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ARTICLE INFO ABSTRACT

Perovskite type MAIO; (M =Y, La, Ce) pigments with different phases were successfully prepared by a gamma-
ray irradiation assisted polyacrylamide gel route under the same synthesis conditions and their phase purity,
surface morphology, and color, optical, photoluminescence and electrochemical properties were characterized
by X-ray diffraction (XRD), UV-visible spectroscopy (UV-Vis), field-emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM), fluorescence spectroscopy (FS), and electrochemical impedance
spectroscopy (EIS). The effects of crystallization temperature and trivalent metal ion M®* on the physico-che-
mical properties of MAIO; (M=Y, La, Ce) pigments were systematically investigated. The crystallization tem-
perature of MAIO; pigments decreases with the increasing ion radius of trivalent metal ions M®*. The synthetic
route produced nanosized or porous powders, in addition, no direct relationship was resulted between particle
size or energy band gap (Eg) value of MAIO; pigments with trivalent metal ions M>*. Among all, CeAlO; and
YAIO3: Ce pigments exhibited excellent photoluminescence properties, in which the emission peaks at 378, 429,
468 and 480 nm with the excitation wavelength at 280 nm and the emission peaks at 369, 413 and 458 nm with
the excitation wavelength at 270 nm, respectively. The fluorescence mechanism of the CeAlO3 and YAIO3: Ce
pigments were studied based on previous reports and the experimental results. The color and electrochemical
properties of MAIO; pigments change appears to be highly dependent on the trivalent metal ions M3™.
Moreover, the results demonstrated that doping Ce®* ions into YAIO; precursor solution dropped crystallization
temperature and improved phase purity, photoluminescence, and electrochemical properties of YAIO; pigment.
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pigments were already reported in literature [9], but to the best of our
knowledge, no publications are presenting the color properties of the

1. Introduction

Perovskite type oxides with ABOj structure are of intense interests
in science and technology research due to their outstanding physico-
chemical properties and widespread applications in industry and aca-
demia [1-4]. Among these, rare earth aluminates (MAlIO3; M=Sc, Y
and lanthanide) have recently attracted considerable attention by
virtue of their superior mechanical, thermal, magnetic, optical, elec-
trical, catalytic properties and tremendous potential applications in
white LEDs and scintillators [5], laser [6], quantum oscillator [7],
catalysts [8], pigments [9], and so on. Recently, rare earth aluminate
pigments has attracted considerable attention because of their low
toxicity and environment-friendly pigment when compared to the
conventional pigment [9]. Color properties of the (La, Pr, Nd)AIO3

(Y, Ce)AlO; pigments. It is well known that the LaAlO3 pigment is very
stable due to the Laporte forbidden 4f-4f electronic transitions in the
LaAlO;3 crystal [10]. To understand the electronic band structure and
the photoelectric properties of MAIO; (M =Y, La, Ce) pigments, the flat
band potential (Vfb), electrochemical impedance spectroscopy and
photocurrent response are very useful parameters for the study the
electrochemical properties of MAIO; (M=Y, La, Ce) pigments. How-
ever, the electrochemical properties of MAIO; (M =Y, La, Ce) pigments
have not yet been reported. By comparing the LaAlO; pigment, it is
interesting to study the color and electrochemical properties of the (Y,
Ce)AlO; pigments.

It is also well known that the cerium ion (Ce3") have a 4f
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Fig. 1. XRD patterns of the MAIO3 (M=Y, La, Ce) and YAlO3: Ce xerogels
calcined at 700 °C.
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Fig. 2. XRD patterns of the YAIO3 xerogels calcined at 800 and 900 °C.
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Fig. 3. XRD patterns of the YAlOs: Ce xerogels calcined at 800, 850 and 900 °C.

configuration is spin-allowed 4f-5d transition [11]. Therefore, it is
expected to developing a strategy to obtain multi-color emitting phos-
phors by doping Ce®* ions in the rare earth aluminate pigments. To
generate multi-color emission from rare earth aluminate pigments,
synthetic route have been playing an important role due to the physico-
chemical properties were significantly associated with the preparation
method [12-16]. As of now, a variety of different methods, such as the
sol-gel method [8,17], the hydrothermal method [18,19], the Pechini
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method [20], the combustion synthesis method [21-24], the solid-state
reaction method [25], the co-precipitation method [26,27], a modified
polymeric precursors method [28], the impregnation method [29], and
the polyacrylamide gel method [30,31], have been used to manipulate
the shapes and sizes of the MAIO; (M =Y, La, Ce) pigments. Among
these methods, the polyacrylamide gel method is a promising pre-
paration method that the phase purity, crystalline morphology, and
physico-chemical properties of target products can be well-controlled
by adjusting the experiment parameters [32-34]. Recently, the poly-
acrylamide gel route have been improved on the basis of y- ray irra-
diation to initiate the polymerization of acrylamide and N,N’-methy-
lene-bisacrylamide in the precursor solution [35,36]. Low cost, eco-
friendly reagent, mild reaction condition, smaller particle size, and
special defect structure are the advantages of gamma-ray irradiation
assisted polyacrylamide gel route.

