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bstract

TiO2 was ground in gaseous NH3 by using a planetary mill to synthesize nitrogen doped TiO2. Grinding induces phase transformation of TiO2

rom anatase to srilankite, srilankite to rutile in air at room temperature, whereas the phase transformation of TiO2 is delayed by the grinding
n gaseous NH3. And, product ground under NH3 has higher surface area than that of under air, and the heated product displays higher specific

urface area than that of product without heating. Light-absorption edge of the products is shifted toward visible light wavelength with an increase
n grinding period of time. The ground samples exhibit less photocatalytic activity evaluated by the decomposition of NO gas. This may be due
o the existence of residual NH3 and NH4

+ formed on TiO2 surface, which prevents the contact of NO gas with TiO2 surface. By removing these
ompositions by thermal treatment at 200 ◦C for 60 min in air, the photocatalytic activity is improved.

2007 Elsevier B.V. All rights reserved.
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. Introduction

For efficient utilization of solar energy on photocatalyst,
fforts have been put into narrowing its band gap energy. Among
any photocatalytic materials, in particular, TiO2 has been con-

idered as the most popular one, because of its relatively high
eactivity and chemical stability under ultraviolet (UV) light
1–3]. The band gap energy of anatase TiO2 is about 3.2 eV
nd its absorption wavelength is about 384 nm. For several
ecades, researches have been performed to narrow band gap
y doping transition metals [4–6] or non-metals [7–11] into
iO2. In particular, nitrogen doping in TiO2 done by Asahi et
l. [7] has prepared by plasma process, resulting in expansion
f adsorption edge to about 500 nm in wavelength. Until now,
here have been many reports published on preparation of nitro-
en doped TiO2 by various processes and using various nitrogen
ources [9,11–13]. However, few researches using gaseous nitro-
en source have been reported. The process using gaseous NH3
s a nitrogen source has various advantages such as no resid-

al organic material and improvement of specific surface area
12]. In this work, TiO2 was ground in gaseous NH3 as a nitro-
en source by using a planetary mill to prepare nitrogen doped
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iO2. The products were examined by various analytical tech-
iques such as XRD, FT-IR, UV–vis, XPS, SEM, SSA, and its
hotocatalytic reactivity was evaluated by decomposition of NO
as flow in continuous system.

. Experimental

.1. Preparation for grinding

Anatase titania powder (anatase-TiO2, purity minimum
8.5%, Wako Pure Chem. Inc., Japan) was used as a starting
aterial. A planetary ball mill (Pulverisette-7, Fritsch, Ger-
any) was used for grinding the starting material: the mill

onsists of a set of pot made of partial stabilized zirconia (PSZ)
aving 45 cm3 in inner space, in which seven zirconia balls of
5 mm in diameter were inserted. Four grams of TiO2 pow-
er were put into the pot, subsequently the pot was set at a
ube system where gaseous NH3 (Purity 99.999%, Daeyangilsan
ndustry) can be injected into the pot made of stainless steel, after
eplacement of air, as follows: the air in the pot was pumped out
o reach a vacuum of 0.1 MPa prior to injection of NH3 gas. The
rinding was operated at 700 rpm with various grinding periods

f time ranged from 15 to 300 min and NH3 gas pressure at 0.1
nd 0.5 MPa. Heating of the ground samples was performed to
emove impurities on the surface of the product at 200 ◦C for
0 min with heating rate at 200 ◦C/h.

mailto:kic22@andy.tagen.tohoku.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.02.003
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Fig. 1. XRD profiles of TiO2 ground in gaseous NH3 (0.1 MPa) as a function
of grinding periods of time: (a) raw TiO2, (b) 15 min, (c) 30 min, (d) 60 min, (e)
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.2. Characterizations

The ground products were analyzed by XRD (RAD-B,
igaku Co., Ltd., Japan) using Cu K� radiation as a function
f grinding periods of time and grinding ambient, respectively.

The specific surface area (SSA) of products was measured
y nitrogen adsorption–desorption isothermal measurements at
7 K (ASAP-2010, Micromeritics, Shimadzu, Japan).

In order to demonstrate chemical composition of products
nd calculate amount of surface adsorbed hydroxyl group/water,
nfrared spectra were recorded by an FT-IR spectrometer (FTS-
0A, Bio-Rad) with the KBr disk method. In particular, in order
o calculate surface-adsorbed hydroxyl group/water, the peak
ntensity related to hydroxyl group/water, positioned around
440 cm−1, was analyzed.

