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Nitrogen-doped titanium oxide (TiO2�xNy) nanocrystalline with different phase of anatase, rutile or
brookite was coupled with CaAl2O4:(Eu, Nd) particles by planetary ball milling treatment. The effect of
phase structures on the persistent photocatalytic activity of a CaAl2O4:(Eu, Nd)/TiO2�xNy composite
was evaluated for the oxidative destruction of NO. The persistent catalytic degradation of NO by TiO2�xNy

was realized in the presence of CaAl2O4:(Eu, Nd), which shows a long afterglow luminescence. The per-
sistent photocatalytic property of composites changed depending on the crystalline phase of TiO2�xNy,
i.e., the persistent photocatalytic property of CaAl2O4:(Eu, Nd) combined with brookite type TiO2�xNy

was superior to those of anatase or rutile phase TiO2�xNy.
� 2011 Elsevier Inc. All rights reserved.
1. Introduction

TiO2 photocatalysis has attracted increasing attention due to its
biological and chemical inertness, strong photooxidation power,
cost-effectiveness and long-term stability against photo and chem-
ical corrosion [1–5]. However, a vital problem, that is, low utiliza-
tion efficiency of sunlight due to its large band gap energy of ca.
3 eV, which covers less than 5% of the solar spectrum, hampers its
widespread practical applications [6]. Therefore, various modifica-
tions have been devoted to TiO2 to extend the absorption edge into
the visible light in order to enhance the visible light responsive pho-
tocatalytic activity [7–12]. One of them is doping TiO2 with nitrogen
because the band gap of titania could be narrowed by doping with
nitrogen ion since the valence band of N2p band locates above O2p
band [13].

A novel approach to improve the photocatalytic efficiency of
TiO2, which attempts to prepare supported TiO2 catalysts using long
afterglow phosphor as material support, has been made; in this
case, the aim was to associate a fluorescence-emitting support to
TiO2 to continue the photocatalytic reaction after turning off the
light. The aluminate long afterglow phosphor (CaAl2O4:(Eu, Nd))
has characteristics of high luminescent brightness around 440 nm
of wavelength, long afterglow time, good chemical stability and
low toxicity [14,15]. These advantages have brought CaAl2O4:(Eu,
Nd) phosphor into the most popular commercial products. The
ll rights reserved.
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luminescent brightness around 440 nm can excite the visible light
responsive nitrogen-doped titania (TiO2�xNy), while it is invalid to
undoped TiO2. Therefore, TiO2�xNy photocatalyst was expected to
possess a novel photocatalytic property after coupling with CaA-
l2O4:(Eu, Nd) [16,17].

Recently, a direct evidence for such persistent photocatalytic
reaction has been reported for deNOx system, by the coupling of
the long afterglow phosphor CaAl2O4:(Eu, Nd) with TiO2�xNy, which
was produced by a hydrothermal reaction [18]. However, the effect
of the TiO2 phase structure on the photocatalytic properties of CaA-
l2O4:(Eu, Nd)/TiO2�xNy composites has not been systematically
studied yet.

In this work, TiO2�xNy samples with three different phase struc-
tures, such as anatase, rutile and brookite, were coupled with sim-
ilar contents of CaAl2O4:(Eu, Nd) by a mild planetary ball milling,
and the photocatalytic activities of the composites for the oxidative
destruction of NO were investigated.
2. Experimental