In this article, the perovskite type MAIO; (M=Y, La, Ce) pigments
were synthesized by a gamma-ray irradiation assisted polyacrylamide
gel route. The effects of crystallization temperature and trivalent metal
ion M3* on the phase purity, surface morphology, color, optical, pho-
toluminescence, and electrochemical properties of the MAIO; (M =Y,
La, Ce) pigments were evaluated. The objective of the present work is to
study the relationship between the color, optical, photoluminescence,
or electrochemical properties of the MAIO; (M=Y, La, Ce) pigments
and trivalent metal ion M>*. The fluorescence mechanism of the
CeAlO; and YAIO3: Ce pigments have been discussed on the basis of the
crystal field theory and the experimental result.

2. Experimental
2.1. Synthesis of MAIO3 (M =Y, La, Ce) nanoparticles

According to the formula MAIO;, stoichiometric amounts of Y
(NO3)36H-0 (99%), La(NO3)36H,0 (99%) or Ce(NO3)56H,0 (99%),
and AI(NOs3)39H,0 (99.5%) were dissolved in the deionized water to
obtain a solution of 0.015 mol/L. After the solution was transparent, a
stoichiometric amount of chelating agent (citric acid (C¢HgO7, 99.5%))
was added to the solution to complex the cations in the molar ratio
1.5:1 with respect to the cations (Y, La, Ce or Al). After that, 20 g
glucose (CsH1206 H20, 99%) was dissolved in the solution. Finally, the
acrylamide (C3HsNO, AR) and N, N’-methylene-bisacrylamide mono-
mers (C;H19N205, 99%) were added to the solution and the pH value
was adjusted to 3 with aqueous ammonia solution. The total amount of
monomers for each case was 9 times (mole amount) of that of cations.
The resultant solution was placed in glass ampoule and was exposed to
89Co y-source (China- China Academy of Engineering Physics, *°Co y-
ray irradiation apparatus) at a dose of 20kGy to initiate the poly-
merization reaction. The gel was dried at 120 °C for 24 h in a thermostat
drier. The obtained xerogel precursor was ground into powder and
some powder was calcined for 5h in air at different temperatures to
obtain the products.

2.2. Synthesis of YAlO3: Ce nanoparticles

According to the formula YAIO3: Ce (nceny+ a1=1:9), stoichiometric
amounts of Y(NO3)36H50, Ce(NO3)36H,0, and AI(NO3)39H,0O were
dissolved in the deionized water to obtain a solution of 0.015 mol/L.
After the solution was transparent, a stoichiometric amount of chelating
agent (citric acid) was added to the solution in the molar ratio 1.5: 1
with respect to the cations (Al) to complex the cations. Finally, the
YAIO3: Ce nanoparticles can be synthesized according to Section 2.1.
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Fig. 4. (a) UV-vis diffuse reflectance spectra, (b) UV-Vis absorption spectra of
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the MAIO; (M =Y, La, Ce) and YAIOs: Ce xerogels calcined at 700 °C. The inset

presents the enlarged drawing of UV-Vis absorption spectra of the LaAlO3 and YAlO3 xerogels calcined at 700 °C. The optical band gap (Eg) values of (c) CeAlO3 and

YAIOs3: Ce, (d) LaAlO3; and YAIO; xerogels calcined at 700 °C.

Table 1

Color coordinates and Eg values of the CeAlO3, LaAlO3, YAIO; and YAIO3: Ce xerogels calcined at different temperatures.

Sample Temperature (°C) Color coordinates Eg value (eV)
L* a* b* c* H° AEci”

CeAlO3 700 96.05 —-2.95 13.39 13.71 —77.58 97.02 3.15

LaAlO3 700 97.92 0.06 2.92 2.92 88.82 97.96 1.64

YAIO; 700 99.71 —-0.04 1.01 1.01 —87.73 99.72 2.78
800 98.36 0.05 0.93 0.93 86.92 98.36 2.73
900 99.24 —-0.39 1.81 1.85 —77.84 99.26 2.50

YAIO3:Ce 700 98.79 -2.15 6.73 7.07 —72.28 99.04 3.32
800 99.31 -1.27 3.13 3.38 —67.88 99.37 3.43
850 99.15 -1.20 2.64 2.90 —65.56 99.19 3.39
900 98.89 -1.34 3.84 4.07 -70.79 98.97 3.29

