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Abstract
Ethylene decomposition via photocatalytic reaction using ultra-violet light was performed using
oxidized titanium (Ti) sheet and/or thin film samples fabricated by helium (He) plasmas treatments. We prepared nanostructured Ti samples formed by He plasma irradiation and additional
thin film deposited samples using radio frequency magnetron sputtering. The samples prepared
in this study had a slightly lower photocatalytic activity compared to the thin film deposited on
tungsten nanostructure samples previously reported; the anatase formation was solely identified
on Ti sheet samples in the present study and is hopeful for further improvement of photocatalytic
activity of plasma treated titania.
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Ethylene (C2 H4 ) is the plant hormone that promotes fruit ripening, aging, and a wide
range of other plant processes [1]. Ethylene has been used in postharvest technologies such
as inductions of flower and sprout [2]; on the other hand, it can induce harmful reactions
for postharvest fruit and vegetable, because it accelerates aging and shortens the preserved
duration in shelf even in a small amount [3]. One of the promising solutions is likely decomposition of ethylene via catalytic/photocatalytic materials [3, 4] in addition to adsorption
[5], oxidation [6], decomposition using nonthermal plasma [7], and usages of environment
level actions such as ventilation, controlled atmosphere storage, and modified atmosphere
packaging [3].
Among photocatalysts using ultra-violet (UV) light, titania (TiO2 ) is regarded as the
most attractive and efficient material with its stable properties and low cost [3]. However,
because the recombination of photogenerated charges limits the photocatalytic performance,
photocatalysts with higher performance are required to be developed. One of the way to
enhance photocatalytic performances is usages of micro- and nano-materials [8, 9], and
plasmas can be used for fabrications of such fine materials.
In addition to reactive plasmas, which have been widely used as a nanofabrication tool
for silicon and carbon based materials [10, 11], potential of usage of helium (He) plasmas
to metallic materials has been identified in this ten years. The He irradiation effect of
nanostructuring metal surfaces was first identified on tungsten (W) [12] and later on other
metals including molybdenum [13], titanium (Ti) [14], tantalum, iron [15], rhenium, iridium
[16, 17], rhodium, and ruthenium [18]. Although formation mechanism has yet to be fully
understood, it is recognized that formed He nano-bubbles by He ion bombardment play
important roles for the growth of fiberform nanostructures [19]. Photocatalytic activity of
He plasma induced nanostructures have been investigated on (partially) oxidized W [20–23],
vanadium [24], niobium [25], iron [26]and titanium [27].
In this study, we use helium (He) plasmas to induce morphology changes in micro- and
nano-meter scales, and photocatalytic performance of those fabricated materials to degrade
ethylene is measured. Recently, it was shown that TiO2 thin layer formed on He induced
nanostructured W increased the decomposition of ethylene via photocatalytic decomposition
[27]. In this study, nanostructures were formed directly on Ti surfaces by irradiating He
plasmas to Ti.
He plasma irradiations were conducted in the linear plasma device NAGDIS-II, and the
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details of the setup in the device can be found elsewhere [18]. A 0.2-mm-thick Ti sheet
(99.5%, Nilaco Co.) with a size of 25×25 mm was installed in the downstream of the
NAGDIS-II device and exposed to the He plasma. The sample was installed in a water
cooling stage. The incident ion energy was controlled by negative biasing of the sample, and
the temperature was controlled by the heat flux from the plasma and the heat resistance to
the cooling stage.
Figure 1(a) shows a scanning electron microscope (SEM) micrograph of Ti sample exposed
to the He plasma under the following irradiation condition: the incident ion energy of 75
eV, the surface temperature of 800 K, and the He fluence of 8×1025 m−2 . Although the
structures did not have a complete fiberform, fine rough structures, the size of which was
less than 1 µm, was formed on the surface. Previous systematic He plasma irradiation to Ti
revealed that pinholes, nano-cones, and microstructures were mainly able to be formed easily
on the surface [14]; fiberform nanostructures were formed on the surface at the fluence higher
than 1026 m−2 . Since the temperature and the incident ion energy in Fig. 1(a) were almost
consistent with those in cases where fiberform nanostructures were grown, finer fiberform
nanostructure could have been grown when the fluence was higher.
After the He plasma irradiation, 100-nm-thick Ti thin film was deposited using a radio
frequency magnetron sputtering device (SHIMADZU, HSR-522) on the nanostructured surface. Figure 1(b-d) shows SEM micrographs of the thin film deposited surfaces oxidized at
the air atmosphere at 673, 773, and 873 K, respectively. The oxidization was performed
using a furnace for two hours. With increasing the oxidization temperature, the roughness
increased typically from 200-300 nm at 673 K to 400-500 nm at 873 K.
In this study, we used (i) pristine Ti sheet without plasma exposure (Tipr ), (ii) Ti sheet
exposed to the He plasma (TiN ), and (iii) 100-nm-thick Ti thin film deposited on Ti sheet
exposed to the He plasma (TiNTF ). Here, subscripts ‘pr’, ‘N’, and ‘NTF’ came from pristine,
nanostructures, and thin film deposited on nanostructures, respectively. In addition, we
compare the performance of the three kinds of samples to (iv) 100-nm-thick Ti thin film
deposited on W sheet after the exposure to the He plasma (WNTF ). The oxidization temperature was shown in parentheses after the sample name such as Tipr (673) or TiNTF (873).
The oxidation time was fixed at two hours for all the samples in this study.
