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Abstract—FEuropium (Eu*)-doped CaZnTiO; perovskite phosphors were synthesized using a sol-gel reaction method.
Different solvent materials were introduced to the synthesis process to produce higher emitting phosphors. Eu**-doped
CaZnTiO, perovskite synthesized using an ethanol mixture solvent exhibited higher photoluminescence intensities for
red emission than those synthesized using distilled water as a solvent. The synthesized Eu’*-doped CaZnTiO; per-
ovskites were characterized by photo-physical analysis and tested for the photocatalytic degradation of toluene. Ru, Co,
and Ni ions were loaded on the perovskites to improve photocatalytic activity. Ni ion-loaded CaZnTiO;: Eu*" per-
ovskite showed enhanced red emission and higher photocatalytic activities compared to those of bare CaZnTiO, : Eu*
perovskite. The improvement of the photocatalytic degradation of toluene was attributed to the lower bandgap of Ni
ion-loaded CaZnTiO; : Eu** perovskite, as determined by UV-visible diffuse reflectance spectroscopy.
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INTRODUCTION

Perovskites, which are used in numerous technological applica-
tions, exhibit a range of desirable properties [1-3]. They are com-
pounds with the general formula, ABO,. In general, larger cations
are located in the A site, whereas smaller cations are located in the
B site. The photoluminescence (PL) of the perovskites doped with
rare-earth jons was studied with a consideration of the semicon-
ducting properties, phase transitions, and ferroelectricity. In partic-
ular, considerable studies have been carried out to fabricate oxide
phosphors, such as perovskites doped with rare-earth ions. Those
have advantages over sulfide-based phosphors, such as chemical
stability against electron bombardment and high vacuum [4].

Recently, many studies have reported the photoluminescence of
highly emissive red-emitting titanates [5-10]. Rare earth ion-doped
titanates have attracted considerable attention owing to the prom-
ising photoluminescence and potential applications to white light-
emitting diodes (LEDs) [11]. Rare earth metal ion-doped calcium
titanate (CaTiO,) has excellent chemical tolerance, which can be
applicable to LEDs [12,13].

White LEDs prepared from near UV excitation materials and
corresponding perovskite phosphors have higher color stability [14].
A few studies have reported phosphors with near UV excitation
[15,16]. Many studies on Eu-doped perovskites have been carried
out because their luminescent center provides strong red emission.
On the other hand, their applications are restrained because of the
low luminous intensity in these perovskite-type hosts [17,18] or
strong absorption of UV light [19,20]. LEDs with near-UV (~400
nm) excitation are well known and the development of new phos-
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phors with near UV excitation is becoming an important issue.

Perovskite-based photocatalysts have been a concern in various
fields of photocatalytic reactions [21,22]. Some perovskite materi-
als have been developed for use as photocatalysts using visible
light. CaTiO; has attracted interest because of its easy-preparation,
excellent stability;, and low-cost [23,24]. Photocatalytic properties for
various photocatalysts are tested in a typical photocatalytic decom-
position of organic materials [25-27].

In this study, Eu’*-doped CaZnTiO; perovskite phosphors were
synthesized using a sol-gel reaction method. Different solvent mate-
rials were introduced to obtain higher emitting phosphors in the
synthesis process. The structures and basic properties of CaZnTiO;:
Eu’* and metal-loaded CaZnTiO;: Eu’* perovskites were charac-
terized, and their photo-physical properties were examined using
the excitation and emission spectra. The photocatalytic ability of
the CaZnTiO; : Eu™* perovskites for the degradation of toluene was
evaluated. Ru, Co, and Ni ions were loaded on the perovskites to
improve photocatalytic activity.