2.3. Sample characterization

The phase purity of the MAIO; (M =Y, La, Ce) and YAlOs: Ce xer-
ogels calcined at 700, 800, 850 and 900 °C were analyzed by means of
X-ray diffractometer (DX-2700) with Cu Ka radiation at a wavelength
of 1.5406 A operated at 40 kV and 30 mA. The surface morphology of
the MAIO; (M =Y, La, Ce) and YAlO3: Ce xerogels calcined at 700 or
900 °C were characterized by field-emission scanning electron micro-
scopy (FE-SEM) and transmission electron microscopy (TEM). UV-vis
diffuse reflectance spectra of the samples were examined on a
UV-visible spectrophotometer with an integrating sphere attachment
using BaSO, as the reference. The photoluminescence properties were

investigated at room temperature with a SHIMADZU RF-5301PC
fluorescence spectrophotometer in the range of 200-800 nm by a 150 W
xenon lamp as excitation source.

2.4. Photoelectrochemical measurement

The electrochemical properties of the MAIO; (M=Y, La, Ce) and
YAIO3: Ce xerogels calcined at 700 or 900 °C were investigated on a CST
350 electrochemical workstation using a three-electrode cell config-
uration as described in the literature [37]. In this experiments, the
MAIO; (M=Y, La, Ce) and YAlOs3: Ce samples, a standard calomel
electrode (SCE), and Pt were used as the working electrode, the
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Fig. 5. UV-Vis absorption spectra of (a) YAIO; and (b) YAIO3: Ce xerogels
calcined at different temperatures. The inset shows the Eg values of the YAIO3;
and YAIO3: Ce xerogels calcined at different temperatures, respectively.

reference electrode and the counter electrode, respectively. The
working electrode included 15 mg of MAIO3; (M=Y, La, Ce) or YAlO3:
Ce, 0.75 mg of polyvinylidene fluoride (PVDF), 0.75 mg of carbon black
and 1-methyl-2-pyrrolidione (NMP) as solvent. The slurry evenly dis-
persed on the fluorine-doped tin oxide (FTO) glass substrate with area
of 1 cm X 1 cm and transferred to the 60 °C thermostat drying oven for
5h. 0.1 mol/L Na,SO, aqueous solution (pH=7) was applied as the
electrolyte in all photoelectrochemical measurement. The electro-
chemical impedance spectroscopy (EIS) data were measured at different
potentials in the frequency range from 10~ 2 to 10° Hz. The transient
photocurrent response was measured at a bias potential of 0.2 V under
light illumination using a 200 W xenon lamp.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows the XRD patterns of the MAIO; (M=Y, La, Ce) and
YAIO3: Ce xerogels calcined at 700 °C. For the CeAlO; and LaAlO;
xerogels calcined at 700 °C, each sample shown only a single phase, and
all of the diffraction peaks were ascribed to CeAlO; and LaAlOs, as
indexed in JCPDS Nos. 43-1002, and 31-0022, respectively. For the
YAIO3 and YAlO;3: Ce xerogels calcined at 700 °C, each powder ex-
hibited a amorphous phase. The results indicate that a higher calcining
temperature is needed for improving the phase purity of the YAIO3 and
YAIO3: Ce samples.

YAIO; xerogel calcined at 800 and 900 °C were characterized by X-
ray diffractometer in order to support the above conclusions obtained
by Fig. 1. Fig. 2 shows the XRD patterns of the YAIO; xerogel calcined
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at 800 and 900 °C. After being calcined at 800 °C, the powder is still
noncrystalline with no obviously diffraction peaks except the large
amorphous peak observed in Fig. 2. The YAIO3; xerogel calcined at
900 °C contains a mixture of two phases, including hexagonal structure
of YAIO; (JCPDF no. 16-0219) and orthorhombic structure of Al,Y4Oq
(JCPDF no. 14-0475).

Fig. 3 shows the XRD patterns of the YAlOs: Ce sample prepared by
adding a certain amount of Ce** ions into the precursor solution of
YAIO; and then calcined at 800, 850, and 900 °C, respectively. It can be
seen that a single phase YAIO; is formed at 800 °C. To further improve
the crystallinity of the YAIO3:Ce material, the calcining temperature is
increased to 850 °C, thus leading to the formation of a mixed phases,
including Ce,O3; (4p) and hexagonal structure of YAIO3;. When the
calcining temperature further increases to 900 °C, YAlO3:Ce material
show similar crystalline characteristics with the sharp XRD diffraction
peaks in Fig. 3. Accordingly, from the X-ray diffraction analysis results
of Figs. 1, 2 and 3, one can draw a conclusion that the crystallization
temperature of the MAIO3; (M =Y, La, Ce) decreases with the increasing
ion radius of trivalent metal ion M®*. The results also indicate that the
Ce®** doping improved phase purity and dropped crystallization tem-
perature of YAIOs.