2.1. Preparation of photocatalysts

CaAl2O4:(Eu, Nd) powders (Nemoto Co. Ltd.) with particle size
of 13.9 lm (D50) and other chemicals (Kanto Chem. Co. Inc. Japan)
were used as received without further purification. TiO2�xNy nano-
particles with brookite, anatase and rutile phases were synthesized
by the solvothermal reactions according to the previous papers
[16], using TiCl3 as a titanium source, HMT (hexamethylenetetra-
mine) as a nitrogen source, and distilled water, methanol and
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Fig. 1. XRD patterns of the nitrogen-doped TiO2 synthesized at 190 �C for 1 h in (a)
methanol at pH 9, (b) ethanol at pH 9, (c) distilled water at pH 7 and (d) P25.
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ethanol as the reaction solvents at pH 7 or 9 and 190 �C for 2 h [16].
TiO2�xNy nanoparticles with different phase were then mixed with
CaAl2O4:(Eu, Nd) microparticles followed by a soft planetary ball
milling with 200 rpm for 20 min, where the mass ratio of CaA-
l2O4:(Eu, Nd)/TiO2�xNy was adjusted to 3/2. For comparison,
undoped titania (Degussa P25) was also coupled with CaAl2O4:(Eu,
Nd) by the completely same manner. The UV–vis diffuse
reflectance spectra were obtained using a UV–vis spectrophotom-
eter (Shimadazu, UV-2450). The photoluminescence spectra and
intensity were measured by a spectrofluorophotometer (Shimadzu
RF-5300P). The low-level chemiluminescence intensity of singlet
oxygen (1O2) was measured using a multiluminescence spectrom-
eter (MLA-GOLDS; Tohoku Electric Ind., Japan) at 20 �C in the air.
After placing approximately 1.2 g of the sample in a stainless steel
sample chamber (50 mm in diameter), blue light-emitting diode
(LED) light (wavelength 470 nm) was irradiated for 5 min. After
that, the chemiluminescence intensity corresponded to the singlet
oxygen (1O2) at a wavelength of 643 nm was measured by sub-
tracting the luminous intensity of k < 640 nm from that of
k < 620 nm using two filters, k < 640 nm and k < 620 nm.
2.2. Photocatalytic degradation characterization

The photocatalytic activity for NO destruction was determined
by measuring the concentration of NO gas at the outlet of the reac-
tor (373 cm3 of internal volume) duringLanzhou University, PR Chi-
na the photo-irradiation of a constantly flowing 1 ppm NO/50 vol%
air-mixed (balance N2) gas (200 cm3 min�1); 0.16 g of CaAl2O4:(Eu,
Nd)/TiO2�xNy, TiO2�xNy or CaAl2O4:(Eu, Nd)/P25 powders was
placed on a glass holder plate with a hollow of 40 � 30 � 0.5 mm
and set in the bottom center of the reactor. A solar simulator
(HAL-302, Asahi Spectra Co. Ltd, Japan) with a compact xenon lamp
was used as a light source, where the intensity of irradiation light
was adjusted as 69.7 W/m2. Before light irradiation, the NO gas
was continuously flowed through the reactor for 10 min to achieve
diffusion and adsorption balance. Then, keeping light source irradi-
ation for 30 min to realize the steady status of the photocatalytic
degradation of NO and make long afterglow phosphor CaAl2O4:(Eu,
Nd) absorbs enough exciting energy. After that, the light was
switched off, while the NO gas was flowed further for 3 h. In order
to investigate the visible light response of nitrogen-doped TiO2 and
P25, photocatalytic activities of all samples were also tested in the
same measuring system but under the LED light irradiation. The
light wavelength was controlled by selecting two types of mono-
chromatic LED lamps (SP-E27, 2.5 W; OptiLED) [19]. One is the blue
light LED with the wavelength of 445 nm, and another one is the UV
light LED with the wavelength of 390 nm. Photocatalytic reactions
were carried out by irradiating these two LED lights at the same
light irradiation intensity of 2 W/m2 on the same area by control-
ling the irradiation distance.
Table 1
Physical properties of nitrogen-doped titania.