EXPERIMENTAL SECTION

1. Preparation of Materials

Eu-doped CaZnTiO; was prepared using the sol-gel method
based on the CaZnTiO, : Eu” formula with different basic solvent
materials. Distilled water or an ethanol mixture was used as the
basic solvent for the synthesis CaZnTiO; : Eu™ phosphors. Stoichio-
metric amounts of Zn(NO,),-6H,0, Ca(NO;);-4H,0, and Eu(NO,),-
6H,0 were introduced as the starting materials. Ca(NO;);-4H,0
(9445 g), Zn(NO;),-6H,O (29.75 g), and Eu(NO;);-6H,0 (8.90 g)
were added to distilled water with vigorous stirring at 80 °C for
3 h. Subsequently, Ti(OC,H,), (170.15 g) was inserted in the solu-
tion with stirring for 2 h. The solution was dried at 110 °C for one
day. The resulting solid was evacuated and heated to 1,100 °C in a
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furnace at 5°C/min and held at that temperature for 5h. The cal-
cined-materials were crushed to obtain a fine powder.

An ethanol (100 mL), 2-methoxyethanol (50 mL), and citric acid
(10 g) mixture was prepared as the basic solvent in the sol-gel pro-
cess. Ca(NO,);-4H,0, Zn(NO,),-6H,0, and Eu(NO,),-6H,O were
added to the basic solvent with vigorous stirring at 80 °C for 3 h.
Ti(OC,H,), was then introduced in the solution with stirring for
2h. The solution was dried at 110 °C for one day. The resulting
solid was evacuated and heated to 1,100 °C in a furnace at 5°C/
min and held at that temperature for 5h. The calcined-materials
were crushed to obtain a fine powder. The Eu-doped CaZnTiO; per-
ovskites obtained from the distilled water solvent and ethanol mix-
ture solvent are called CTO and CTO-E, respectively.

Metal-doped CTO-E perovskites were prepared using a typical
incipient impregnation method. Ruthenium(III) chloride hydrate
(RuClyxH,O, Aldrich, 99.98%), cobalt(Il) chloride hexahydrate
(CoCl,-6H,0; Junsei, 99.9%), and nickel(Il) nitrate hexahydrate
(Ni(NO,),-6H,0; Junsei, 99.9%) were used as the Ru, Co, and Ni
metal resources. The metal loading in the CTO-E phosphors was
adjusted to 2 wt%. Metal-doped CTO-E perovskites were also dried
at 110°C and calcined at 1,100 °C. The calcined perovskites were
crushed to a fine powder.

2. Characterization of the Perovskites and Photoluminescence
Spectroscopy

The crystallinity and structures of the perovskite photocatalysts
were examined by high resolution X-ray diffraction (XRD, Rigaku
model Dmax-II/PS) using Ni filtered CuKer X-ray radiation (A=
1.5405 A). The morphology and microstructure of the perovskites
were measured by field emission scanning electron microscope (FE-
SEM, Hitachi, S-4810). The fluorescence spectrum was recorded
using a fluorescence spectrophotometer (Horiba, Fluoromax-4).
The N, isotherms of the photocatalysts were estimated using the
volumetric adsorption apparatus (MSI, Nanoporosity-XQ) at lig-
uid nitrogen temperature. The photocatalysts were pretreated at
200 °C for 2 h before exposure to N, gas. Their surface areas were
calculated by the BET equation.

The chemical components of the perovskites were measured
using energy dispersive X-ray spectroscopy (EDX, NORANE Z-
MAXI 350). UV-visible diftuse reflectance spectroscopy (DRS, Shi-
madzu, UV-2500) was performed over the 200-1,000 nm wavelength
range using BaSO, as a reflectance standard. The optical bandgap
(Egp) was determined from Kubelka-Miink theory. Fourier trans-
form infrared (FI-IR) spectroscopy was measured on a JASCOS
FT-IR-500 plus spectrometer. The samples were diluted (10%) in
KBr and scanned over the frequency range of 400-4,000cm™ at
room temperature.

The PL spectra were estimated using a PL spectrometer (Spec-
trograph 500i, Actons Research Co., USA), and an intensified CCD
(PI-MAX3) (IRY1024, Princeton Instrument Co., USA) with 150
grooves/mm grating (blazing wavelength: 300 nm). The excitation
light source was a 266 nm DPSS laser, and the laser power applied
to the sample surface was 12.5mW. The exposure time was 100
msec at room temperature.