3.2. Optical properties

UV-vis diffuse reflectance spectra of the MAIO; (M =Y, La, Ce) and
YAIO3: Ce samples were measured on a UV-Visible spectrophotometer
with an integrating sphere attachment. Fig. 4(a) shows the UV-vis
diffuse reflectance spectra of the MAIO; (M =Y, La, Ce) and YAIO3: Ce
xerogels calcined at 700 °C. In the ultraviolet region, a continuous in-
crease in reflectance for the CeAlOs;, LaAlO3, YAlIO; and YAlOs: Ce
samples are observed up to 510, 370, 380 and 480 nm, respectively. For
the LaAlO3 and YAIO; samples, a weak reflection peak at 259, and
264 nm was observed, respectively. The color parameters (L*, a*, b*),
the hue angle, H° = arctan (b"/a"), the total color difference,
AElE = J@T*)? + (a*)? + (b*)?, and the chroma parameter (c¢*) of
MAIO; (M=Y, La, Ce) and YAlO3: Ce samples were calculated by lit-
erature [36] and were given in Table 1. Where, L*, a*, and b* are the
lightness axis (black (0) to white (100)), the green (-) to red (+) axis,
and the blue (-) to yellow (+) axis, respectively. As can be seen from
Table 1, the L* and AEcz values of MAIO3 samples increase with the
decreasing the ion radius of trivalent metal ion M®*. However, for the
b* and c* values, the opposite. For the LaAlO3 pigment, a similar color
parameters are obtained by Pimentel et al. [9].

According to the UV-vis diffuse reflectance spectra, UV-Vis ab-
sorption spectra of MAIO; (M =Y, La, Ce) and YAIO;: Ce samples were
obtained by the Kubelka-Munk (K-M) formula,

_ g _ (1 - Roo)z
F®) = S~ 2R @

where R, a, and S represents the reflectance, the absorption coefficient,
and the scattering coefficient, respectively. Fig. 4(b) shows the UV-Vis
absorption spectra of the MAIO; (M =Y, La, Ce) and YAIO3: Ce xerogels
calcined at 700 °C. For the CeAlO; sample, two obvious absorption
peaks at 282 and 326 nm are ascribed to charge-transfer transition from
oxygen to Ce>* ions, and interband transitions in CeAlOs, respectively
[38-40]. For the LaAlO3 and YAIO3; samples, two obvious absorption
peaks at 230 and 300/284 nm are observed. The former is assigned to
charge transfer from the oxygen ligands to the central aluminum atom
inside the AlO;* [40,41] and the latter could be attributed to the
charge-transfer transition from oxygen to La/Y ions [40,41]. For the
YAIO3: Ce sample, a strongly absorption peak at 282nm can be also
ascribed to charge-transfer transition from oxygen to Ce>" ions.

In addition, the relationship between a and the band-gap energy
(Eg) follows the equation:
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Fig. 6. The real photos of (a) CeAlO3 and (b) LaAlO3 xerogels calcined at 700 °C, and (c) YAIO3 and (d) YAIO3: Ce xerogels calcined at 900 °C.

FRE)" = A(E — Eyp) (2)

where E, and A are photon energy and a proportionality constant, re-
spectively. n is a value that highly depends on the nature of semi-
conductor (2 for a direct band gap semiconductor, and 1/2 for indirect
band gap semiconductor). In this case, CeAlO; and Ce,Os3 are direct
band gap semiconductor [42,43], however, YAIO3 and LaAlO; are in-
direct band gap semiconductor [44,45]. Fig. 4(c) and (d) shows the Eg
values of the MAIO; (M =Y, La, Ce) and YAlO3: Ce xerogels calcined at
700 °C and the Eg values are also given in Table 1. The Eg values of the
CeAlO3, LaAlO3, YAIO; and YAlIOs;: Ce samples are found to be 3.15,
1.64, 2.78, and 3.32 €V, respectively.

Fig. 5 shows the UV-Vis absorption spectra of the YA1O3 and YAIOs:
Ce xerogels calcined at different temperatures. In Fig. 5(a), three ob-
vious absorption peaks at 243, 284, and 359 nm for the YAIO3 xerogel
calcined at 800 °C are observed. The absorption peak at 284 nm can be
assigned to the pure YAIO; i.e. the charge-transfer transition from
oxygen to La/Y ions. Premkumar et al. [46] reported the peak at
280 nm arises due to a transition from valence band to conduction
band. The absorption peaks at 243 and 358 nm may be ascribed to the
Al,Y 4Oy in presence of the sample. When the YAIO3 xerogel calcined at
900 °C, the intensity of two absorption peaks at 243 and 358 nm to
become stronger due to the XRD diffraction peaks of the Al,Y,Oq be-
come very sharp (see Fig. 2). Fig. 5(a) inset shows the Eg values of the
YAIO; xerogel calcined at different temperatures and the Eg values are
also given in Table 1. As can be seen from the Table 1, the Eg values of
the YAIO; decreases with the increasing the calcining temperature. The
results are consistent with those obtained from literature [47,48]. In
addition, L", a", b", ¢, H° and AE¢;;" values vary randomly. When the

calcining temperature reach to 900 °C, the b” and ¢” values are biggest
because of the enhancement in the crystallinity of the sample.

