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bstract

NH3(10%)/Ar plasmas were generated at different gas pressures in a mechanical milling chamber, and were uniformly irradiated on an anatase
iO2 powder with 300 m2/g of which corresponding diameter was 7 nm. Crystal structures of the plasma irradiated powders were the same as that
f the raw powder, regardless of the gas pressure. On the other hand, the optical property of the resultant powders was varied with regard to the gas
ressure. When plasma generated and irradiated at 300 Pa, the powder had the specific surface area (SSA) of 283 m2/g and noticeable absorption in

is light range was observed. In addition, the powder showed an improvement of the photocatalytic oxidation activity of CH3CHO under vis light.
hese results indicated that the present plasma treatment is capable of modifying TiO2 nanopowder for improving photoactivity without large SSA

eduction, which is often seen in the modification with annealing.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Titanium dioxide (TiO2) of anatase phase is recognized as
he most efficient photocatalytic material. It can only be excited
y UV irradiation (λ < 380 nm) due to its large band gap energy
f 3.2 eV. Since UV light accounts for only small fraction of the
un’s energy compared to visible light, any shift in the optical
esponse of TiO2 from the UV to the visible spectral range will
ave a profound positive effect on the photocatalytic activity
f the material. To realize the shifting, several modifications
f TiO2 have been attempted. These include oxygen deficient
iO2 [1], cation-doped TiO2 [2,3] or anion-doped TiO2
4–8].

It has been shown that the desired band gap narrowing of TiO2
an be better achieved using the anionic dopant of nitrogen rather
han cationic ions [4–6], and considerable efforts have been
erformed to dope TiO2 powders with nitrogen by annealing

iO2 at 500–600 ◦C under NH3 flow [4,5]. It is known that NH3
ecomposes into nitrogen and hydrogen at the temperatures [9].
he annealing, however, often resulted in significant decrease
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f the specific surface area of powders due to grain growth,
hich would decrease the number of photoactive sites. Yin et

l. have carried out nitrogen doping mechanochemically using
-25 titania and C6H12N4 [10]. In this processing, however, an
nnealing (400 ◦C) was needed to remove residual C6H12N4,
nd there is a concern that the thermal treatment of the milled
owder would limit the keeping the initial large specific surface
rea.

Since NH3 plasma consists of various nitriding species and
xcited hydrogen [11], effective NH3 plasma irradiation on
he surface of powder material may be a possible method for
he TiO2 modification without the high temperature annealing.

echanical milling with electric discharge will present a uni-
orm plasma irradiation of powder materials. The milling was
rstly carried out by Calka and Wexler [12]. Their apparatus
as a modified magneto-ball milling in which external mag-
ets control the ball motion. The electrical discharge in the
hamber was generated when the balls contacted a wire, which
onnected to a high voltage source. Although this technique pro-
oted particle–particle and particle–gas reactions, the plasma
ondition cannot be fully controlled (for example, the distance
etween electrodes is uncontrollable).

Recently, the authors have developed a new apparatus for
echanical milling with electric discharge [13,14]. The illus-
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Fig. 1. An illustration of the apparatus used in this study.

ration of the apparatus is shown in Fig. 1. The main parts of
he apparatus are a rotating chamber and an arm head fixed with

clearance against the inside wall of the chamber. An elec-
ric discharge can be formed by applying an electric power at
he clearance with gaseous species. Plasma condition can be
hanged by controlling the power, distance of the clearance and
as pressure. When the chamber rotates, the powder material
oves onto the inside wall of the chamber by centrifugal force

nd compressed in the clearance. The compressed powder on
he inside wall can be successfully dispersed into the chamber
y using the scraper, after the plasma is efficiently irradiated
n the powder material. These actions are repeated during the
hamber rotating, giving a well powder mixing under plasma,
.e., a homogeneous irradiation of plasma.

In this study, NH3(10%)/Ar plasmas were generated at dif-
erent gas pressures in the apparatus shown in Fig. 1, and were
niformly irradiated on an anatase TiO2 nanopowder. The influ-
nces of the plasma irradiation on specific surface area, crystal
tructure, optical property and photocatalytic activity of the pow-
er were investigated.

. Experimental

.1. Plasma treatment

The commercially available anatase TiO2 powder (ST-01,
shihara Sangyo, Japan) was used as a raw material. The specific
urface area of the powder was 300 m2/g and the corresponding
iameter was 7 nm. The NH3/Ar plasma treatment of the
owder was carried out as follows. Five hundred grams of

he powder was dried at 150 ◦C for 6 h to remove physically
dsorbed water, and then placed in the chamber of the apparatus
s shown in Fig. 1. The apparatus was evacuated for 10 min
reached 0.1 Pa), and NH3(10%)/Ar gas was admitted into the

a
p
t
c

ig. 2. Photographs of NH3/Ar plasmas generated at (a) 50 Pa, (b) 300 Pa and
c) 1000 Pa.

hamber. To generate NH3/Ar plasma, the alternative electric
ower (60 Hz, 30 W) was applied between the arm head and the
hamber, with the chamber rotating of 1000 rpm. The clearance
as set to 2 mm in gap. Time of the plasma irradiation was
h. Any heating was not employed during the treatment. The
as pressure in the chamber was controlled to be 50, 300

nd 1000 Pa. Fig. 2 shows the photographs of the generated
lasmas under the three different gas pressures. With increasing
he gas pressure, the plasma became localized around the
learance.
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The change of the reflectance spectra of the powders with
increasing the gas pressure showed a similar trend to that of the
spectra obtained for TiO2−xNx with increasing x [5]. The x values

Table 1
The specific surface area of the raw and the processed powders

Specific surface area (m2/g)

Raw 300
ig. 3. Emission spectrum of the light used for photodegradation of acetalde-
yde.

