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A gamma-ray irradiation-assisted polyacrylamide gel method has been used to
synthesize MgAl;0,4:Ce and Mn-codoped MgAl,04:Ce phosphors. Ce ion dop-
ing improved the photoluminescence properties of MgAl,O4 but did not change
the cubic spinel structure of the host. Transmission electron microscopy
showed that the mean particle size of the Ce- and Mn-codoped MgAl,O4
nanoparticles was smaller than that of the MgAl,O4 nanoparticles. Ce and Mn
codoping improved the light absorption capacity and utilization, the separa-
tion efficiency of photogenerated carriers, and the photocatalytic activity of
the MgAl,O4 nanoparticles. The MgAl;04:Ce:Mn nanoparticles exhibited high
photocatalytic activity for photodegradation of methylene blue dye under
simulated sunlight irradiation due to the synergistic effects of the band-edge
position, the light absorption capacity and utilization, and the separation
efficiency of photogenerated carriers.
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INTRODUCTION

Magnesium aluminate (MgAl,O4) has attracted
particular interest for lightweight armor, electronic
ceramics, infrared-transparent windows for use in
strong radiation environments, luminescent matrix
materials, microwave dielectric and ceramic capac-
itors, and photocatalysts due to its high thermal and
chemical stability, low density, strong radiation
msistanceé nontoxicity, and high photocatalytic
activity.'™ However, single MgAl,O, phase exhibits

(Received May 9, 2019; accepted July 23, 2019;
published online August 2, 2019)

only weak photoluminescence properties and must
be irradiated by intense laser light (325 nm) to
produce fluorescence.’ Recently, various methods
have been used to enhance the photoluminescence
properties of single MgAl,O, phase. One such
method is to dope MgAl,O, with rare-earth ions to
produce luminescence centers in the host mate-
rial.’%'* More specifically, cerium (Ce) is of great
significance as an activator, as the Ce ion can act as
a photoluminescence emission center in host mate-
rials.'®2° In addition, Mn, Bi, and other non-rare-
earth ions can also be used as activators to improve
the Photoluminescence properties of host materi-
als.?'2® Mn ion doping enhances the photolumines-
cence properties of MgAl,O,4 due to the *T; to %A;
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transition of the Mn ion.??=3! To the best of the
authors’ knowledge, the photoluminescence proper-
ties and photocatalytic activity of Mn-codoped
MgAl;04:Ce phosphor have not been studied yet.

The relationship between the photoluminescence
properties and photocatalytic activity of semicon-
ducting materials has not been determined. Dillon
et al.>* stated that the photoluminescence dynamics
can be applied to evaluate the photocatalytic activ-
ity of semiconducting materials. Wei et al.?® syn-
thesized BiOBr by a one-pot solvothermal method,
showing that the emission intensity increases with
increasing photocatalytic activity due to variation of
the oxygen vacancy concentration. Zhang et al.®*
found that the emission intensity decreases with
increasing photocatalytic activity due to variation of
the geometrical morphology. Xiao et al.*® and Jing
et al.?® found that Sm®*-doped TiO, and La-doped
TiO, in nanocrystalline form showed stronger emis-
sion intensity and exhibited higher photocatalytic
activity due to their different surface oxygen vacan-
cies and defects. Sellappan et al.?” synthesized
TiOo/carbon nanofilms that exhibited lower photo-
luminescence intensity, shorter carrier lifetime, and
higher photocatalytic activity due to charge carrier
transfer at the interfaces. Similar phenomena were
observed by Cai et al.>® Based on previous reports,
the photoluminescence and photocatalytic activity
of semiconducting materials probably originate
from the band-edge position, light absorption capac-
ity and utilization, and separation efficiency of
photogenerated carriers. Therefore, it is of great
significance to study the synergistic effects of the
band-edge position, light absorption capacity and
utilization, and separation efficiency of photogener-
ated carriers on photoluminescent properties and
photocatalytic activity of MgAl,04:Ce and Mn-
codoped MgAl,0,4:Ce phosphors.