Fig. 5(b) presents the UV-Vis absorption spectra of the YAIO3: Ce
xerogels calcined at different temperatures. When the Ce®* ions are
introduced into the precursor solution, a red shift in the wavelength
occurs in the absorption peak at about 280 nm. This is probably related
to the Ce®** ions improve surface morphology and reduce particle size
of YAIO3: Ce nanoparticles, and then leading to the quantum size effect,
ultimately resulting in the absorption peak shifts to the longer wave-
length. It can be also seen that the intensity of the absorption peak
decreases with the increasing the calcining temperature due to the
enhancement in the crystallinity of the sample. Fig. 5(b) inset shows the
Eg values of the YAIO5: Ce xerogel calcined at different temperatures
and the Eg values are also given in Table 1. In addition, the L",a", b", ¢’,
H® and AE¢y values are also calculated on the basis of the UV-vis
diffuse reflectance spectra. When the calcining temperature increases
from 800 to 900°C, L", AEc;" and Eg values decreases with the in-
creasing the calcining temperature, however, a’, b, ¢" and H° values
vary randomly. When the calcining temperature reach to 900 °C, the b"
and c¢” values are also biggest due to the enhancement in the crystal-
linity of the sample.

Fig. 6 shows the real photos of (a) CeAlO3 and (b) LaAlO3 xerogels
calcined at 700 °C, and (c) YAIO3 and (d) YAlO3: Ce xerogels calcined at
900 °C. For the CeAlOj3 xerogel calcined at 700 °C, presenting a bright
yellow color, while LaAlO; crystallizes at same temperature, corre-
sponding to the bright white color. For the YAIO3; xerogel calcined at
900 °C, presenting a snowy white color, YAlO3: Ce crystallizes at 900 °C,
presenting an off-white color. The real photos of the CeAlOs, LaAlOs,
YAIO3 and YAIO3: Ce samples are consistent with the color parameters
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Fig. 7. SEM images of (a) CeAlO3 and (b) LaAlO3 xerogels calcined at 700 °C, and (c) YAIO3; and (d) YAlO3: Ce xerogels calcined at 900 °C.

as shown in Table 1. Pimentel and others sees lanthanide ions in the A
site for MAIO; pigments have a small contribution on the color defi-
nition [9]. However, above results indicate that Ce>* ion have a great
contribution on the color definition. It can be explained that the de-
formation of unit cell of CeAlO; pigment increasing the electronic
transitions 4f—5d in visible region because of the pseudo Jahn-Teller
effect, and then more intense color is formed [49].

3.3. Surface morphology analysis

Fig. 7 shows the SEM images of the CeAlO3; and LaAlO3 xerogels
calcined at 700°C, and YAIO; and YAlO3: Ce xerogels calcined at
900 °C. The SEM images show that the CeAlO; (see Fig. 7(a)) and
LaAlOs (see Fig. 7(b)) particles are almost spherical in shape and have a
narrow particle size distribution. However, more accurate information
about the surface morphology of the CeAlO3; and LaAlO3; samples will
be characterized by TEM. For the YAIO3; sample, an obvious aggrega-
tion was observed in Fig. 7(c). When the Ce®™ ions are introduced into
YAIO; precursor solution, the relatively minor agglomeration particles
as shown in Fig. 7(d). The results indicate that the Ce®™ ions added into
YAIO; precursor solution improves surface morphology of YAIOs.