.2. Powder properties

The phase structure of the plasma treated powders were char-
cterized by X-ray diffraction (JDX-3530M, JEOL, Japan) using
i filtered Cu K� radiation. The specific surface area (SSA) of

he samples was measured using a nitrogen gas absorption instru-
ent (micromeritics ASAP 2010, Shimadzu, Japan), based on

he BET method. The diffuse reflectance spectroscopy (DRS) of
he powders was performed in a UV–vis spectrometer (UV-2450,
himadzu, Japan), equipped with an integrating sphere attach-
ent (ISR-2200, Shimadzu, Japan). The measurement of X-ray

hotoelectron spectroscopy (ESCA-34000, Shimadzu, Japan)
as performed for the raw and the processed powders.

.3. Photocatalytic activity

The photocatalytic oxidation activity was evaluated by the
ecomposition of gaseous CH3CHO into CO2 when irradiating
ight. A light was obtained by a Xe lamp (L2174, 75 W, Hama-

atsu Photonics, Japan) with an optical filter (Achillesviniras,
chilles, Japan). Fig. 3 shows the emission spectrum of this

ight. As can be seen, UV light was well filtered out, and the light
sed in this study consisted of wavelength larger than 400 nm.
he irradiation area was approximately 35 cm2. A 2 g sample
f the powders was uniformly spread over the irradiation area
n a vessel. After pumping the vessel, CH3CHO (500 ppm)/N2
ixture gas was injected into it. The samples were kept in the

ark for 3 h and then irradiated. CO2 gas concentrations pro-
uced from decomposition of CH3CHO were measured using a
as chromatograph (GC-8A, Shimadzu, Japan).

. Results and discussion

.1. XRD and BET results

Fig. 4 shows the XRD patterns of the raw TiO2 and the

H3/Ar plasma irradiated powders. Only peaks correspond to an

natase structure were observed in the raw powder. Almost the
ame patterns were observed in the NH3/Ar plasma irradiated
owders, regardless of the gas pressure. The results indicate that

N
N
N
C

ig. 4. XRD patterns of (a) the raw TiO2 and NH3/Ar plasma irradiated powders
t (b) 50 Pa, (c) 300 Pa and (d) 1000 Pa.

he crystal structure and the crystallinity of TiO2 do not change
ith the present treatments. It has been reported that a high-

nergy ball milling of titania induced the phase transformation
f anatase [10]. Since the phase transformation was not observed
n Fig. 4, the mechanical energy in the present milling was not
trong enough.

Table 1 shows SSAs of the raw and the NH3/Ar plasma treated
owders. Although the SSAs of the NH3/Ar plasma treated pow-
ers were lower than that of the raw powder, they were relatively
igh, exceeding 200 m2/g. The maximum value (283 m2/g) was
btained when plasma irradiated at 300 Pa. For comparison, the
aw powder was calcinated at 500 ◦C under NH3 flow for 3 h,
nd the resultant powder was of 65 m2/g. The present method
id not result in large reduction of the initial SSA of the powder.

.2. DRS results

Fig. 5 shows the reflectance spectra of the raw and the NH3/Ar
lasma irradiated powders. Shifts of the absorption shoulders
nto the vis light region were obtained for the plasma irradi-
ted powders. When plasma irradiated at 50 Pa, the absorption
f the light at less than about 550 nm was observed. When
lasma irradiated at 300 Pa, the increase in absorption at the
ame range was observed, and the absorption of the wavelengths
reater than 550 nm was observed as well. When plasma irradi-
ted at 1000 Pa, more strong absorption in the both regions was
H3/Ar plasma at 50 Pa 211
H3/Ar plasma at 300 Pa 283
H3/Ar plasma at 1000 Pa 251
alcination at 500 ◦C for 3 h 65
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ig. 5. UV–vis DRS spectra of (a) the raw TiO2 and NH3/Ar plasma irradiated
owders at (b) 50 Pa, (c) 300 Pa and (d) 1000 Pa.

ere controlled by annealing temperature under NH3 flow. The
hift of the absorbance shoulder into the vis light region was
een at low x (<0.01), and the increase in absorbance greater
han 550 nm was also seen at relatively higher x (>0.01), which
orresponds to Ti3+ [5]. The change of the reflectance spectra
bserved in this study may have resulted from the increase of
he nitrogen amount.