The polyacrylamide gel method is a highly effec-
tive method for synthesis of semiconductor compos-
ite materials.?*~* Recently, we developed a gamma-
ray irradiation-assisted polyacrylamide §el route to
synthesize metal oxide nanoparticles.*>** Metal
oxide nanoparticles synthesized using this novel
method exhibit special defect structure, resulting in
enhanced physical and chemical properties. How-
ever, MgAl,04:Ce and Mn-codoped MgAl;O4:Ce
phosphors have yet to be synthesized using the
gamma-ray irradiation-assisted polyacrylamide gel
route.

The purpose of the work presented herein is
threefold: (1) to synthesize MgAl,04:Ce and Mn-
codoped MgAl,0,4:Ce phosphors using the gamma-
ray irradiation-assisted polyacrylamide gel method,
(2) to study the optical, photoluminescence, and
photocatalytic properties of these phosphors, and (3)
to study the synergistic effects of the band-edge
position, the light absorption capacity and utiliza-
tion, and the separation efficiency of photogener-
ated carriers on their photoluminescent properties
and photocatalytic activity.
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EXPERIMENTAL PROCEDURES

Synthesis of MgAl,04:Ce and MgAl,0,4:Ce:Mn
Nanoparticles

Stoichiometric amounts of Mg(INO3)s'6H50,
CeCl3-6H50, AICI39H0, and Mn(CH3COO)y-4Ho0
were dissolved in deionized water to obtain a final
solution of 0.015 mol/L of total cations. To obtain
MgAl,04:Ce and MgAl;04:Ce:Mn nanoparticles,
two solutions with different molar ratios of metal
ions, viz. nmgaifice = 9:1 and nyg,A1ce Mn = 9:1
(nce:nym = 9:1), were configured. After the solution
became transparent, 4.7282 g citric acid, 20 g glu-
cose, 9.5958 g acrylamide, and 1.9192 g N,N’-
methylene-bisacrylamide monomer were added to
the solution. The resultant solution was exposed to
a %°Co y-source to a dose of 20 kGy to initiate the
polymerization reaction and obtain a jelly-like gel.
The gel was dried at 120°C for 24 h, and some
xerogel powder was calcined at 900°C for 5 h in air
to prepare MgAl,04:Ce and MgAl,O4:Ce:Mn
nanoparticles.

Sample Characterization

The phase structure of the MgAl;04:Ce and
MgAl,04:Ce:Mn nanoparticles was characterized
by x-ray diffraction (XRD) analysis. The surface
morphology of the MgAl;0,4:Ce and MgAl;04:Ce:Mn
nanoparticles was analyzed by transmission elec-
tron microscopy (TEM). Ultraviolet—visible (UV-
Vis) diffuse reflectance spectra of the MgAl,04:Ce
and MgAl,04:Ce:Mn nanoparticles were collected
on a UV-1800 UV-Vis spectrophotometer. The
photoluminescence properties of the MgAl;04:Ce
and MgAl,0O4:Ce:Mn nanoparticles were measured
at room temperature by using a 970CRT fluores-
cence spectrophotometer. The electrochemical prop-
erties of the MgAl,O4.:Ce and MgAl,O4:Ce:Mn
nanoparticles were investigated by using a CST
350 electrochemical workstation with a three-elec-
trode cell configuration as described in literature.’
Photocatalytic degradation experiments using the
MgAl,04:Ce and MgAl;04:Ce:Mn nanoparticles
were carried out for degradation of methylene blue
dye under irradiation by a 150-W/m? xenon lamp.
The relevant photocatalytic experiment process is
consistent with literature,” with only the photocat-
alyst being changed.

RESULTS AND DISCUSSION
Structure Analysis

Figure 1la shows the XRD patterns of the MgA-
1504:Ce and MgAl,04:Ce:Mn samples. Based on
literature,® the cubic MgAl,O, phase is completely
formed at 900°C. To obtain MgAl;04:Ce and
MgAl,04:Ce:Mn without organics, MgAl;04:Ce and
MgAl,O4:Ce:Mn xerogels were sintered at 900°C.
The XRD peaks observed for the two samples at 20
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Fig. 1. (a) XRD patterns of MgAl,O,4:Ce and MgAl,O4:Ce:Mn samples. (b) Unit cell structure of MgAl,O4. (c) XRD results for MgAI,O4. (d)

Detailed crystal structure of MgAl,O, in space group Fd-3m.

