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Abstract

In this work, for the first time, an anodic TiO, nanotube layer of large area (~50 cm?), was
used for the photocatalysis in the gaseous phase. Hexane was chosen as model pollutant. The
nanotube layer showed a superior efficiency compared to a reference TiO layer of the same
thickness composed of immobilized P25 nanoparticles. An additional TiO, coating of the
nanotube layer produced by atomic layer deposition did not show an enhancement of the
photocatalytic degradation of hexane due to a decreased active surface area, in contrast to the

liquid state photocatalysis under applied external potential.
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Introduction

Since the pioneering work of Fujishima and Honda [1] reporting the use of TiO, for
photocatalytic water splitting, TiO, has gained wide interests as an excellent photocatalyst
for the decomposition of various organic compounds [2-5]. The mechanism of the
photocatalytic activity is based on the formation of electron-hole pairs under UV light
illumination, where the electron-hole pairs have an energy sufficiently high to form radicals
of high oxidizing power [2-5]. However, a requirement for effective photocatalysis is also a
large active surface area of the photocatalyst. Thus, the use of nanostructured TiO,, such as
nanoparticles [6,7], nanorods [8,9], or nanotubes [10-12], prepared by various means, has

gained significant attention during the recent years.
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In particular, many publications reported the use self-organized TiO, nanotube layers for the
photocatalytic degradation of pollutants [10,13-16]. These layers can easily be produced by
anodization of Ti in an fluoride containing electrolyte [17,18]. The nanotube dimensions can
be adjusted by the choice of the anodization parameters, i.e. the electrolyte, anodization
potential and anodization time. The main advantage of such TiO, nanotube layers is that they
strongly adhere to the undelaying Ti substrate. This means that no further immobilization is
necessary as in case of nanoparticles. Furthermore, due to the straight alignment of the TiO,
nanotubes on the Ti substrate an improved charge separation is possible that stems from the
uni-directional dimensionality of the nanotubes, resulting in an enhanced performance in
photoelectrochemical devices [10,19]. All these prospects are also advantageous for the use
in photocatalysis, namely when an external potential is applied.

By now, most publications reported photocatalytic tests just on the laboratory scale, i.e. using
relatively small active catalyst areas of a few cm?. This is due to the difficult control of the
anodization process parameters on the big scale. The main problem is the huge current
received during the anodization of large substrates. This, in turn, leads to an increase of the
electrolyte temperature that may result into dielectric breakdown of the growing nanotube
layers. Efficient cooling of the electrolyte during the anodization can prevent this unwanted
event. However, just a few reports can be found in the literature showing the anodization of
large scale Ti substrates [20-24]. These large scale TiO, nanotube layers were so far
exclusively employed for the photocatalytical degradation of various pollutants in the
aqueous phase.

In this communication, a facile fabrication of large scale (~50 cm?) TiO, nanotube layers and
their application in gas phase photocatalysis is shown for the first time. Benefits of the
nanotube morphology over the nanoparticulate morphology are clearly demonstrated. Hexane
has been chosen as model pollutant because its photocatalytical oxidation is not as fast as that
for other gaseous pollutant as butylacetate and toluene [25] and it is a widely

occurring atmospheric pollutant [26].

Experimental

Ti foils (Goodfellow, purity 99.6 %, 140 um thick) were degreased by sonication in
isopropanol and acetone and dried in air before use. Afterwards, the Ti foils were anodized in
an ethylene glycol based electrolyte containing 176 mM NH4F (Sigma-Aldrich, reagent
grade) and 1.5 vol.% deionized H,O at 60 V for 4 h with an initial sweeping of 50 mV/s
employing a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH). The
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anodized area of the Ti foils was 5 x 10 cm®. The electrolyte was aged before the anodization
[27]. During anodization the electrolyte was cooled to 15 °C using a thermostat. At this
temperature the cooling was effective enough to prevent the event of breakdown. At the same
time the temperature was high enough not to decrease the nanotube layer thickness strongly
[28] or increase the inner wall thickness significantly [29,30]. The electrochemical setup
consisted of a two electrode configuration with the Ti foil as working electrode and a Pt foil
as counter electrode. After the anodization the nanotube layers were rinsed and sonicated in
isopropanol and dried in air. Before their further use the samples were annealed in a muffle
oven at 400 °C for 1 h to obtain anatase structure.

