystallinity of
the TNT layers annealed at different temperatures.
Additionally to the conversion of both pollutants on the

differently annealed TNT layers, mineralization of the
pollutants to CO2 was also measured, which is also shown in
Figure 3. Except for the TNT layers annealed at 500 and 600
°C, the mineralization of both pollutants is somewhat lower
than the conversion. This means that some hexane and
acetaldehyde molecules were not completely decomposed to
CO2 but to some (undesired) intermediates only. However, in
the case of the TNT layers annealed at 600 °C, the conversion
and mineralization were measured to almost the same
percentage, independently of the pollutant, confirming the
good performance of these TNT layers.
SEM investigation was carried out on all TNT layers after

photocatalytic experiments, as shown in Figure S1. No
differences in morphology of the TNT layers were observed
compared to the unused TNT layers in Figure 2. This shows
that the photocatalytic degradation of the employed pollutants
is nondestructive to the TNT layers. To gain more insights
into possible contamination or poisoning of the TNT layers
with just partly degraded pollutants or other possible
contaminants, stemming from the reaction environment, a
thorough XPS analysis was carried out on the surface of the
TNT layers before and after the photocatalytic tests. Table 3
shows the surface composition of the TNT layers annealed at
different temperatures before and after their tests. The survey
spectra of the O 1s, Ti 2p, N 1s, and C 1s can be found in
Figures S2 and S3. No significant increase in the carbon
content on the TNT layer surface or the presence of any other
contaminations was observed after the tests, indicating that no
contamination or poisoning of the TNT layer surface took

place. The relatively small difference in the carbon content
observed can be attributed to adventitious carbon.

■ CONCLUSIONS
In conclusion, this study shows for the first time the influence
of the crystalline structure on the photocatalytic performance
of TNT layers in the gas phase for two distinct model
pollutants under the ISO standards. It is shown that the best
photocatalytic performance of the TNT layers was observed
for the mixed crystalline phase consisting of anatase and rutile
phases due to a band alignment of the two crystalline phases
resulting in an improved charge separation, compared to the
pure crystalline phases. Furthermore, when very high annealing
temperatures were employed (i.e., 700 °C), the TNT layers
start to disintegrate and a consequential decrease in surface
area leads to a decrease in photocatalytic performance. It must
be noted here that the exact temperatures at which the anatase-
to-rutile transformation and a disintegration of the TNT layers
start might depend on the dimensions of the TNT layers, i.e.,
their layer and wall thickness. Therefore, the exact optimal
annealing temperatures should always be investigated for the
TNT layers employed.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c03199.

SEM investigations after photocatalytic tests and XPS
spectra of TNT layers annealed at different temperatures
before and after photocatalytic tests (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jan M. Macak − Center of Materials and Nanotechnologies,
Faculty of Chemical Technology, University of Pardubice,
53002 Pardubice, Czech Republic; Central European
Institute of Technology, Brno University of Technology, 612
00 Brno, Czech Republic; orcid.org/0000-0001-7091-
3022; Email: jan.macak@upce.cz

Authors
Hanna Sopha − Center of Materials and Nanotechnologies,
Faculty of Chemical Technology, University of Pardubice,
53002 Pardubice, Czech Republic; Central European
Institute of Technology, Brno University of Technology, 612

Table 3. XPS Surface Composition of the Differently
Annealed TNT Layers before and after Photocatalytic Tests

atomic concentration/%

annealing
temperature/°C C O Ti N
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photocatalytic
tests

300 17.45 58.57 23.25 0.73
400 16.88 58.96 23.44 0.72
500 16.29 59.41 23.76 0.55
600 16.27 59.17 23.95 0.61
700 15.09 59.88 24.36 0.67

after
photocatalytic
tests

300 15.90 59.11 23.82 1.16
400 15.04 59.92 24.11 0.92
500 14.09 60.44 24.66 0.81
600 13.62 60.71 24.82 0.85
700 13.42 61.51 24.33 0.74
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(2) Moulis, F.; Kryśa, J. Photocatalytic Degradation of Several VOCs
(n-Hexane, n-Butyl Acetate and Toluene) on TiO2 Layer in a Closed-
Loop Reactor. Catal. Today 2013, 209, 153−158.
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H.; Kryśa, J.; Macak, J. M. 2D MoS2 Nanosheets on 1D Anodic TiO2
Nanotube Layers: An Efficient Co-Catalyst for Liquid and Gas Phase
Photocatalysis. Nanoscale 2019, 11 (48), 23126−23131.
(39) Motola, M.; Satrapinsky, L.; Roch, T.; Jan, Š.; Kupcí̌k, J.;
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