angles of 31.257°, 36.839°, 44.875°, 55.643°, 59.340°,
and 65.239° can be assigned, respectively, to (220),
(311), (400), (422), (511), and (440) planes of cubic
MgAl;O,4 phase, except for one peak marked by a
black box (#) which is ascribed to CeOs. In Fig. 1a,
the diffraction peaks of Mn oxide are unobserved. To
obtain more accurate element compositional infor-
mation for the MgAl;O4:Ce and MgAl,O4:Ce:Mn
samples, energy-dispersive spectrometry (EDS) and
high-resolution transmission electron microscopy
(HRTEM) were applied. Figure 1b shows the unit
cell structure of MgAl;O4. The XRD results of
MgAl,O,4 can be analyzed using the unit cell struc-
ture of MgAl;O4. In Fig. 1c, the diffraction peaks
are similar to those in Fig. 1a except for two weak
peaks at 20 angles of 38.554° and 68.667°, which
may be due to the introduction of Ce and Mn ions
into the MgAl;O,4 precursor to suppress formation of
cubic MgAl,O, phase.” The detailed crystal struc-
ture of cubic MgAl,O, phase in space group Fd-3m
is shown in Fig. 1d. It can be seen that magnesium
(Mg), aluminum (Al), and oxygen (O) occupy Wyck-
off positions 8a, 16d, and 32e, respectively. 4547

Figure 2a and b show TEM images of the
MgAl,0O4:Ce and MgAl,O4:Ce:Mn samples, respec-
tively. The MgAl,04:.Ce and MgAl,04:Ce:Mn
nanoparticles were approximately spherical but
seriously agglomerated. The mean particle size of
the MgAl,O,4:Ce and MgAl;O4:Ce:Mn samples was
found to be 30 nm and 20 nm, respectively, as
shown in Fig. 2c and d. Compared with the spinel
MgAl;04 nanoparticles, the mean particle size of
the MgAl,O4:Ce:Mn nanoparticles was significantly
smaller due to the introduction of the Ce and Mn
metal salts into the MgAl,O,4 precursor to suppress
formation of MgAl,O, phase.” Figure 2e shows a
HRTEM image of the MgAl;04:Ce sample, display-
ing lattice fringes with d-spacing of 0.1496 nm,
0.2025 nm, 0.2441 nm, and 0.2859 nm, which cor-
respond to (440), (400), (311), and (220) planes of
MgAl;O,4, and lattice fringes with d-spacing of
0.1689 nm, which correspond to (311) plane of
CeO,. An HRTEM image of the MgAl;O4:Ce:Mn
sample is shown in Fig. 2f, displaying a lattice
spacing of 0.2038 nm between and among adjacent
lattice planes that corresponds to (400) planes,
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Fig. 2. TEM images of (a) MgAl,O4:Ce and (b) MgAl,O,:Ce:Mn samples. Particle size distribution of (c) MgAl,O4:Ce and (d) MgAl,04:Ce:Mn
samples. HRTEM images of (e) MgAl,O4:Ce and (f) MgAl,O4:Ce:Mn samples.

0.2438 nm that corresponds to (311) planes,
0.2877 nm that corresponds to (220) planes, and
0.4643 nm that corresponds to (111) planes of
MgAl,O4. In addition, the lattice fringes with d-
spacing of 0.1665 nm and 0.3125 nm correspond to
(811) and (111) planes of CeO,. The lattice fringes
with d-spacing of 0.1639 nm correspond to (102)
planes of MnOy. These results indicate successful
synthesis of MgAl;O04:Ce and MgAl;O4:Ce:Mn
nanocomposites by the gamma-ray irradiation-as-
sisted polyacrylamide gel method.

The elemental composition of the MgAl,O4:Ce and
MgAl,04:Ce:Mn samples was further studied by
energy-dispersive spectrometry (EDS), as shown in
Fig. 3. For the MgAl,O4:Ce sample (Fig. 3a), the
major elements were found to be C, O, Ce, Mg, Al,
and Cu,, while the major elements were C, O, Ce,
Mg, Al, Mn, and Cu for the MgAl;04:Ce:Mn sample,
as shown in Fig. 3b. In Fig. 3, the characteristic
peaks of C and Cu elements are ascribed to the
carbon copper micromesh grid.***° The EDS results
for the MgAl;04:Ce and MgAl;04:Ce:Mn samples
show characteristic peaks of the corresponding
elements with no other impurity.