On half of the annealed TiO, nanotube layers were coated by TiO, thin layers by atomic
layer deposition (TFS200, Beneq). TiCl, (electronic grade 99.9998%, STREM) and Millipore
deionized water (18 MQ) were used as the titanium precursor and the oxygen source,
respectively. High purity nitrogen (99.9999%) was the carrier and purging gas at a flow rate
of 400 standard cubic centimeters minute (sccm). Under these deposition conditions, one
growth ALD cycle was defined by the following sequence: TiCl, pulse (500 ms)-N, purge (3
s)-H,O pulse (500 ms)-N, purge (4 s). The TiO, nanotube layers were coated by TiO,
applying 200 cycles which led to a nominal TiO, coating thickness of 11 nm (according to
the growth rate per ALD cycle, evaluated by ellipsometry) [15]. The deposition processes
were carried out at 300 °C.

A reference TiO, layer of the same thickness was prepared by immobilization of P25
nanoparticles (Evonik Degussa GmbH) on glass supports using drop-casting technique
(content of TiO, ~ 2.34 mg/cm?).

The morphologies of all types of TiO, layers were characterized by a field-emission scanning
electron microscope (FE-SEM JEOL JSM 7500F). The inner diameters, nanotube walls and
the thicknesses of the nanotube and nanoparticulate layers were evaluated by statistical
analyses of the SEM images using proprietary Nanomeasure software.

The photocurrent measurements were carried out on a part of the large area sample in a three-
electrode cell leaving a surface area of 0.28 cm? exposed to the light (Ag/AgCI reference
electrode, Pt wire as counter electrode, Ti substrate as working electrode) at 0.4 V vs.
Ag/AgCl in an aqueous 0.1 M Na,SO, electrolyte and in the spectral range from 300 to 420
nm (5 nm step). The setup consisted of photoelectric spectrophotometer with a 150 W Xe
lamp and monochromator (Instytut Fotonowy), and a modular electrochemical system
AUTOLAB (PGSTAT 204, Metrohm Autolab B.V., Nova 1.10 software). The IPCE value

for each wavelength was calculated as in our previous work [31,32].
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The photocatalytical setup was realised according to the ISO standard (ISO 22197). A
scheme of the reactor is shown in Fig. 1. A calibrated gas mixture composed of 100 ppm
hexane in N, was used as pollutant source (Linde Gas). This mixture was further diluted with
humidified air using mass flow controllers (see Fig. 1) to a final mixture of 5 ppm hexane in
air that was admitted with flow rate 0.5 dm*/min to the reactor. The relative humidity (RH) in

the reactor was set to 50 %. Analysis of the gaseous mixture was performed by GC-FID

(\Varian CP-3800 with capillary column CP-Sil 5 CB 15x0.25 (0.25) and flame ionization

detector).

The active part of the reactor (photocatalyst area exposed to the reactant) had an area of 5 x
10 cm? and the headspace (distance of the glass cover) was 0.5 cm. As a light source, a 25 W
black light (UVA) tubular light source (350 nm centre wavelength) was used. The irradiance

at the location of the reactor was 1 mW/cm? in the wavelength range of 340 to 400 nm.

Results and Discussion

Figure 2 shows SEM images of the TiO, nanotube layers with and without ALD TiO,
coating as well as the reference nanoparticulate P25 layer. The nanotube layers (after
annealing, Figure 2a) reveal a homogenous arrangement of the nanotubes on the surface of
the Ti foil, with an average inner nanotube diameter of ~63 nm and an average layer
thickness of ~4.5 um. Half of the prepared large area TiO, nanotube layers obtained
additional TiO, coating by ALD (Figure 2b). An ALD TiO, coating of 200 cycles
(corresponding to ~11 nm thickness) was chosen according to our previous publication [15]
as it led to the most effective performance for liquid phase photocatalysis. After the coating
with ALD TiO, the average inner diameter decreased to ~40 nm. This is in good agreement
with the calculated thickness of the ALD TiO, layer. At the same time a thickening of the
nanotube wall thickness was observed, proving the successful coating of the TiO, nanotubes.
Moreover, it can be seen that the space in between the nanotubes is clogged after the ALD
coating. Since P25 is meanwhile classified as standard material in photocatalysis [33], a P25
nanoparticulate layer was used as reference. As can be seen from the SEM images in Figure
2c and d the nanotube and the nanoparticulate layers were of the same thickness. Figure 2e
shows an illustrative photograph of the Ti foil with the TiO, nanotube layer on it revealing a
size of 5 x 10 cm?.