The absorption edge of the products under irradiation of
ight was measured by an UV–vis spectrophotometer (UV-2000,
hmadzu, Japan).

NO gas decomposition activity was measured in order to
xamine photocatalytic activity of the products by measur-
ng the concentration of NO gas at the outlet of reactor box
373 cm3) with flowing 1 ppm NO–50 vol.% air mixed gas
200 cm3/min). The photocatalyst product was put on a hol-
ow place of 20 m × 15 m × 0.5 m on a glass holder plate and
et in the center of the reactor. A 450 W high-pressure mer-
ury lamp (the irradiation intensity was set in 1000 �mol/s m2)
as used as the light source, in which the wavelength was

ontrolled by various filters, i.e., Pyrex glass for cutting off
he light of wavelength >290 nm, Kenko L41 Super Pro (W)
lter >400 nm and Fuji, triacetyl cellulose filter >510 nm
14].

X-ray photoelectron spectroscopy (XPS) (PHI 5600 ESCA

ystem, Ulvac-Phi Inc., Japan) was conducted to have the infor-
ation on chemical bonding energy of the products.
The morphology of products was achieved by SEM technique

SEM, S4100-L, Hitachi, Japan).

T
o
7
m

ig. 2. Comparison of phase transformation progressive rate to rutile (IR(1 1 0)); (a) g
natase; R, rutile; S, srilankite).
20 min and (f) 180 min.

. Results

Fig. 1 shows the XRD patterns of the ground samples. The
hase transformation has been observed from the patterns. Sri-
ankite and rutile phases were observed at 15 min grinding,
nd their intensities continuously increase with an increased
n grinding period of time. At 120 min grinding, the srilankite
hase diminished in the product, while stable phase of rutile
ncreased.

Fig. 2 verifies that NH3 gas delays phase transformation of
iO2 using XRD profiles. Fig. 2A(a–c) represent crystallinity
f TiO ground in air, NH (0.1 MPa) and NH (0.5 MPa) by
2 3 3
00 rpm for 120 min without calcinations, and Fig. 2B(a–c)
ean phase progressive rate, respectively. The phase progressive

round in air, (b) in NH3 (0.1 MPa) and (c) in NH3 (0.5 MPa) for 120 min; (A,
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Fig. 3. Comparison of specific surface area depending on the grinding condi-
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ions and grinding time: NH3 (0.1 MPa) with 700 rpm for 120 min heating at
00 ◦C, (b) NH3 (0.1 MPa) with 700 rpm for 120 min and (c) Air with 700 rpm
or 120 min.

ates were calculated by following equation:

hase transformation progressive rate

= IR(1 1 0)

IR(1 1 0) + IA(1 0 1)
× 100 (1)

here IR(1 1 0) and IA(1 0 1) imply the intensity of rutile (1 1 0) and
natase (1 0 1) phase, respectively. From comparison of phase
ransformation progressive rate, it is confirmed that the product
round in air appeared the highest phase transformation rate,
hile the one ground in NH3 (0.5 MPa) appeared the lowest
hase transformation rate. This means that gaseous NH3 delays
he phase transformation of TiO2 from anatase to rutile phase
ecause of the adsorption of NH3 on the fresh surface of TiO2
12].

Fig. 3 displays SSA value of the sample prepared under var-
ous grinding conditions. In the case of product (c) ground in
ir, SSA continually decreased with grinding time after 15 min
rinding, becomes even lower at 180 min grinding than that
f the starting sample due to mainly agglomeration. On the
ther hand, the product (b) ground in NH3 (0.1 MPa) had
igher SSA than that of sample (c) due to non-occurrence of
gglomeration for adsorption of NH3 gas on TiO2 surface dur-
ng grinding. But, after 30 min grinding the surface area value
ecreased continually. This phenomenon is due to an increase in
dsorbed NH3 gas on TiO2 surface, which may prevent adsorp-
ion of liquid nitrogen to sample surface during SSA analysis.
evertheless, the calcined product (a) after grinding in NH3

0.1 MPa), appeared with remarkably improved surface area
esults throughout grinding period. This result is attributed to
emoval of surface impurities by calcinations done at 200 ◦C.
rom this result, it can be anticipated that grinding of TiO2 in
H3 gas and calcination enhance specific surface area.