The color and optical properties of the MgA-
1504:Ce and MgAl,04:Ce:Mn samples are important
to study their photocatalytic activity for degradation
of organic dyes. Figure 4a shows the UV-Vis diffuse
reflectance spectra of the MgAl,04:Ce and MgA-
1504:Ce:Mn samples. In the ultraviolet region
(4 < 400 nm), low reflectance of the MgAl;04:Ce
and MgAl;04:Ce:Mn samples was observed. In the
visible region (4 > 400 nm), a continuous increase
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Fig. 3. EDS results of (a) MgAl,O4:Ce and (b) MgAI,O4:Ce:Mn
samples.
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Fig. 4. (a) UV-Vis diffuse reflectance spectra and (b) UV-Vis absorption spectra of MgAl,O4:Ce and MgAIl,O,4:Ce:Mn samples. Optical bandgap

(Eg) values of the corresponding (c) MgAIl,O4:Ce and (d) MgAIl,O,4:Ce:Mn samples.

Table I. Color coordinates and E, value of MgAl,04:Ce and MgAl;0,:Ce:Mn samples

Color Coordinates

Sample L’ a’ b

MgAl,0,4° 98.262 —0.306 2.730
MgAl;04:Ce 94.238 —2.917 6.237
MgAl;04:Ce:Mn 75.624 8.436 20.142

¢ H° Ecie E, Value (eV)
2.747 —83.605 98.300 3.923
6.885 —64.935 94.489 3.110
21.837 67.275 78.714 2.950

in reflectance for the two samples was found up to
1100 nm, with the difference that the reflectance of
the MgAl;O4:Ce sample increased rapidly up to
420 nm but remained almost unchanged there-
after. The color coordinates (L, a", "), chroma (c ),
hue angle (H®), and total color dlfference (ECIE ) of
the MgAl,O4, MgAl;04:Ce and MgAly04:Ce:Mn
samples were obtained from l1te1"ature44 51 and
are presented in Table I. The L" and ECIE values
decreased with increasing doping, while the &", ¢
and H° values showed the opposite trend Whlle a
random behavior is observed for the a" value in
Table 1.

To study the light harvesting capacity of the
MgAl,04:Ce and MgAl,04:Ce:Mn samples, their
UV-Vis absorption spectra were obtained based on
the UV-Vis diffuse reflectance spectra and
Kubelka—Munk (K-M) theory, as shown in Fig. 4b.
For the MgA1204 Ce sample, the absorption peak
appearing in the range of 250 nm to 450 nm can be
assigned to defects in the host material.’® For the
MgAl,04:Ce:Mn sample, two obvious absorption
peaks at 280 nm and 500 nm were found. The
absorption peaks at 279 nm and 450 nm can be
assigned to d—d transition of Mn ion.?5%5* The
absorption peak range of the magnesium aluminate
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Fig. 5. (a) Excitation and (b) emission spectra of MgAI,O,,
MgAl,O,4:Ce, and MgAl,0,4:Ce:Mn samples.

was extended by codoping with Ce and Mn.? These
results imply that the MgAl,O4:Ce:Mn sample will
show high visible-light photocatalytic activity.

The bandgap energy (E,) values of the MgAl,O4:Ce
and MgAl,O4:Ce:Mn samples were estimated from
the absorbance data by using the Tauc relation,

(F(R)hv)" =A(hv — Ey), (1)

where v, E,, and A are the frequency, the bandgap
energy value, and the absorption coefficient, respec-
tively. n is equal to 2 or I/2 for a direct- and indirect-
bandgap semiconductor, respectively. The E, values
of the MgAl;O04:Ce and MgAl,O4:Ce:Mn samples
were obtained from the intercept of the straight line
of the (F(R)hv)? versus (hv) plot, as shown in Fig. 4c
and d. The E, values of the MgAl;O4:Ce and
MgAl,04:Ce:Mn samples were found to be 3.11 eV
and 2.95 eV, respectively. According to Table I, the
E, value decreased with increasing doping. Gener-
ally, the E, value of semiconductor materials
decreases with increasing particle size due to the
quantum size effect. However, in these experiments,
the opposite phenomenon was observed due to the
synergistic effects of Ce**, Mn**, and MgAl,O,.
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Fig. 6. Excitation and emission spectra of MgAl,O4:Ce:Mn samples.