Sample BET-specific surface
area (m2 g�1)

Crystallite size of
TiO2 (nm)

Anatase phase TiO2�xNy 254.4 9
Rutile phase TiO2�xNy 218.2 6.3
Brookite phase TiO2�xNy 149.5 8.5
Degussa P25 47.3 18.6
3. Results and discussion

3.1. Preparation of different crystalline phases of titania

Fig. 1 shows the X-ray diffraction (XRD) profiles of the TiO2�xNy

samples produced by solvothermal reactions under various condi-
tions. The sample prepared in methanol at pH 9 and 190 �C con-
sisted of single phase of anatase. The sample prepared in ethanol
at pH 9 and 190 �C consisted of single-phase rutile, showing the
broad XRD peak at 2h = 27.42� corresponding to (110) of rutile
phase. The sample prepared in water at pH 7 and 190 �C showed
the clear XRD peak at 2h = 30.81� corresponding to (121) of the
brookite phase, and all peaks could be identified as the brookite
phase. Therefore, it was confirmed that three different phases of
TiO2�xNy powders could be prepared as single phase by controlling
the solvothermal reaction conditions. As reported, P25 consisted of
the mixed phase of anatase and rutile. The average crystalline sizes
and BET surface areas (BET from Brunauer, Emmett, Teller) of TiO2

samples are listed in Table 1. It can be seen that these TiO2 samples
possess similar average crystallite sizes less than 10 nm, while ana-
tase phase TiO2�xNy sample shows the largest BET surface area of
254.4 m2/g.
3.2. Morphology of the samples

Fig. 2 shows the transmission electron microscopy (TEM)
images of the anatase, rutile and brookite phases of TiO2�xNy pow-
ders prepared by the solvothermal reactions, together with that of
P25. P25 consisted of large spherical particles of about 30–50 nm
(Fig. 2d), while TiO2�xNy prepared by the solvothermal method
consisted of much smaller crystals (Fig. 2a–c). The results agreed
well with the BET-specific surface areas summarized in the Table
1, i.e., the specific surface area of as-prepared nitrogen-doped
TiO2 was much larger than that of P25.

Fig. 2e and f shows the TEM images of CaAl2O4:(Eu, Nd)/
TiO2�xNy composite and uncoupled CaAl2O4:(Eu, Nd), respectively.
It is obvious that CaAl2O4:(Eu, Nd) phosphor sample consisted of
micrometer size of large particle with a smooth surface (Fig. 2f),
while the CaAl2O4:(Eu, Nd)/TiO2�xNy composite showed nanoparti-
cles of TiO2�xNy deposited on the surface of CaAl2O4:(Eu, Nd).
3.3. UV–vis diffuse reflectance spectra

Fig. 3A shows the diffuse reflectance spectra of undoped and
nitrogen-doped titania and the emission spectra of CaAl2O4:(Eu,
Nd) and CaAl2O4:(Eu, Nd)/TiO2�xNy composites. CaAl2O4:(Eu, Nd)
emitted blue luminescent light with a peak of 440 nm in wave-
length by UV light irradiation (325 nm). Although undoped titania



Fig. 2. TEM images of TiO2�xNy of (a) anatase, (b) rutile, (c) brookite phase, (d) P25 TiO2, (e) fringe area of CaAl2O4:(Eu, Nd)/brookite TiO2�xNy composite and (f) uncoupled
CaAl2O4:(Eu, Nd).
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Fig. 3. (A) Overlap of the diffuse reflectance spectra and emission spectra of
uncoupled CaAl2O4:(Eu, Nd) and CaAl2O4:(Eu, Nd)/TiO2�xNy composite and (B)
absorption edge energies are determined by the intercept of a linear fit to the
absorption edge. [F(R1)hm] represents the Kubelka–Munk function multiplied by
the photon energy.
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absorbed only UV light of the wavelength less than 400 nm, nitro-
gen-doped titania showed absorption of visible light up to 700 nm,
showing a nice overlap between the diffuse reflectance spectrum
of TiO2�xNy and the emission spectrum of CaAl2O4:(Eu, Nd). These
results implied the potential possibility of CaAl2O4:(Eu, Nd)/
TiO2�xNy composite as the luminescent assisted photocatalyst,
which can use the long after glow from the phosphor as the light
source of the photocatalyst. As shown in Fig. 3B, the position of
the absorption edge also allows comparisons between the TiO2