Fig. 4 illustrates infrared spectra of the products ground in

ifferent atmospheres and thermal treatment. Both peaks located
t 1635 and 3300–3600 cm−1 correspond to hydroxyl group
nd water molecule [15–18]. Regarding the samples (b) and (d)

f
w
w
t

ig. 4. FT-IR spectra profiles depending on the preparing method: (a) raw TiO2,
b) ground in NH3 (0.1 MPa), (c) ground in NH3 (0.1 MPa) followed by heating
t 200 ◦C, (d) ground in NH3 (0.5 MPa) and (e) ground in air, respectively.

elated to broad peak located at 3300–3600 cm−1, the intensity
f sample (d) was weaker than that of (b). This may be due to the
eaction of more NH3 gas with surface hydroxyl group during
rinding. On the other hand, peak positioned at 1400 cm−1 is
learly observed only with the samples ground with NH3 gas
nd the peak intensity of sample (d) was stronger than that of
b). This peak is attributed to NH4

+ originating from the reaction
f NH3 with hydroxyl group [19,20]. Therefore, the more use
f NH3 results in a stronger NH4

+ peak in the sample (d).
Looking at the patterns of both samples (b) and (c), the

eak at 1400 cm−1 has disappeared from sample (c), while it
till remained in the sample (b). This indicates that NH4

+ was
emoved by heating at 200 ◦C for 60 min. In the spectra (b)–(d),
he intensity of broad peaks seen in the spectra (b) and (d) located
t 1249 cm−1 related to symmetric mode of NH3 adsorbed on
ewis acid sites Ti4+ [19,21], increased with NH3 amount. How-
ver the peak in the spectrum (c) has disappeared, because of the
eating. This is well consistent with the result shown in Fig. 4(c).

The peaks located at 2340 and 2360 cm−1 are assigned to
dsorption of N2 on Lewis acid sites and Brønsted acid site,
espectively [22,23]. The adsorption of N2 has been observed
n the samples ground in NH3 gas as well as the heated sample,
xhibiting weaker in the ground samples. The peak intensity
f products ground in NH3 was proportional to the injected
H3 amount. Comparing the spectra (b) and (c), although the
400 and 1249 cm−1 peaks disappear after heating at 200 ◦C
or 60 min, the N2 adsorption peaks, 2340 and 2360 cm−1, are
bserved, due to the adsorption of N2 being in air and originating
rom decomposition of impurities on the surface of TiO2 during
hermal treatment.

Fig. 5 demonstrates N1s XPS spectra of products ground in
a) NH3 (0.1 MPa) for 120 min, (b) NH3 (0.1 MPa) for 120 min
ollowed by heating at 200 ◦C, (c) NH3 (0.5 MPa) for 300 min
ollowed by heating at 200 ◦C and (d) raw TiO . All products
2
ere measured without sputtering. In spectra of raw TiO2 (d),
eak peak, positioned at 400 eV, was detected, which is assigned

o adsorption of N2 from air. The unheated product (a) dis-
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Fig. 5. N1s XPS spectra of products ground in NH3 (0.1 MPa) for 120 min (a),
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Fig. 7. NO decomposition activity: (a) raw TiO2, (b) ground for 120 min in NH3
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H3 (0.1 MPa) for 120 min heating at 200 ◦C (b), NH3 (0.5 MPa) for 300 min
eating at 200 ◦C and (c) raw TiO2. All products were measured without sput-
ering.

layed strong N N and N O bonding energy peaks positioned
t 400 eV [7,24], which was stronger than Ti N bonding peak,
ocated at 396 eV, relatively. This phenomenon verifies the exis-
ence of surface impurity such as of NH3, NH4

+ and N2 on the
urface of TiO2 as mentioned in Fig. 4. With the heated samples
b) and (c), both weak peaks positioned around 400 and 396 eV
ave been observed. This indicates the removal of surface impu-
ities and existence of Ti−N bonding positioned at 396 eV [7].

hese results well prove successful nitrogen doping on TiO2 by
rinding in NH3 gas.