Fig. 8(a) shows a TEM image of the CeAlO; xerogel calcined at
700 °C. The TEM image confirmed that CeAlO; nano-crystals have a
narrow particle size distribution and the average particle size is around
8nm as shown in Fig. 8(b). Fig. 8(c) shows the selected area electron
diffraction (SAED) pattern taken from a portion of the CeAlO3 nano-
crystals shown in Fig. 8(a). The SAED pattern indicated that the CeAlO5

14759

nanoparticles possess interplanar spacings of 3.1209, 2.7045, 1.9128,
1.6317, 1.5619, and 1.3526 A corresponding to the (111), (200), (220),
(311), (222), and (400) planes, respectively. A high resolution trans-
mission electron microscopy (HRTEM) image of the CeAlO; xerogel
calcined at 700 °C as show in Fig. 8(d). The HRTEM image indicated
that the lattice spacing of 0.2710nm between and among adjacent
lattice planes corresponds to the d-spacing of (200) planes, 0.1938 nm
corresponds to (220) planes, 0.1561 nm corresponds to (222) planes
and 0.1241 nm corresponds to (331) planes. To further analysis the
elemental composition of CeAlO; pigment, the energy dispersive spec-
trometer (EDS) of the CeAlO3 xerogel calcined at 700 °C as shown in
Fig. 8(e). As can be seen from Fig. 8(e), the major elemental composi-
tion of CeAlO3 sample are Ce, Al, O, C, and Cu. The characteristic peaks
of C, O, and Al elements appeared at 0.2455, 0.5267, and 1.4884 keV,
respectively. The characteristic peaks of Ce element appeared at
0.6325, 0.7498, 1.1037, 4.2534, 4.9389, 5.4107, 5.6487, 6.1091,
6.5832, 34.3941, 34.7418 and 39.0734 keV. The characteristic peaks of
Cu element appeared at 0.8695, 7.9688, and 8.7871 keV. The C and Cu
elements are attributed to the TEM micromesh grid [50-52]. The results
verified that a pure CeO, nanoparticle is completely formed after cal-
cining at 700 °C.

Fig. 9(a) shows a TEM image of the LaAlO3; xerogel calcined at
700°C. The LaAlO3; powders show continuously mesoporous and
monolithic structures, further confirming that the polyacrylamide gel
route can be employed to preparation the porous material [53,54]. The
mean pore size of the LaAlO3 porous material is about 20 nm. Fig. 9(b)
shows the SAED pattern taken from a portion of the LaAlO3 porous
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Fig. 8. (a) TEM image, (b) Particle size distribution, (c) SAED pattern, (d) HRTEM image and (e) energy dispersive spectrometer (EDS) of the CeAlO3 xerogel calcined

at 700 °C.

material shown in Fig. 9(a). The SAED pattern indicated that the per-
ovskite type LaAlO; porous material possess interplanar spacings of
3.7915, 2.6871, and 1.5479 A corresponding to the (012), (110), and
(300) planes, respectively. In this case, no HRTEM image was observed.
This results further indicate that the crystallization temperature of

MAIO; (M=Y, La, Ce) decreases with the increasing ion radius of tri-
valent metal ion M®*. Further EDS analysis of the LaAlOs porous ma-
terial as shown in Fig. 9(c), the results show that the major elemental
composition of the LaAlO3 porous material are La, C, Al, Cu and O. The
characteristic peaks of C, O, Al and Cu elements are similar to the
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Fig. 9. (a) TEM image, (b) SAED pattern, and (c) energy dispersive spectrometer (EDS) of the LaAlO3 xerogel calcined at 700 °C.

CeAlO3 nanoparticles. The characteristic peaks of La element appeared
at 4.1175, 4.6474, 5.0584, 5.3937, 5.8371, 6.0426, 33.0272, 33.5031,
37.8185 and 38.6621 keV. The results also indicated that the perovskite
type LaAlO3; porous material is completely formed after calcining at
700 °C.

3.4. Photoluminescence properties

Fig. 10(a) shows the emission spectra of CeAlO; xerogel calcined at
700 °C for three different excitation wavelengths, including 280, 290,
and 300 nm. It can be seen that the intensity of emission peak decreases
with the increasing of the excitation wavelength. For the YAIO3: Ce
sample, a similar variation tendencies are observed as shown in
Fig. 10(b). The location of emission peaks remain unaltered under
different excitation wavelength for the CeAlO3; and YAIO3: Ce samples.
For the CeAlO3 sample, the intensity of emission peak is maximum
excited by the excitation wavelength about 290 nm. The emission
spectrum of the CeAlO3; sample are made up of four emission peaks in
the wavelength range from 300 to 800 nm and can be resolved using

14761

four Gaussian peaks at 378, 429, 468 and 480nm as shown in
Fig. 10(c). Arhipov et al. [55] reported that the large CeAlO3 perovskite
crystals prepared by czochralski and edge-defined film fed growth
techniques exhibit two emission peaks at 378 and 429 nm, which can be
assigned to the 5d'-4f (*Fsy,7,,) radiative transitions of Ce>" ions in
CeAlOs. Yin et al. [56] synthesized the CeAl;;01g by solid—state reac-
tion method shows two emission peaks at 350 and 450 nm. The peaks at
350 and 450 nm are attributed to 4f-5d electron transitions of normal
Ce®* in CeAl;;0q5 crystal lattice and Ce-Oy. associates, respectively
[56]. In our experiments, two new emission peaks at 468 and 480 nm
are observed. The peaks at 468 and 480 nm can be assigned to the
hopping from different levels to the valence band and the transitions of
oxygen vacancies to the corresponding ground states [57,58].