samples with different phase reported here. The edge energy value
of 2.90 eV of brookite phase TiO2�xNy indicates the higher property
to be induced by the fluorescence with the wavelength of 440 nm
from CaAl2O4:(Eu, Nd). Our previous research proved that photoca-
talysis on TiO2�xNy could take place under LED lamp irradiation,
and only low-intensity LED light as 2.0 W/m2 with long wave-
length of 627 nm [19,20] was used. This result also strongly
implied the potential application of the composite as luminescent
assisted photocatalyst material.
3.4. Luminescent decay profiles

Phosphorescence from CaAl2O4:(Eu, Nd) crystals is considered
due to the 5d-4f transition of the Eu2+ ions in the crystals. The long
afterglow from CaAl2O4:(Eu, Nd) is proposed based on the hole
trapping by the Nd3+ ions added as an auxiliary activator. The holes
generated by the excitation of Eu2+ are trapped by co-doped Nd3+

ions and/or native defects. Holes trapped at Nd and/or defects
are released slowly and then recombine with electrons from the
Eu2+ ions. This process is thought to be the origin of the long per-
sistent phosphorescence from CaAl2O4:(Eu, Nd) [21,22]. In order to
investigate the photoelectric properties of CaAl2O4:(Eu, Nd)/
TiO2�xNy, the PL spectra were detected for the different composite
samples after exiting by UV light irradiation as shown in Fig. SI-3.
The PL intensity greatly decreased by loading with TiO2�xNy and
P25 on the surface of the CaAl2O4:(Eu, Nd). From the figure, the
peak wavelengths of the phosphorescence spectra did not change
with the loading of TiO2�xNy or P25. It implies that the crystal field
of CaAl2O4:(Eu, Nd), which affects the 5d electron states of Eu2+

ions, is not changed so much for the present composites. The inten-
sity of the emission from the CaAl2O4:(Eu, Nd) decreased by cou-
pling with P25 and TiO2�xNy. This may be due to the absorption
of both UV light to excite the CaAl2O4:(Eu, Nd) phosphor and lumi-
nescence light by coupled P25 and TiO2�xNy. It can also be seen
that the luminescence intensity of the CaAl2O4:(Eu, Nd)/TiO2�xNy

particles is much lower than that of the CaAl2O4:(Eu, Nd)/P25. This
suggests that TiO2�xNy particles deposited on the surface could ab-
sorb the luminescence light more effectively than P25.



Table 2
Simulated results for the afterglow curves of samples.

Phosphor composition s1 (min) s2 (min) s3 (min)

CaAl2O4:(Eu, Nd) 4.76 64.88 142.45
CaAl2O4:(Eu, Nd)/anatase TiO2�xNy 5.26 55.42 123.58
CaAl2O4:(Eu, Nd)/rutile TiO2�xNy 4.13 58.27 125.58
CaAl2O4:(Eu, Nd)/brookite TiO2�xNy 4.90 54.59 123.58
CaAl2O4:(Eu, Nd)/P25 TiO2 4.90 54.59 123.58
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Fig. 4 shows the decay profiles of the various samples. The pro-
file varied depending on the coupled materials. The decay curves
could be fitted to the triple exponential curve shown by Eq. (1)
[23],

I ¼ a expð�t=s1Þ þ b expð�t=s2Þ þ c expð�t=s3Þ ð1Þ

where I is phosphorescence intensity, I0 is the starting phosphores-
cence intensity, a, b and c are constants, t is time, and s1, s2 and s3

are emission lifetimes. The emission lifetimes calculated based on
Eq. (1) are summarized in Table 2. From Table 2, it is evident that
the decay of phosphorescence includes several decay components
with different emission lifetimes. The emission lifetimes of the CaA-
l2O4:(Eu, Nd) crystals did not change so much by coupling with both
P25 and TiO2�xNy. This indicates that the quenching of lumines-
cence by the heterogeneous electron transfer from CaAl2O4:(Eu,
Nd) to coupled P25 and TiO2�xNy did not proceed significantly.