Fig. 6 shows UV–vis spectroscopy patterns of product ground
n NH3 (0.1 MPa) ambient from 15 to 120 min. The absorption

ig. 6. UV–vis profiles of TiO2 ground in NH3 (0.1 MPa) by 700 rpm grinding
peed as a function of grinding time: (a) raw TiO2, (b) 15 min, (c) 60 min, (d)
20 min and (e) (d) heated at 200 ◦C (Dash).
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0.1 MPa) and heated at 200 ◦C, (c) ground for 120 min in NH3 (0.5 MPa) and
eated at 200 ◦C, (d) ground for 300 min in NH3 (0.5 MPa) and heated at 200 ◦C
nd (e) ground for 300 min in NH3 (0.5 MPa) without heating.

avelength of raw TiO2 is below about 384 nm, while that of
round products has been observed to shift toward visible irradi-
tion range and the absorbing area in the visible range increased
orrespondingly with an increase in grinding periods of time.
he results suggest that nitrogen has been doped into TiO2 and

he band gap has been narrowed so that absorbance can occur in
he visible range. The doped amount increased with an increase
n grinding periods of time. In addition, the patterns (d) and (e)
emonstrated that heating improved irradiation adsorption abil-
ty due to the removal of surface impurities such as NH3 and
H4

+ in present study.
Fig. 7 displays NO gas decomposition activity as a function of

rinding periods of time and NH3 amount. All prepared products
emonstrated better NO gas degradation activity than that of raw
iO2. The patterns in the samples (b) and (c) showed that the NO
as degradation activity in visible light region depends on the
sed NH3 amount during grinding. Especially, with regard to the
atterns (c) and (d), it was identified that the prolonged grind-
ng enables us to improve photocatalytic characterization, i.e.,
nduction of high nitrogen doping. Consistent with the UV–vis
esult, the data (d) and (e) verified that heating operation con-
ributes the improvement of the photocatalytic properties of the
oped TiO2 surface for NO gas degradation activity due to the
emoval of surface impurities such as NH3 and NH4

+
.

Fig. 8 shows specific surface area (SSA) of the sample under
arious grinding conditions and post-thermal treatment. As be
xpected, the SSA values trends closely agreed with NO decom-
osition activity trends, i.e., NO decomposition activity became
igh with an increase in SSA value. Unheated product (e)
howed lower SSA value compared with heated product (d) for
xistence of surface impurities.

Fig. 9 demonstrates crystallinity of products by using XRD
rofiles. Fig. 9A shows XRD patterns, whereas Fig. 9B shows

he ratio of rutile phase. In general, anatase phase TiO2 is the

ost positive on photocatalytic activity compared with rutile and
rilankite. However, Figs. 7–9 results well explained that photo-
atalytic activity depends on grinding periods and grinding con-
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Fig. 8. Comparison of specific surface area with grinding and post-treatment
conditions: (a) raw TiO2, (b) ground for 120 min in NH3 (0.1 MPa) and heated
at 200 ◦C, (c) ground for 120 min in NH3 (0.5 MPa) and heated at 200 ◦C and (c)
ground 300 min in NH3 (0.5 MPa) and heated at 200 ◦C and ground for 300 min
in NH3 (0.5 MPa) without heating.
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Fig. 9. Crystallinity of products and their rutile phase ratio: (a) raw TiO2, (b) ground
NH3 (0.5 MPa) and heated at 200 ◦C, (d) ground for 300 min in NH3 (0.5 MPa) and h

Fig. 10. The intensity of absorbed hydroxyl group and water molecule: (a) raw TiO
for 120 min in NH3 (0.5 MPa) and heated at 200 ◦C, (d) ground for 300 min in NH3

without heating.
otobiology A: Chemistry 189 (2007) 232–238

ition more than anatase phase ratio. A few papers with regard to
elationship between photocatalytic activity and high-pressure
hase srilankite have been reported [25], in which anatase TiO2
as been recognized a better one to photocataltic activity than
hat of srilakite phase TiO2. From XRD pattern, the srilankite
hase ratio of (b) and (c), respectively, were calculated by fol-
owing equation; [(SI(1 1 1)/(AI(1 0 1) + RI(1 1 0) + SI(1 1 1))) × 100],
n which they have 27.3 and 31.5% srilankite phase ratio, respec-
ively. In Fig. 7, sample (c) showed a better photocatalytic
ctivity than sample (b) in spite of that sample (c) has a higher
rilankite phase ratio than that of sample (b). It is understood
hat it is the doped effect rather than the existing degree of sri-
ankite phase that contributes the improvement of photocatalytic
ctivity.