3. Photocatalytic Degradation of Toluene

The photocatalysts were added to a toluene solution (80 mL).

The photocatalyst dose was controlled to 5mL due to the signifi-
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cant difference in the densities between TiO, and the perovskites.
The reactant and photocatalysts mixture was stirred in the dark
for 1h to reach adsorption equilibrium. The mixture was illumi-
nated by UV-A light with stirring. Samples were taken at regular
intervals to analyze the toluene concentration. The concentration
of toluene in the samples was analyzed by gas chromatography
(Hewlett Packard, HP5890). The photocatalytic degradation of tol-
uene was in a glass reactor with a UV lamp system installed. The
reactor was kept in the dark to prevent the dispersion of UV light
during the photochemical reaction. The temperature of the photo-
chemical reaction was kept at 25 °C. The UV lamp array consisted
of two 15W UV-A lamps. The light strength and UV irradiation
was 30 Lx and 365 nm, respectively.

RESULTS AND DISCUSSION

1. Characteristics of the CTO Perovskites

Fig. 1 presents XRD patterns of the CTO perovskites. A compar-
ison of the XRD pattern with the reference revealed good corre-
spondence of the intensities and positions of the primary peaks
with the data of the JCPDS card (No. 22-0153), as shown in Fig. 1.
The XRD patterns were indexed to orthorhombic CaTiO;. Zn,TiO,,
and Ca,ZnTi;;O5 peaks, but their intensity was quite weak. The
intensity of the primary phases of CaTiO; was not affected. The
XRD patterns of CTO and CTO-E were similar. The XRD patterns
with different calcinations temperature were almost the same with
those over 800 °C of calcination temperature. This indicates that
the crystallinity of the perovskites calcined over 800 °C was almost
the same. This suggests that the perovskite was crystallized through
calcination over 800 °C.

Fig. 2 shows FE-SEM images of the surface morphology of the
CTO and CTO-E perovskites. Particles of the two perovskites were
submicron-sized crystallites, which were agglomerates of smaller
crystallites due to the high sintering temperatures. The shape of the
perovskites was an agglomerated irregular cubic structure. The small
crystallites were incorporated onto the aggregated crystallites. The
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Fig. 1. XRD patterns of CTO and CTO-E perovskites with reference
XRD pattern of JCPDS card.
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Fig. 2. FE-SEM images of (a) CTO and (b) CTO-E perovskites with
(c) EDX spectrum of CTO perovskite.

grains were spherical polyhedrons, approximately 3 um in size.
Fig. 2(c) shows representative EDX spectra of the CTO perovskites.
The EDX spectrum of the CTO exhibited the peaks related to Ca,
Zn, and Ti. Eu was not observed because the content in the com-
pound was too small. The effective radii of Ca™, Ti*", and Eu™* ions
in the octahedral site were 1.00, 0.605, and 0.947 A, respectively
[28]. This suggests that the Eu’* ion can substitute easily for the
Ca” ion in the CaZnTiO;: Eu™* lattice compared to the Ti** ion be-
cause the ionic radii of Ca** and Eu’" ions are closer. In addition,
the orthorhombic lattices of CaZnTiO; : Eu™, which represent the
substitution of a Eu™* ion for Ca™ ion in the octahedral sites, were
simulated [29].

Ca-OH Ca-0

Absorbance (a.u.)

2000 1800 1600 1400 1200 1000 800 600 400
Wavelength (cm-)

Fig. 3. FT-IR spectrum of CTO and CTO-E perovskites.
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Fig. 4. N, isotherms of (a) CTO and (b) CTO-E perovskites.