Fig. 5 shows the chemiluminescence emission spectra of 1O2

generated at 20 �C in the air by blue light irradiation with a wave-
length of 470 nm. TiO2�xNy with anatase phase and rutile phase
showed very weak chemiluminescence. In contrast, the brookite
phase TiO2�xNy showed much higher chemiluminescence intensity,
indicating that brookite phase TiO2�xNy generated much more 1O2.
Since it is well known that 1O2 possesses strong oxidation power
and plays an important role to cause photocatalytic oxidation reac-
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Fig. 4. Decay curves of (A) emission intensity (I) and (B) ln I of (a) uncoupled
CaAl2O4:(Eu, Nd) and CaAl2O4:(Eu, Nd)/TiO2�xNy composite consisted of 40 wt.% of
(b) anatase phase TiO2�xNy, (c) rutile phase TiO2�xNy, (d) brookite phase TiO2�xNy

and (e) P25 TiO2 after mercury lamp (k > 290 nm) irradiation for 30 min.

Fig. 5. Chemiluminescence spectra of as-prepared TiO2�xNy particles with (a)
anatase phase, (b) rutile phase and (c) brookite phase after blue light irradiation
with a wavelength of 470 nm.
tions, CaAl2O4:(Eu, Nd)/brookite TiO2�xNy is expected to show high
photocatalytic activity.

3.5. Photocatalytic degradation of NO gas

The photocatalytic activities of CaAl2O4:(Eu, Nd)/TiO2�xNy with
three different crystalline phases were evaluated for the oxidative
destruction of NO. Table 3 shows the photocatalytic degradation of
NO (deNOx) ability of TiO2�xNy powders with different crystalline
phases under irradiation of blue (445 nm) and near-UV LED
(390 nm) lamps. The wavelength of blue LED light is similar to
the peak wavelength of the long afterglow by CaAl2O4:(Eu, Nd).
For comparison, the standard titania photocatalyst (P25) and CaA-
l2O4:(Eu, Nd) phosphor were also characterized. Nearly 55–60% of
NO could be destructed under irradiation of both LED lights in the
presence of TiO2�xNy. It can be seen that although P25 showed sim-
ilar photocatalytic activity to TiO2�xNy under UV LED light irradia-
tion, the activity greatly decreased under irradiation of blue LED
light, due to its large band gap energy of ca. 3 eV, where the pho-
Table 3
DeNOx ability of the TiO2�xNy samples under LED light irradiation (2.0 W/m2) of 445
and 390 nm.

Photocatalyst DeNOx ability under LED lamp
irradiation (%)

Blue light (445 nm) UV light (390 nm)

P25 TiO2 13.2 56.2
Anatase TiO2�xNy 54.6 58.4
Rutile TiO2�xNy 55.8 60.9
Brookite TiO2�xNy 54.1 60.0
CaAl2O4:(Eu, Nd) 23.1 28.0
CaAl2O4:(Eu, Nd)/anatase TiO2�xNy 54.6 60.7
CaAl2O4:(Eu, Nd)/rutile TiO2�xNy 42.9 60.1
CaAl2O4:(Eu, Nd)/brookite

TiO2�xNy

54.3 55.3
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tocatalytic activity of CaAl2O4:(Eu, Nd) was much lower under irra-
diation of both lights.