NH3 plasma consists of various nitriding species and excited
ydrogen [10]. In the present case, these are the sources of nitri-
ation and reduction of TiO2, and can increase with increasing
as pressure. For the plasma irradiated powders, the increase of
bsorption in vis light range with increasing gas pressure can be
ttributed to the increase of nitriding and reducing species with
t.

.3. Photodegradation of acetaldehyde

Fig. 6 shows the change of CO2 concentration as a func-
ion of time in the presence of the raw and the NH3/Ar plasma

reated powders while irradiating with the light as shown in
ig. 3. As can be seen, the produced CO2 from the raw powder

ncreased with increasing time. The reason for the photoactivity
s presently unclear. It is noted that the raw powder had a slight

ig. 6. CO2 concentration changes for the raw TiO2 and NH3/Ar plasma irra-
iated powders under the light (Fig. 3).
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bsorption in entire vis light region as shown in Fig. 5, and the
imilar reflectance feature was seen in ref. [7].

The photocatalytic activity of the plasma irradiated powder at
0 Pa was almost the same as that of the raw powder, although
he shift of the absorption shoulder was observed. One of the
ossible causes is the reduction of SSA. The SSA of the powder
ecreased down to by about 30% compared with the raw powder,
hich suggested the decrease of photoactive sites.
The plasma irradiated powder at 300 Pa showed the highest

hotocalatylic activity, almost twice of that of the raw powder.
t decomposed almost completely the injected CH3CHO for 8 h,
ince the evolved CO2 concentration was 1000 ppm, which was
wice of the initial CH3CHO concentration. The SSA of the
owder decreased down to by only 6% with the plasma-milling
reatment. For the powder, the shift of the absorption shoulder
nd the absorption of the wavelength greater than 550 nm were
bserved, and the absorption was almost twice larger than that
f the raw powder as shown in Fig. 5. The higher photocatalytic
ctivity observed in this powder, compared to the raw powder
nd the plasma irradiated powder at 50 Pa, was probably due to
he larger amount of adsorbed photons.

The plasma irradiated powder at 1000 Pa showed the low-
st photocatalytic activity. As shown in Fig. 5(d), the powder
ad strong absorption in vis light region, including wavelength
reater than 550 nm which corresponds to Ti3+. The similar
bsorption characteristic was seen for TiO2−xNx (x = 0.019),
hich was prepared by annealing under NH3 flow, and the
iO2−xNx (x = 0.019) showed the lower photocatalytic activity

han those with lower x values [5]. The nitrogen doping caused
n increase in oxygen vacancy and the amount of Ti3+, and
he oxygen vacancy state originated from Ti3+ could serve as a
ecombination center for holes and electrons under vis light irra-
iation [5]. For the present processed powders, the reflectance
pectra in Fig. 5 indicate that the amount of Ti3+ increased with
ncreasing the gas pressure. The decreased photocatalytic activ-
ty under vis light for the plasma irradiated powder at 1000 Pa
an be considered to be due to the increased amount of Ti3+.

The change of photocatalytic activity as well as reflectance
eature of the plasma treated powders can be ascribed to dif-
erence of nitrogen amounts associated with gas pressure. Esti-
ation of the amounts was tried by comparing the peak areas

f N1s and O1s of XPS spectra. However, it was quite difficult
ecause of a small difference in the ranges and the influence of
ackground signal. As examples, the N1s XPS spectra of the
aw and the plasma irradiated (300 Pa) powders are shown in
ig. 7. According to literatures [4–6], the XPS peak of N1 around
96 eV was assigned as atomic nitrogen bonded to titanium. The
ntensity in the range was small for the plasma irradiated pow-
er, suggesting that the amount of doped nitrogen was low. The
uantitative analysis of the nitrogen amount of the present sam-
les is under investigation and will be reported in a future.

In this study, it was demonstrated that the present method
s capable of modifying TiO2 nanopowder for improving pho-

oactivity without large SSA reduction, which is often seen in
he modification with annealing. The decrease of SSA was quite
ow when the nanopowder was mechanically milled with plasma
enerated at relatively high gas pressure (300 Pa). The change
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ig. 7. N1s XPS spectra of raw TiO2 and NH3/Ar plasma irradiated powder at
00 Pa.

f the reflectance feature indicated the particle-gas reaction pro-
oted with the treatment. We think this method is one of the

romising approaches for modifying nanopowder materials.

. Conclusion

The NH3/Ar plasma irradiation was carried out on an anatase
iO2 powder (300 m2/g) using the newly developed apparatus
Fig. 1). The influence of the NH3/Ar gas pressures (50, 300
nd 1000 Pa) on the physical and photocatalytic properties of

he powder was investigated. The crystal structure and crys-
allinity of TiO2 did not change regardless of the gas pressures,
nd relatively high specific surface areas exceeding 200 m2/g
ere observed for all resultant powders. The noticeable improve-

[
[
[
[
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ent in the photocatalytic activity under vis light was obtained
hen plasma irradiated at 300 Pa.
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