In Fig. 10(d), the emission spectra of the YAIO3: Ce sample are re-
solved into three separate peaks at 369, 413 and 458 nm. The emission
peak at 369 nm can be assigned to the 5d—4 f transition of Ce>* ions
[14,59,60]. The emission peaks at 413 and 458 nm can be ascribed to
the luminescence band of F centers in YAIO3 [12,13]. Alshourbagy et al.
[14] synthesized the Ce®** doped YAIOj; crystal fibers by p-pulling down
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Fig. 10. Emission spectra of (a) CeAlO; and (b) YAIO3: Ce xerogels calcined at 700 °C under different excitation wavelengths. (¢) Emission spectrum of the CeAlO3
xerogel calcined at 700 °C with the excitation wavelength at 280 nm could be resolved into four Gaussian peaks with the maxima at 378, 429, 468 and 480 nm,
respectively. (d) Emission spectrum of the YAIO3: Ce xerogel calcined at 700 °C with the excitation wavelength at 270 nm could be resolved into three Gaussian peaks

with the maxima at 369, 413 and 458 nm, respectively.

technique shows a emission peak at 383 nm, which is ascribed to the
transitions from the lowest crystal field components of 5d* excited state
to the ?Fs,, and °F;,, ground states. Parganiha et al. [15] reported that
the YAlO5:Ce®* powders prepared by solid state reaction method ex-
hibits a broad emission band located from 419 to 495 nm. Xia et al. [16]
prepared the YAIOs:Ce®** powders by sol-gel combustion method
shows a emission peak at 530 nm. Clearly, the emission spectra of the
YAIO3: Ce phosphors are strongly dependent on the synthetic route.
The emitting color was depicted by studying color coordinates of the
CeAlO3; and YAlO3:Ce phosphors. The Commission International De
I’Eclairage (CIE) diagram of the CeAlO3; and YAIO3:Ce phosphors under
different excitation wavelengths are estimated from 1931 CIE system
and are shown in Fig. 11. The CIE color coordinates (x, y) of the CeAlO3
and YAlO3:Ce phosphors under different excitation wavelengths were
calculated using the corresponding emission spectra. The relative
parameters of the CeAlO5; and YAIO;:Ce phosphors under different ex-
citation wavelengths are shown in Table 2. It was observed that the CIE
color coordinate (x, y) is found in blue region. For the CeAlO3 phos-
phor, the CIE color coordinate (x, y) value increases with the increasing
of the excitation wavelength as shown in Fig. 11(a) and Table 2. The y
value of YAlO3:Ce phosphor increases with the increasing of the ex-
citation wavelength, however, the x value vary randomly (see
Fig. 11(b) and Table 2). This results clearly indicate that the CeAlO3
and YAlO3:Ce phosphors can be employed for blue light emitting

applications.
3.5. Electrochemical measurement

To understand the effects of M®* ion and Ce®** doping on the
photoelectric properties of the MAIO; (M =Y, La, Ce) and YAIO3: Ce
samples, electrochemical impedance spectroscopy (EIS) technology was
applied to investigate the solid/electrolyte interfaces of the MAIO3
(M=Y, La, Ce) and YAIO3: Ce samples under UV light irradiation. EIS
measurement of the CeAlO3, LaAlO3, YAIO; or YAIOs: Ce electrode was
conducted in a frequency range of 102 to 10° Hz. Fig. 12 is the EIS
spectra of the (a) CeAlOs, (b) LaAlOs, (c) YAIO3 and (d) YAlOs: Ce
samples. As can be seen from Fig. 12, a single semicircle is observed in
the high frequency region for all samples. The semicircle can be as-
cribed to the charge-transfer resistance at the electrode/electrolyte in-
terface [51,61,62]. The interfacial resistance is 3500 Q2 for the CeAlO3
sample, 30,000 Q for the LaAlO3; sample, 3000 Q for the YAIO; sample,
and 800 Q for the YAIOs: Ce sample. It is apparent that the YAIO3: Ce
sample have a lowest initial interfacial resistance than other perovskite
aluminates. It is noted that the composite structure appears to decrease
electrical resistivity and accelerate charge transfer rate [63].

To study the difference in the electronic properties of the MAIO3
(M =Y, La, Ce) and YAIO3: Ce electrodes, Mott- Schottky measurements
were completed in the dark on the basis of the impedance technique
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Fig. 11. CIE diagram of (a) CeAlO3; and (b) YAlOs: Ce xerogels calcined at
700 °C under different excitation wavelengths.