Fig. 6 shows the photocatalytic NO destruction behaviors of
CaAl2O4:(Eu, Nd)/TiO2�xNy composites with anatase, rutile and
brookite phase and those of CaAl2O4:(Eu, Nd)/P25 under solar light
irradiation and after turning off the light. It was obvious that all the
samples possessed excellent photocatalytic deNOx activity under
solar light irradiation. Because a continuous reaction system was
utilized in the present study [21,22], after turning off the light, usu-
ally it took about 10 min to return to the initial NO concentration.
The degree of NO destruction by CaAl2O4:(Eu, Nd)/P25 immedi-
ately decreased after turning off the light; this result was similar
to that of pure TiO2�xNy shown in SI-4. In contrast, as expected,
CaAl2O4:(Eu, Nd)/TiO2�xNy, especially the composite sample using
brookite phase TiO2�xNy, retained the NO destruction ability for
about 3 h. Since the decay profile of the NO destruction degree of
CaAl2O4:(Eu, Nd)/brookite TiO2�xNy was similar to the emission de-
cay profile shown in Fig. 4, the emission by CaAl2O4:(Eu, Nd)
seemed to be effectively used as a light source to excite TiO2�xNy

photocatalyst. In addition, the higher ability to generate 1O2 of
CaAl2O4:(Eu, Nd)/brookite phase TiO2�xNy shown in Fig. 5 might
play an important role to show higher NO destruction ability after
turning off the light than CaAl2O4:(Eu, Nd)/anatase phase TiO2�xNy

and CaAl2O4:(Eu, Nd)/rutile phase TiO2�xNy.
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Fig. 6. DeNOx ability of the composites consisted of 40 wt.% of TiO2�xNy and P25
under (A) solar light irradiation of 69.7 W/m2, followed by (B) turning off light. The
inset shows the result in dark from 40 to 100 min.
Table 4 summarized the photocatalytic deNOx abilities and
apparent quantum efficiencies (QEa) of the TiO2�xNy and CaA-
l2O4:(Eu, Nd)/40 wt.% TiO2�xNy composites with three different
crystalline phases under irradiation of blue LED lamp (445 nm),
and after turning off the simulated solar light. QEa was calculated
according to Eq. (2) (LED lamp, 445 nm) and Eq. (3) (fluorescence,
440 nm), respectively [19,24].

QEa;445nm ¼
FNOak

P1SAk
� 100% ð2Þ

QEa;440nm ¼
FNOak

P2S
� 100% ð3Þ

where FNO (lmol s�1) is the flow quantity of NO molecules in the
reaction gas, ak (%) the deNOx ability of the photocatalyst, P1

(lmol m�2 s�1) the light quantity of LED lamp with the wavelength
of 445 nm irradiated to the sample, Ak the absorption ability to light
with the wavelength of 445 nm and P2 (lmol m�2 s�1) the absorbed
fluorescence light amount that generated from CaAl2O4:(Eu, Nd);
the decline amount of fluorescence intensity between composite
and pure CaAl2O4:(Eu, Nd) is regarded as the absorbed fluorescence
light amount since the fluoresce intensity did not vary with the con-
tent of CaAl2O4:(Eu, Nd) in 0.16 g of CaAl2O4:(Eu, Nd)/c-Al2O3 com-
posites (SI-1). S (m2) is the irradiated area of the sample
(S = 1.28 � 10�3 m2). It is clear that CaAl2O4:(Eu, Nd)/TiO2�xNy com-
posite possessed much higher QEa both under irradiation of blue
LED light and after turning off the simulated solar light than that
of P25, due to the higher ability of visible light absorption. It is also
notable that the QEa after turning off the simulated solar light was
much higher than that under irradiation of blue LED light. This re-
sult indicated that the weak luminescent light from CaAl2O4:(Eu,
Nd) could be utilized more effectively than that under irradiation
of an excess amount of light.

Present results suggested that the combination of CaAl2O4:(Eu,
Nd) and brookite phase TiO2�xNy is a key point to realize the excel-
lent persistent catalytic activity even after turning off the light. Its
higher luminescence intensity after turning off the light, higher 1O2

generation ability as well as high efficiency in utilizing lumines-
cence from CaAl2O4:(Eu, Nd) long afterglow material would result
in the higher persistent deNOx ability.