Figure 5a shows the excitation spectra of the
MgAl,O4, MgAl;04:Ce, and MgAl;04:Ce:Mn sam-
ples. The excitation spectra were recorded using the
emission wavelength of 470 nm. Two excitation
peaks at about 285 nm and 315 nm could be
observed for the three samples. The excitation peak
intensity decreased with increasing doping. Fig-
ure 5b shows the emission spectra of the MgAl;Oy,
MgAl;04:Ce, and MgAl,04:Ce:Mn samples. Two
obvious emission peaks at 470 nm and 500 nm can
be found for the three samples. It can also be seen
that the emission peak intensitg decreased with
increasing doping. Tabaza et al.'® synthesized Ce-
doped MgAl,O,4 by a combustion method, observing
a broad green emission band centered at 500 nm
under excitation at wavelength of 350 nm. Izumi
et al.’® prepared transition-metal-doped MgAl,O,
single crystals by the floating zone method, observ-
ing different emission peaks with corresponding
excitation wavelength. The emission peaks at
490 nm and 505 nm can be ascribed to charge-
transfer deexcitation.’® Sakuma et al.?® synthesized
Mn-doped MgAl,O4 spinel crystals by the floating
zone technique, observing that the peak wavelength
(> 512 nm) increased with increasing x (x = MgO/
Al;03) because of the variation of the crystal field
energy with the composition. Lin et al.*° prepared
hexagonal MgAl,0,:Mn?* nanoplates using a simple
two-step method, observing an emission peak at
568 nm under excitation of 390 nm due to the
transition from the excited *T; (4G) state to the
ground A, (6S) state level of Mn?*. Zhong et al.®’
found that MgAl,O,:Mn?* fabricated by high-tem-
perature solid-state reaction between phosphor
powder and nanoparticles or a combustion method
exhibited different emission peaks with different
excitation wavelengths. Zhong®' and Hanamura
et al.’® stated that the emission peak at 519 nm
under excitation at wavelength of 278 nm can be
ascribed to radiative transition from the first exci-
tation state “T; to the ground state of Mn?*. It can
be seen that the photoluminescence properties of
MgAl;,04:Mn?* phosphor strongly depend on the
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synthesis method applied. Sai et al.’” synthesized
Mn/Cr-codoped MgAl,O, phosphors, observing
strong photoluminescence properties due to energy
transfer from Mn?* to Cr®*. In this case, the
emission intensity of MgAl,O4:Ce:Mn was weaker
than that of the MgAl;04:Ce sample. This result
indicates that the Mn** ion did not have a sensiti-
zation effect on Ce**.

Figure 6 shows the excitation and emission spec-
tra of the MgAl;O04:Ce:Mn samples, showing an
obvious excitation peak at 243 nm and two emission
peaks at 400 nm and 430 nm. The excitation peak
at 243 nm can be assigned to transitions from
6A,(6S) to *T; level of Mn ion.’35* The emission
peaks at 400 nm and 430 nm can be ascribed to
radiative transition from *T; to the ground state of
Mn ion.?! This result further indicates the lack of
energy transfer between Ce*" and Mn**.

Figure 7 shows the CIE diagram of the MgA-
1504:Ce and MgAl,04:Ce:Mn samples. Based on
CIE1931 chromaticity software, the color coordi-
nates (x, y) of the MgAl;04:Ce and MgAl,O4:Ce:Mn
samples were calculated using the corresponding
emission spectra (Fig. 5b). The typical (x, y) color
coordinates of the MgAl,0,4:Ce and MgAl;04:Ce:Mn
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samples were found to be (0.1352, 0.2305) and
(0.1451, 0.2251), respectively. Compared with the
MgAl,04:Ce sample, the color coordinates of the
Mn-codoped MgAl,O4:Ce phosphor moved toward
the blue region.