Raman spectra of the prepared samples were taken using a laser Raman spectrometer
(Jasco, NRS-1000) using a laser at the wavelength of 532 nm. The measurement depth
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was ∼500 nm with the spatial resolution of several µm. Titania exists as two polymorphs,
the rutile and anatase, and natase transforms to rutile at elevated temperatures [28]. It
is possible to descern from Raman spectra whether rutile and/or anatase are formed. The
rutile is stable and anatase is an metastable. Because they have different properties, they
exhibits different photocatalytic performances. In Fig. 2(a-c), Raman spectra of samples
oxidized at 673, 773, and 873 K, respectively, are presented. It is noted that the spectra
intensities altered significantly by position for the samples oxidized at 673 and 773 K. As
a typical example, two spectra on TiN (673) sample at different positions are shown in Fig.
2(a). It is shown that the intensities are quite different from position to position, indicating
that the sample was not oxidized uniformly. The non-uniformity was not only found on TiN
samples, but also on Tipr and TiNTF samples as well at the oxidization temperatures of 673
and 773 K. When the sample was oxidized at 673 K, anatase peaks [29] were found mainly,
while rutile peaks dominated at 873 K. Anatase and rutile were mixed together at 773 K. It
is known in general that anatase has a better photocatalytic performance than rutile [30].
Photocatalytic decomposition of ethylene was performed at room temperature using a
quartz glass reactor which has a total volume of 210 ml. The prepared samples were irradiated with UV light from a 300 W xenon lamp via a cold mirror. A small amount of
ethylene gas was introduced to the reactor to reach the concentration of ∼50 ppm. We
waited for an hour after the injection of ethylene to be uniformly distributed in the reactor
and started UV light irradiation. The concentration of C2 H4 (C, ppm) was measured using
a gas chromatograph (Shimadzu, GC-2014).
Figure 3(a) show time evolutions of the ethylene concentration normalized to the initial
value, C/C0 , for Tipr (673), TiN (673), and TiNTF (673), in addition to no sample case. In
all the three cases, the concentration decreased monotonically with the irradiation time.
The best performance was identified on TiNTF and followed by TiN . Figure 3(b) summarize
the decomposition rate of ethylene in the initial one hour. On Tipr and TiN samples, the
decomposition rate decreased with increasing the oxidized temperature. This was probably
because active anatase was changed to rutile with increasing the oxidation temperature. At
all the temperatures, TiN samples had a higher performance than that of Tipr samples. On
the other hand, the performance decreased significantly from 673 to 773 K on TiNTF sample
and improved when the oxidation temperature increased to 873 K.
Previously, on Ti thin film deposited samples on nanostructured W formed He plasma
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irradiation, photocatalytic performance increased with the oxidation temperature of up to
873 K, suggesting that the crystallinity gradually changed together with the formation of
rutile [27]. Thus, one possibility to improve the photocatalytic performance from 773 to 873
K is due to the fact that the crystallinity of the thin coating layer was improved when the
temperature increased to 873 K, while anatase was changed to lower performance rutile. We
have tried to confirm the above speculation using X-ray diffraction (XRD); however, clear
signal was not be able to be obtained, probably because the film is too thin to eliminate
the bulk property. It is our future work to investigate the influence of the crystalinity of
deposited thin films.
Comparing the photocatalytic performance of the samples using Ti bulk to that of WNTF ,
which was investigated in detail previously [27], the best performance was obtained on
WNTF (873). It is noted that Tomita et al. optimized the oxidization temperature and thin
film thickness [27], and the best performance of WNTF samples was obtained at the oxidization temperature of 873 K, the oxidization time of 2 hours, and the Ti film thickness of
100 nm. In Fig. 3(b), the performance of WNTF (873) is also shown. The performance of
WNTF (873) is slightly better than that of TiNTF (673). This is probably because W surface
exposed to the He plasma had much finer nanostructures and greater surface area compared
to TiNTF sample surfaces. On WNTF (873), recycle experiment of photocatalytic decomposition of ethylene was performed (Fig. 4). The performance was kept for five recycling times,
suggesting that the surface was not degraded by the photocatalytic reactions.
Although the best performance was obtained on WNTF sample, a possibility of Ti substrate case is in the fact that anatase was formed on the surface at the oxidization temperature of 673 K, which was not identified on WNTF sample cases. If the difference in
the photocatalytic performance between the TiNTF (673) and TiNTF (873) was caused by the
crystallinity of thin film, it is expected that the performance can be significantly on TiNTF
samples if the crystallinity is improved even at the oxdization temperature of 673 K. It is
of interests to try forming better film samples by optimizing the surface temperature by
heating the sample during the deposition or inserting annealing process before oxidation in
vacuum.
This work was supported in part by a Fund for the Promotion of Joint International
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FIG. 1: SEM micrographs of (a) Ti sample exposed to He plasma, and (b-d) thin film deposited
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FIG. 2: Raman spectra of samples (Tipr , TiN , TiNTF ) oxidized at (a) 673, (b) 773, and (c) 873 K
are presented.
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FIG. 3: (a) Time evolutions of C/C0 for Tipr (673), TiN (673), and TiNTF (673), in addition to no
sample case and (b) a summary about the decomposition rate of ethylene in the initial one hour
for Tipr , TiN , and TiNTF samples. In (b), the performance of WNTF (873) [27] is also shown.
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FIG. 4: Recycle experiments performance of WNTF (873).
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