3.6. Reaction models

Under light excitation, the luminescence process of Eu2+

includes two parts: one is that the electrons at the excited state re-
Table 4
Photocatalytic deNOx abilities and apparent quantum efficiencies of the samples
under irradiation of LED light of 445 nm and fluorescence light from CaAl2O4:(Eu, Nd)
at 100 min after turning off artificial solar light.

Photocatalyst DeNOx ability (%) Quantum efficiency
(%)

LED
light

Fluorescence LED
light

Fluorescence

445 nm 440 nm,
100 min

445 nm 440 nm,
100 min

P25 13.2 – 0.14 –
TiO2�xNy with anatase phase 54.6 – 0.16 –
TiO2�xNy with rutile phase 55.8 – 0.26 –
TiO2�xNy with brookite phase 54.1 – 0.16 –
CaAl2O4:(Eu, Nd) 23.1 0 0.31 0
CaAl2O4:(Eu, Nd)/P25 5.0 0 0.05 0
CaAl2O4:(Eu, Nd)/TiO2�xNy with

anatase phase
54.6 3.2 0.24 0.24

CaAl2O4:(Eu, Nd)/TiO2�xNy with
rutile phase

42.9 3.4 0.31 0.24

CaAl2O4:(Eu, Nd)/TiO2�xNy with
brookite phase

54.3 8.5 0.21 0.76
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turn to the ground state, and the other one is that the electrons in
the trap energy level release in the excitation state and then return
to the ground state due to the thermal disturbance. The first part of
luminescence does not exist after the excitation is stopped. The
electrons captured and stored at the trap energy level will be ex-
cited to 4f65d excitation state with the help of thermal disturbance,
and then the electrons return 8S7/2 ground state in succession,
which leads to the characteristic luminescence of Eu2+. The number
of electrons stored in the trap energy level is high density, and its
depth is proper to releasing electrons at room temperature. So the
phosphor possesses high afterglow brightness and long afterglow
time [22]. For TiO2�xNy, there is a second band gap, and the energy
gap from the valence band to the conduction band is about 2.3 eV
[16], which is lower than the emitted blue photon energy from the
CaAl2O4:(Eu, Nd) long afterglow phosphor. As well known, semi-
conductors could be excited by the photons with an energy equiv-
alent to or higher than the band gap energy, which causes the
formation of photoelectrons and holes. According to the TEM
images, CaAl2O4:(Eu, Nd) and TiO2�xNy are contacted very well.
This allows the effective absorption of luminescence light from
CaAl2O4:(Eu, Nd) with TiO2�xNy. Then, the excited TiO2�xNy triggers
photocatalysis even after turning off the light. In addition, photo-
generated holes and electrons in well-crystallized brookite
TiO2�xNy were more efficient to proceed the photocatalytic reac-
tion. This gives rise to the subsequent photocatalysis using the
luminescence emitted from CaAl2O4:(Eu, Nd) as a light source.
4. Conclusions

TiO2�xNy powders with anatase, rutile and brookite phases were
successfully synthesized by solvothermal synthesis by varying the
concentration of HMT and/or various reaction solvent. The CaA-
l2O4:(Eu, Nd)/TiO2�xNy composite catalysts consisted of the same
mass contents of CaAl2O4:(Eu, Nd), but different crystalline phases
of TiO2�xNy were prepared by soft planetary ball milling treatment.
The CaAl2O4:(Eu, Nd)/TiO2�xNy with brookite phase composite
showed higher persistent deNOx ability than that consisted of ana-
tase or rutile phase. This might be related to its high crystallinity
(less crystal defects) and comparative small band gap value of
brookite phase. The CaAl2O4:(Eu, Nd)/TiO2�xNy with brookite phase
composite provided enough luminescence intensity for the photo-
catalytic reaction for more than 3 h after turning off the irradiation
light. A promising strategy of coupling long afterglow phosphor
with visible light responsive photocatalyst that possessing a cer-
tain phase structure has been established.
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