Figure 3a and b show the photocurrents and the incident photon-to-current conversion

efficiency (IPCE) values measured on the TiO, nanotube layers with and without ALD TiO,



coating and on P25. A clear increase of the photocurrents and IPCE values can be observed
for the coated TiO, nanotube layer due to the passivation of surface states and improved
charge collection efficiency [15]. This confirms the previously published findings that ALD
TiO, coatings have less defects compared to the uncoated TiO, nanotube layers [15]. At the
same time, these coatings have a stronger effect on the photocurrents than the decrease of the
active surface area in case of the ALD coated TiO, nanotube layer. As a result, a more
efficient charge carrier separation takes place in the ALD TiO, coated TiO, nanotube layers
and higher photocurrents and IPCE values are received on them in comparison to the
uncoated nanotube layers [15]. The P25 layer, on the other hand, shows hardly any
photocurrent response. This poor photocurrent behaviour has been reported previously
[34,35] and can be explained by the presence of numerous electron traps in the TiO,
nanoparticles. Furthermore, while the TiO, nanotube layers consist of pure anatase (due to
the annealing at 400 °C as part of the preparation procedure) [32], the P25 consists of a
mixture of anatase and rutile.

Figure 3 ¢ and d show the photocatalytic degradation of hexane according to ISO standard
22197 on the as-prepared (uncoated) and the ALD TiO, coated TiO, nanotube layers, as well
as on the reference P25 nanoparticulate layer. Clearly, in case of the uncoated TiO, nanotube
layer the highest amount of hexane was decomposed, followed by the nanoparticulate layer.
The ALD TiO; coated nanotube layer revealed the lowest degradation of hexane. Generally,
the higher photocatalytic efficiency of the uncoated TiO, nanotube layers compared to the
reference P25 nanoparticulate layer can be explained by the larger available contact area of
the model pollutant with the TiO, photocatalyst and straighter diffusion way of the pollutants
within the individual nanotubes, compared to the nanoparticulare P25 layer. The very low
photocatalytic efficiency of the ALD coated TiO, coated nanotube layer is, however,
contradictory to the photocatalytic results obtained in the liquid phase [15]. Nevertheless, the
strong decrease in photocatalytic efficiency of the ALD TiO, coated nanotube layer
compared to both counterparts can be mainly explained by a significant decrease of ~70 % of
the active surface area due to the ALD TiO, coating, rather than by a change of chemical
properties. ta-addition—The inner diameters of the nanotubes used herein are much smaller
than in the previous work [15], i.e. 77 nm vs. 230 nm. This difference is due to the necessity
to use different anodization conditions, such as different electrolyte and different anodization
potential, to achieve high quality TiO, nanotube layer on the large scale in the present case.

Thus, additional ALD TiO, coatings reduced the active surface area significantly, resulting in



extremely small inner diameters of the nanotubes and clogged intertube space (see SEM
images in Figure 2).

For the future work, it is thus necessary to investigate various thicknesses of ALD coatings
on those TiO, nanotube layers that can be prepared on the large scale.

Conclusions

In summary, for the first time a large area nanotube layer of 50 cm? was used for the gas
phase photocatalytic decomposition of hexane, according to 1SO standard 22197. A superior
photocatalytic behaviour and significantly higher photocurrent densities were received for the
uncoated TiO, nanotube layers compared to a photocatalyst consisting of benchmark P25
nanoparticulate TiO, layers of the same thickness. The ALD TiO, coated nanotube layers
revealed higher photocurrent densities than the uncoated nanotube layers, however, reduced
photocatalytic efficiency was found for them due to a significantly reduced active surface

area.
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4 - Pollutant gas

5 - Compressed air

6 - Bubbler for
humidification
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Fig. 1. Apparatus for the evaluation of photocatalytic activity in the gas phase. 1 - black light
tube, 2 - reactor, 3 - photocatalyst, 4 - pollutant gas, 5 - compressed (synthetic) air, 6 -

bubbler for humidification, 7 - valves, 8 - analyser, MFC - mass flow controller.
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Fig. 2. SEM images of a) the as prepared (uncoated) TiO, nanotube layer, b) the ALD TiO,
coated nanotube layer, c) the cross section of the TiO, nanotube layer shown in a, d) the

cross section of the nanoparticulate P25 layer, and e) illustrative photograph of the TiO,
nanotube layer on the Ti foil.
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Fig. 3. a) Photocurrent densities (measured at 0.4 V vs. Ag/AgCI) and b) IPCE for the blank
and the ALD TiO; coated TiO, nanotube layers as well as for the P25 layer. A guiding line
indicates a photocurrent density of 0 pA cm™ or an IPCE value of 0 %, respectively. c)

Hexane removal compared for the three different catalysts and d) concentration changes of
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