Fig. 3 shows the FT-IR spectra of the CTO and CTO-E per-
ovskites at 400-2,000 cm™". The spectra of two materials were almost
similar. The broad peak at 3,423 cm™" was assigned to the stretch-
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ing vibrations of a hydroxyl group (-OH) due to water, and the bend-
ing band was observed at 1,650 cm . The peak at 877 cm™" was
attributed to the symmetric stretching vibrations along the Ca-O-
Ca bonds. The band at 1,439 cm™" was assigned to the asymmetri-
cal stretching vibration of the hydroxylate (OH-Ca). The band at
560 cm™' was attributed to the vibration of the Ca-O bond of CTO
and CTO-E. A broad and strong band, which is characteristic of
alkaline titanates, was observed at 460 cm™". The band at 421 cm ™
was assigned to the asymmetrical stretching vibrations of Ti-O
band.

Fig. 4(a) presents the N, isotherm of CTO perovskites. The
amount of nitrogen adsorption was very small, and the BET spe-
cific area was less than 1 m’/g. From these results, it is surmised
that the CTO perovskites are nonporous crystalline materials. A
hysteresis loop was observed in the adsorption-desorption curves.
The hysteresis was driven from the void between the CTO parti-
cles because the CTO perovskite was nonporous. Fig. 4(b) presents
the N, isotherm of CTO-E perovskite. The amount of nitrogen
adsorption was increased compared to that of CTO perovskite.
BET specific surface area was also significantly larger than that of
CTO perovskite. It would appear that the CTO-E perovskite was
also nonporous.

Fig. 5(a) presents UV-vis DRS of CTO perovskites and TiO, pho-
tocatalysts expressed as Kubelka-Miink units. The optical proper-
ties of the photocatalysts were initiated by light absorption in the
photochemical processes. The spectrum of TiO, shows an adsorp-
tion edge at ca. 380 nm. In contrast, the adsorption edges of the
CTO perovskites shifted to a longer wavelength of ca. 400 nm.

Fig. 5(b) presents UV-vis DRS of Ru, Co, and Ni ion-loaded
CTO-E perovskites expressed as Kubelka-Miink units. The DRS
of various metal-loaded CTO-E perovskites appeared in the upper
light range compared to that of TiO,. The adsorption range of Ru/
CTO-E was lower than that of CTO-E due to the Ru ion loading.
On the other hand, the adsorption range of Ni/CTO-E was larger
than that of CTO-E perovskite. The adsorption edges of Ru/CTO-
E, Co/CTO-E, and Ni/CTO-E were 395 nm, 400 nm, and 410 nm,
respectively. The bandgaps of the metal ion-loaded CTO-E per-
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Fig. 5. DRS data of (a) CTO and (b) metal-loaded CTO-E.
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Fig. 6. PL spectra of CTO and CTO-E perovskites.

ovskites were similar, ranging from 3.0 eV to 3.2 eV. This suggests
that the photosensitivity of Ni/CTO-E was improved by the Ni ion
loading on the parent CTO-E perovskite.
2. Photoluminescence Properties

Fig. 6 presents the PL emission spectra of CTO and CTO-E per-
ovskites. The perovskites exhibited strong luminescence under UV
excitation. CTO shows an emission intensity at 616 nm. A special
emission of Eu’* was not defined in the spectrum. The Eu** in the
precursor was reduced to Eu** due to the weak reducing atmo-
sphere. The Eu™ in the precursor was reduced to Eu". Simultane-
ously; local vibrations in the lattice structure and thermal vibrations
of the surrounding ions resulted in luminescence spectra with a
broad band [30]. The PL intensity of the CTO-E phosphor was
higher than that of the CTO phosphor under the same measuring
conditions between the two materials. This suggests that the etha-
nol mixture solvent in the preparation process caused an enhance-
ment of the emission properties. It appears that the solvent would
lead to a better dispersion of Eu’* ions than distilled water in the
texture of the perovskite. This presents a similar tendency with the
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Fig. 7. EDX spectra and FE-SEM images of Ru, Co, and Ni-loaded CTO-E perovskites.
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Fig. 8. PL spectra of CTO-E and metal ions-loaded CTO-E perovskites.

results of other literatures defined for SrALO, : Eu*",Dy’" and CaTiO; :
Eu’" materials [31,32].