Table 2
CIE parameters of the CeAlO; and YAlOj: Ce xerogels calcined at 700 °C for
different excitation wavelengths.

Sample Excitation Peak CIE x CIE y Emission Peak Peak
(nm) (nm) Intensity

CeAlO3 280 0.1403 0.1561 468 144.487
290 0.1518 0.1776 468 105.456
300 0.1621 0.1851 468 83.246

YAIO3:Ce 270 0.1391 0.0685 369 927.002
280 0.1368 0.1087 367 654.800
290 0.1440 0.1491 368 564.512

Ceramics International 44 (2018) 14754-14766

[64]. Fig. 13 shows the flat-band potential (Vg,) for the (a) CeAlOs, (b)
LaAlOs, (c) YAIO3 and (d) YAIO3: Ce samples as estimated from the
Mott-Schottky plots deduced from the electrochemical measurements at
5000 Hz. For the CeAlO3; and YAlO3: Ce samples, a positive slope in-
dicates that the CeAlO; and YAIO5;: Ce aluminates are n-type semi-
conducting materials, in agreement with the results of as reported [44].
For the LaAlO3; and YAIO3 samples, a negative slope suggests that the
LaAlO3; and YAIO; aluminates are p-type semiconducting materials, in
agreement with the results of as reported [45,46]. According to the
Fig. 13, the estimated Vg, values were — 0.134, 1.845, 1.901, and
0.724 V vs. SCE for the CeAlO3, LaAlO3, YAIO3 and YAlO3: Ce samples,
respectively. The potential at normal hydrogen electrode (NHE) can be
described by Eq. (3) [65].

V(NHE) = Vg, + 0.059pH + 0.242 3)

In this case, the pH = 8. The calculated Vg, values of the CeAlOs3,
LaAlOs, YAIO; and YAIOs: Ce samples were found to be 0.580, 2.559,
2.615, and 1.438V vs. NHE at pH = 0, respectively. For n or p type
semiconducting materials, the difference between the conduction band
(CB) edge potential or the valence band (VB) edge potential and the flat
band potential can be ignored. The VB of the CeAlO; and YAlO3: Ce
samples are obtained as 3.730 and 4.728 V vs. NHE by considering its
Eg values of 3.15 and 3.29 eV, respectively. The CB of the LaAlO; and
YAIO; samples are calculated as 0.919 and 0.115V vs. NHE by con-
sidering its Eg values of 1.64 and 2.50 eV, respectively.

Fig. 14 presents the photocurrent response of (a) CeAlOs, (b)
LaAlOs, (c) YAIO; and (d) YAIOs: Ce samples measured for various on-
off cycles. For the n-type CeAlO3; and YAIO3: Ce samples, when xenon
lamp was opened, rapidly increased of the photocurrent to a constant
value. When xenon lamp was off, the photocurrent decreased to initial
status sharply. After several on-off cycles, the photocurrent basically
remained stable when the xenon lamp is on. For the p-type LaAlO3 and
YAIO; samples, an opposite phenomenon is observed. In general, the
photocurrent density of the composite is bigger than the single phase.
However, compared to YAlO:Ce sample (see Fig. 14(d)), YAIO3 sample
(see Fig. 14(c)) exhibits an enhanced photocurrent density, which is
inconsistent with the previous reported. This phenomenon can be ex-
plained that the YAIO3; sample is also mixed phases on the basis of XRD
results.

4. Conclusions

Three different phases of M (M=Y, La, Ce) aluminates were suc-
cessfully synthesized by a gamma-ray irradiation assisted poly-
acrylamide gel route. The result confirmed that the phase purity, sur-
face morphology, and color, optical, photoluminescence and
electrochemical properties of MAIO; pigments strongly dependent on
the calcining temperature and trivalent metal ion M>*. XRD results
indicate that the crystallization temperature of the MAIO5; pigments
decreases with the increasing ion radius of trivalent metal ion M>*. No
direct relationship was concluded between particle size or Eg value of
MAIO; pigments with trivalent metal ion M®*. Color parameters of the
MAIO; pigments shows that the CeAlO; pigment have a strongest colors
than other pigments may be due to the deformation of unit cell in-
creasing the electronic transitions in visible region. The fluorescence
spectra shows that four emission peaks at 378, 429, 468 and 480 nm are
observed for the CeAlO; pigment when the excitation wavelength is
280 nm. The excellent photoluminescence properties of the CeAlO3
pigment are attributed to the 5d'-4 f (°Fs 5 7,») radiative transitions of
Ce®* ions and the transitions of oxygen vacancies to the corresponding
ground states. Interesting, the Ce®* doping improved phase purity,
photoluminescence and electrochemical properties and dropped crys-
tallization temperature of YAIOs.
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