Fig. 10 illustrates an existing amount of hydroxyl group/water
n products surface. These values were obtained by calcu-

ating peak intensity connected with hydroxyl group/water
eak positioned around 3440 cm−1 in FT-IR spectra analy-
is. The Fig. 10A is a FT-IR profiles and Fig. 10B is peak
ntensity of 3440 cm−1 wavelength. The raw TiO2 had much

for 120 min in NH3 (0.1 MPa) and heated at 200 ◦C, (c) ground for 120 min in
eated at 200 ◦C and (e) ground for 300 min in NH3 (0.5 MPa) without heating.

2, (b) ground for 120 min in NH3 (0.1 MPa) and heated at 200 ◦C, (c) ground
(0.5 MPa) and heated at 200 ◦C and (e) ground for 300 min in NH3 (0.5 MPa)
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ig. 11. SEM morphology images: (a) raw TiO2, (b) ground for 120 min in NH
eated at 200 ◦C, respectively.

ydroxyl group/water, while the ground products contained a
ittle hydroxyl group/water, relatively. The reason may lie in
n elimination of hydroxyl group/water by hydroxyl reaction
etween NH3 and surface hydroxyl group/water during grinding
26].

Fig. 11 shows SEM morphology of arbitrary region of prod-
cts: raw TiO2 (a), product (b) ground in NH3 (0.1 MPa),
nd product (c) ground in NH3 (0.5 MPa), respectively. These
EM results were consistent with photocatalytic activity results
Fig. 7) and specific surface area results (Fig. 8). The spherical
aw TiO2 had 20 �m diameter. The ground and calcined prod-
cts exhibited finer particles than that of raw TiO2. In particular,
he one ground in 0.5 MPa (NH3) represented the finest size
istribution. By this result, it is confirmed that NH3 gas is use-
ul to make fine particle as well as N doping during planetary
rinding, and particle size decreases with an increase in NH3
mount.

. Discussion

This paper discusses the phase transformation of TiO2
nduced by grinding operation at room temperature, followed
y the preparation of nitrogen doped TiO2 induced from the
echanochemical solid–gas reaction. It has been reported that

t is easy to induce a phase transformation of TiO2 with low oxy-
en pressure during grinding for volume shrinkage by oxygen
eficiency [12,27]. Grinding the TiO2 in NH3, a retardation of
hase transformation has been observed. One possible reason
ay be due to the adsorption of Lewis base NH3 at fresh surface

f TiO2. The Lewis base NH3 and H2O are easy to adsorb on
ewis acid Ti4+. Since NH3 gas is more basic than water, if H2O
olecule occupies the most active acidic site before ammonia,

mmonia occupies the other unoccupied site or bonds with the
ydroxyl groups [26]. Normally, there are two possible path-
ays for the reaction between NH3 and H2O. It is understood,

rom the changes in enthalpy of two reactions, that the formation

f NH4

+, as given by Eq. (2), are relatively favorable compared
ith the alternative reaction, as given by Eq. (3) [28]. There-

ore, NH4
+ is formed by hydroxylation between NH3 and H2O

19,20], of which the vibration mode is observed in FT-IR spectra

t
i
p
p

MPa) and heated at 200 ◦C and (c) ground for 120 min in NH3 (0.5 MPa) and

19,21].

H3 + H2O → H3N· · ·H−OH, �H = − 8.15 kcal/mol

(2)

H3 + H2O → H2N−H· · ·OH2, ΔH = − 3.46 kcal/mol

(3)

In the NO gas decomposition under irradiation of light ranged
rom ultraviolet to visible light wavelength, since TiO2 surfaces
re covered by impurities such as NH3 and NH4

+ adsorbed, it is
ot easy for NO gas to contact TiO2 surfaces due to the covering
y such impurities. This is the reason why the ground sample
oes not demonstrate high photocatalytic activity to decompose
O gas. In addition, the reason that the heated product has higher

pecific surface area than that of non-heated product (Fig. 3) is
lso due to existence of surface impurities. Fortunately, these
mpurities can be desorbed easily by heating at low temperature
s 200 ◦C; this result is confirmed by Fig. 3 (SSA) and Fig. 4
FT-IR) profiles. In Fig. 7, accordingly, the grinding of TiO2 in
H3 gas and heating enhanced NO decomposition activity and

pecific surface area.
In general, gas compositions such as N2 and NH3 have been

sed to prove the existence of Lewis acid site and Brønsted acid
ite through adsorption of gases on surface. The FT-IR peaks
ocated at 2340 and 2360 cm−1 assigned to the adsorption of N2
n Lewis acid sites and Brønsted acid site, respectively [22,23]
ave been observed in the FT-IR spectra of the samples ground in
H3 gas as well as the heated sample. Such adsorption does not
ccur in the product ground in air only, therefore it is understood
hat the nitrogen derived from the decomposition of impurities
eacts with TiO2 surfaces and being in air by grinding and heat-
ng. It is interesting to note that the N2 existence on the TiO2
urface does not seem harmful to the photocatalytic activity of
he prepared sample as observed with the case of NH3 or NH4