Fig. 7 presents EDX spectra and FE-SEM images of Ru, Co, and
Ni metal loaded on Eu-doped CTO-E perovskite. The metal peaks
were observed in the EDX spectra. The loading of Ru, Co, and Ni
metals determined from the EDX results was 1.7 wt%, 1.8 wt%,
and 1.8 wt%, respectively. The morphology of the Ru/CTO-E per-
ovskite observed from the FE-SEM images was a flake shape. Those
of Co/CTO-E and Ni/CTO-E were an irregular cubic shape. The
particle sizes of the metal-loaded CTO-E perovskites were ca. 100
nm. The size of particles of the metal-loaded CTO-E was smaller
and more uniform than those of bare CTO-E perovskite.
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Fig. 8 presents the PL spectra of metal ion-loaded CTO-E per-
ovskites. The PL intensity of Ru/CTO-E was reduced compared to
that of the parent CTO-E perovskite, whereas the PL intensity of
Co/CTO-E perovskite was similar to that of the parent CTO-E
perovskite. This suggests that the Co ion loading on CTO-E was
unaffected by the PL properties. In contrast, the PL intensity of Ni/
CTO-E perovskite at 617 nm was higher than that of the parent
CTO-E perovskite. In contrast, the other PL intensities at 595 nm
and 700 nm were lower. Specifically, the red light emission was en-
hanced because the emission was concentrated at 617 nm.

3. Photocatalytic Properties of the CTO Perovskites
Fig. 9(a) shows the changes in the fraction of the remaining con-
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Fig. 9. Conversion of toluene by photocatalytic degradation on var-
ious CTO perovskite photocatalysts.

centration of toluene on the TiO, and CTO perovskite photocata-
lysts. The definition of the Y axis in Fig. 9 means 1-[(actual con-
centration of toluene)/(initial concentration of toluene)]. The tolu-
ene concentrations decreased because of the photocatalytic decom-
position of toluene. The rate of toluene degradation was faster on
the CTO perovskites than on the TiO, photocatalyst. A large amount
of toluene might be adsorbed on the TiO, surface, which can pre-
vent the toluene molecules from coming in contact with the free
radicals and electron holes. The rate of toluene degradation was
higher on CTO-E perovskite than CTO perovskite. This suggests
that the lower bandgap of CTO-E resulted in the faster decompo-
sition of toluene. The CTO-E showed a wider UV-visible absorp-
tion spectrum than CTO in the results of DRS analysis. Therefore,
the higher photosensitivity would lead to enhanced photocatalytic
activity in the photodegradation of toluene.

Fig. 9(b) shows the photocatalytic degradation of toluene on
various metal-loaded CTO-E perovskites at 50 mg/L of the initial
toluene concentration. The degradation of toluene on the Ni/CTO-
E photocatalyst was faster than that on the other metal-loaded photo-
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catalysts. This means that Ni/CTO-E has higher photocatalytic
activity than the other metal ion-loaded CTO-E perovskites. The
enhanced photocatalytic activity of Ni/CTO-E was attributed to its
higher photosensitivity because Ni/CTO-E had a lower bandgap
than the other metal ion-loaded CTO-E perovskites according to
the DRS results. Therefore, a lower bandgap of Ni/CTO-E perovskite
would lead to enhanced photocatalytic activity.

CONCLUSION

Eu’*-doped CaZnTiO; perovskite phosphors were synthesized
by a sol-gel reaction method with different solvent materials, such
as distilled water and an ethanol mixture. CaTiO; : Eu™" perovskite
synthesized using the ethanol mixture solvent exhibited higher pho-
toluminescence properties for red emission than that synthesized
using distilled water. Ni/CaZnTiO; : Eu™ perovskite exhibited en-
hanced red emission and higher photocatalytic activities for the
degradation of toluene compared to that of bare CaZnTiO;: Eu™*
perovskite. The improvement of the photocatalytic degradation of
toluene on Ni/CaZnTiO; : Eu** perovskite was attributed to the lower
bandgap of the perovskite photocatalyst.
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