Typical Nyquist plots of the impedance data of the
MgAl,04:Ce and MgAl,04:Ce:Mn samples under
simulated sunlight irradiation are shown in Fig. 8a.
The MgAl;04:Ce sample showed only a straight
line, which can be ascribed to the Warburg
impedance.*®°*¢! The MgAl,04:Ce:Mn sample
clearly exhibited a straight line at low frequencies
and a semicircle at high frequencies, which can be
assigned to the Warburg impedance and charge
transfer,”® ! respectively. The smaller semicircle
for the MgAl;04:Ce:Mn sample indicates higher
photocatalytic activity for degradation of organic
dyes. The photocurrent response curve of the semi-
conductor can also be used to determine the photo-
catalytic activity of the material. The photocurrent
response of the MgAl,04:Ce and MgAl;04:Ce:Mn
samples is shown in Fig. 8b. For the MgAl;04:Ce
sample, the photocurrent response can be assigned
to electron transfer between MgAl,04 and Ce oxide.
The photocurrent intensity of the MgAl,O4:Ce:Mn
sample is higher than that of the MgAl,0,4:Ce

sample. The enhanced photocurrent for the MgA-
1504:Ce:Mn sample indicates that it is expected to
show higher photocatalytic activity due to the
electron transfer and higher separation efficiency
of electrons and holes.

To compare the photocatalytic activity of the
MgAl,O4, MgAl;04:Ce, and MgAl;O04:Ce:Mn sam-
ples, methylene blue was chosen as a target dye for
degradation. Figure 9a shows the time-dependent
photocatalytic degradation of MB dye in presence of
MgAl,04:Ce and MgAl,04:Ce:Mn samples under
simulated sunlight irradiation. The degradation
rate of both MgAl,04:Ce and MgAl,O4:Ce:Mn sam-
ples increased with increasing irradiation time. The
photocatalytic activity of the MgAl,O,4, MgAl,04:Ce,
and MgAl;O4:Ce:Mn samples followed the order:
MgAl,04:Ce:Mn > MgAl,O4 > MgAl;O4:Ce.  This
result confirms that the MgAl,04:Ce:Mn sample
exhibited the highest photocatalytic activity due to
the wide and strong absorption band in the range of
190 nm to 700 nm. Note that the MgAl,04:Ce:Mn
sample showed lower emission intensity than the
MgAl,0,4:Ce sample. The photocatalytic activity of
semiconductor materials is mainly governed by
crystal structure, type of doped ion, surface mor-
phology, band-edge position, light absorption
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capacity and utilization, and separation efficiency of
photogenerated carriers.?®%? Although formation of
MgAl,O,4 phase was inhibited, there was no signif-
icant change in the spinel structure of MgAl,O,4
after introduction of Ce** or Ce** and Mn**. There-
fore, the important reasons for the observed differ-
ences are the type of doped ion, surface morphology,
band-edge position, light absorption capacity and
utilization, and separation efficiency of photogener-
ated carriers. The smaller particle size of the
MgAl,O4:Ce:Mn nanoparticles would increase their
specific surface area and possibly the photocatalytic
activity.®®> As confirmed by the TEM, UV-Vis
absorption, emission spectra, and electrochemistry
analysis results presented above, the MgAl;Oy4:-
Ce:Mn sample had a relatively lower E, value,
particle size, and emission intensity but higher
utilization and separation efficiency, indicating that
it has excellent visible light absorption capacity
with a lower recombination rate of photogenerated
carriers.

The first-order kinetics for the photocatalytic
degradation of methylene blue dye by the MgA-
1504:Ce and MgAl,04:Ce:Mn samples can be fit by a
first-order model as described by Eq. 2.%2

In(C,/Cyo) = —kt, 2)

where C;, Cy, k, and ¢ are the apparent concentra-
tion of methylene blue dye after degradation, initial
concentration of methylene blue dye, kinetic rate
constant, and degradation time, respectively. The
values of & for the MgAl,04:Ce and MgAl,O,4:Ce:Mn
samples were evaluated from the slope and inter-
cept of the linear plot, as shown in Fig. 9b. The rate
constant (k) for the MgAl,O4, MgAl;04:Ce and
MgAl,O4:Ce:Mn samples was found to be
0.0053 min~',° 0.0022 min!, and 0.0126 min ',
respectively. These results reveal that the MgA-
1504:Ce:Mn sample exhibited 5.73 times higher
activity for photocatalytic degradation of methylene
blue dye compared with the MgAl,04:Ce sample.