+.
Comparing the grinding in NH3 with that in air, the phase
ransformation of TiO2 from anatase to rutile TiO2 during grind-
ng in NH3 gas has been delayed to certain degree. Since
rolonged grinding leads to nitrogen doping, NO gas decom-
osition behavior on the prepared nitrogen doped TiO2 has been
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mproved with an increase in gaseous NH3 amount as well as
rinding periods of time. However, comparing the preparing
ime of the N-doped sample by using solid nitrogen source such
s urea [13], longer grinding time is needed for the nitrogen
oping to TiO2 by grinding in NH3 gas.

The adsorption of NH3 and NH4
+ on TiO2 surface influences

ot only the retardation of phase transformation of TiO2 but the
mprovement of specific surface area also. The retardation of
hase transformation is due to the low oxygen deficiency by
overing of TiO2 surface with NH3 or NH4

+ [12].
In Fig. 3, the enhancement of specific surface area of product

repared in NH3 gas might be due to the prevention of agglomer-
tion between particles for covering of TiO2 surface by NH3 and
H4

+. In comparison (a) and (b), even though (a) and (b) were
repared by same condition i.e., grinding time, rotation speed
nd atmosphere pressure, the specific surface area values were
ifferent for heating process. This implies that the adsorbed NH3
nd NH4

+ on TiO2 surface plays as a block for the contact of
iquid nitrogen molecules to sample surface during SSA anal-
sis. Similar tendency in UV–vis result in Fig. 6 is observed.
ortunately, the adsorbed NH3 or NH4

+ can be easily removed
y thermal treatment at 200 ◦C for 60 min.

In the NO decomposition activity results of Fig. 7, it seems
ifficult to understand that the raw TiO2 (band gap energy of
.2 eV) shows no decomposition ability over 510 nm in wave-
ength, because the excited electron–hole pair cannot originate
nder about 387 nm in wavelength [33]. Actually some papers
30–32] have discussed the phenomenon by attributing it to the
lectron from Ti3+, which locates on below about 0.5–0.8 eV
rom bottom of conduction band, not the photoexcited electrons
rom valence band.

For photocatalytic reactions, the adsorbed hydroxyl
roup/water on surface is important. They react with photoex-
ited holes on the catalyst surface and make hydroxyl radicals,
hich is an active oxidant in degrading organics in water [29].

t has been reported that adsorbed water has bands around
400 cm−1 and around 1630 cm−1 [18], whereas Ti−OH boding
as bands around 3563, 3172 and 1600 cm−1 [34]. Moreover,
mall crystallites could induce the broadness of the peaks [34].
here is a proportional relation between the absorption intensity
nd the amount of adsorbed species in products. For exam-
le, anatase is more active than rutile in adsorbing water and
ydroxyl groups [35]. However, in present work, it is difficult to
rove an influence of surface-adsorbed hydroxyl group/water on
hotocatalytic activity. The comparison between (d) and (e) in
ig. 10 well demonstrates the importance of surface purity rather

han existence of surface hydroxyl group. In other words, even
hough sample (d) and (e) include similar hydroxyl group/water,
e) shows less its photocatalytic activity than that of (d) for
xisting surface impurities such as NH3 and NH4

+.

. Conclusion
The grinding of TiO2 in gaseous NH3, followed by heating
t low temperature as 200 ◦C is useful to prepare nitrogen doped
iO2 for photocatalytic activity under visible-light irradiation.

[
[
[

[

otobiology A: Chemistry 189 (2007) 232–238

he doping behaviors can be regulated by adjusting NH3 amount
nd grinding periods of time and its rotational speed as well.
H3 atmosphere helped to improve surface area due to the delay
f aggregation, and post-heating treatment enhanced photocat-
lytic activity through improving of surface area by removal of
urface impurities such as NH3 and NH4

+ related compositions.
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