To study the photocatalytic mechanism of the
MgAl;04:Ce:Mn sample, the conduction-band (CB)
and valence-band (VB) potentials of MgAl,O,4, CeOo,
and MnO, were calculated using Eqgs. 3 and 4.

Ecp =X — E° — 0.5E,, (3)

Eyvg =X - E°+ 0.51’-4'{3,7 (4)

where E° is 4.5 ¢V and X for CeOy and MnO, is
estimated as 4.986 eV and 5.958 eV by using Eqs. 5
and 6, respectively. The E, values of MgA1204é
CeOy, and MnO, are found to be 3.923 eV,
3.230 eV,%* and 2.400 eV,% respectively.

X(CeOy) = \/X(Ce)X(0)%, (5)

X(MnOy) = /X (Mn)X(0)?, (6)

where X(Ce)=2.18¢V, XMn)=3.72eV, and
X(0O) =17.54 eV. The CB potentials of MgAly,Oy,,
CeOy, and MnO, are estimated as —1.0965,
—1.1290, and 0.2580 V, respectively, with corre-
sponding VB potentials of 2.5025 V, 2.1010 V, and
2.6580 V. Figure 10 shows the electron (e™)-hole
(h™) separation and energy band matching of the
ternary  MgAl,0,/CeO5/MnOs  heterostructure
under simulated sunlight irradiation. When the
MgAl;04:Ce:Mn photocatalyst is irradiated with
simulated sunlight, an electron (e™) transition
occurs from the VB of MnOy to the VB of MgAl,O4
then to the VB of CeO; and finally to the CB, leaving
holes in the VB of each oxide and thus creating
electron-hole pairs. The relevant reaction can be
described as follows:

MgAl,04:Ce:Mn + hv — MgAl,04:Ce:Mn(e” +h*)
(7)

In this photocatalytic system, the h* and e~ of
MgAl,O4:Ce:Mn can react with OH™ or dye and O/
H50 or O, to generate OH radicals as the redox
potential of OH /OH, Oy /Hy0,, and Oy 0% is
+1.89V, +0.695V, and —-0.13V versus normal
hydrogen electrode (NHE),®6-"2 respectively. The
related photocatalytic reaction process can be
described by reactions (8)—(15).

hyg +OH — OH (8)

H' + dye — degradation products (9)
egp + 02 — 0% (10)

‘0% +2H" +egp — Hy0 (11)
2ecp + 02 + 2H' — Hy0, (12)

ecp + Hs0z — OOH + OH~ (13)

‘0> +Hy;0; — O0H +0H +0, (14
"OH + dye — degradation products (15)

It can be seen that the band-edge position of the
photocatalytic system was extended by codoping of
cerium and manganese ions into magnesium alu-
minate. Therefore, recombination of electron—hole
pairs is prevented, enhancing the photon utilization
rate of the MgAl;04:Ce:Mn and improving its
photocatalytic activity.
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CONCLUSIONS

MgAl,O4:Ce:Mn photocatalyst was successfully
synthesized by using a modified polyacrylamide gel
method. XRD analysis indicated that the spinel
structure of MgAl,O, was not changed by the
introducing of Ce** or Ce®* and Mn**. The MgA-
1504:Ce:Mn sample showed a relatively lower E,
value, particle size, and emission intensity but
higher utilization and separation efficiency com-
pared with the MgAl,04:Ce sample. In addition, the
MgAl,04:Ce:Mn sample exhibited excellent visible-
light absorption capacity and lower recombination
rate of photogenerated carriers. MgAl,O4:Ce:Mn
nanoparticles could be used as a photocatalyst for
photodegradation of methylene blue dye under
simulated sunlight irradiation. The high photocat-
alytic activity of the MgAl,04:Ce:Mn nanoparticles
can be ascribed to the synergistic effects of the band-
edge position, light absorption capacity and utiliza-
tion, and separation efficiency of photogenerated
carriers.
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