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ABSTRACT

Efficient wavelength converting nanophosphors are of high demand for their applications in energy conversion
devices. We report on the synthesis of well dispersed LiAl;O4:Fe®+ nanoparticles of homogeneous size and
different morphologies by sol-gel method suitable for efficient wavelength converting devices. Nanoparticles of
phase pure Fe3* doped LiAl;O, with different shapes ‘and sizes were obtained by varying the pH of the solution
in the range of 3—11. X-ray diffraction, transmission electron microscopy and X-ray photoelectron spectroscopy
were used to analyze the structure, morphology and; composition of the nanoparticles. Incorporation of Fe®*
ions in the LiAl;Og host lattice has been studied using X-ray photoelectron spectroscopy and electron spin
resonance spectroscopy. Emission behavior of the nanophosphors has been studied at room temperature using

photoluminescence spectroscopy.

KEYWORDS: Lithium Aluminate, Nanophosphors, X-Ray Electron Spectroscopy, Photoluminescence.

1. INTRODUCTION

While solar radiation is the biggest source of energy in the
earth, photosynthesis process is the basic source of plant
growth. The pigments like chlorophyll and carotenoid
have the ability to convert solar energy to chemieal
energy.! It has been observed that photosynthesis pro-
cess in plants is faster and efficient under the blue and
red lights of the solar spectrum.? So, for a bettér utit
lization of solar energy in photosynthesis process, con-
version of UV light of the solar spectrum into visible
and near infra-red is essential. For this purpose, develop-
ment of down-converting phosphors, which can convert
the high energy radiation of the solar radiation to lower
energy range, is very important. Wavelength converting
red emitting phosphors are convenient materials for arti-
ficial illumination in polyhouses for plant growth.> Down
converting nanophosphors which can convert high energy
of the solar radiation to visible or near infrared can be
used to prepare polyolefin composite films and applied for
plant growth. Though the use of inorganic phosphors in
this area is not very common, recently several nanophos-
phors like BaMg,Al,,0,;:Eu, Y,0;:Eu’**, CaAl,0,:Tb*",
CaAl,0,:Ce*" have been tested for this purpose and the

*Author to whom correspondence should be addressed.
Email: yskang@sogang.ac.kr

Received: 30 April 2011

Revised/Accepted: 3 July 2011

obtained results were quite encouraging.*® In fact, incor-
poration of inorganic nano-phase materials in polymer
matrix is advantageous over the organic fillers, as they do
not react with the polymer matrix, maintaining the dura-
bility of the composite films. On the other hand, incorpo-

i . . . . . .
ration of inorganic nanoparticles in polymer matrix makes

-

a little impact on the mechanical properties of the poly-
mer film. Such inorganic-nanoparticle incorporated poly-
meric composite films are environmental friendly, and
have great potential for applications in energy conver-
sion processes. As has been reported by Purves et al.,
the well-known pigment chlorophyll absorbs solar light
from violet to blue and from reddish orange to red wave-
length regions.! Therefore, development of efficient down-
converting nanophosphors which can emit in these regions
is of immense technological interest.

In this article, we present the synthesis and emission
behaviors of Fe*™ doped LiAl;Og nanophosphors which
have the potential for greenhouse applications. Though the
undoped LiAl;Og has no direct technological application,
LiAl;O4:Fe** is one of the prominent phosphor materi-
als, capable of converting UV-visible portion of the solar
radiation to red.

Synthesis of LiAl;O; doped with different transition
metals such as Cr3*t,7 Fe’*’ Mn2+t° Co>*'" and rare
earths like Eu*'' have been reported by several research
groups. Very often, the combustion method has been uti-
lized for this purpose, where metallic precursors were
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mixed and heated at high temperature.!> Apart from com-
bustion, other physical methods like self-flux synthesis'?
and vapor phase transport process'* have also been uti-
lized to synthesize LiAl;O4 nanostructures recently. Most
of these physical methods have limitations as they need
lengthy mechanical mixing, high temperature annealing or
lengthy heat treatments. Moreover, the samples obtained
through physical techniques are not in phase pure form,
as there is no control over the formation of other phases
during reaction.'® Due to the formation of undesired sec-
ondary phases the energy levels and electronic transitions
of dopant atoms get changed and this may affect the opti-
cal properties of the phosphor material.!® Another dis-
advantage of the physical methods is that there is no
control over growth of particles, i.e., control of parti-
cle size, crystallinity and morphology. There exist sev-
eral reports on the synthesis of LiAl;O4 nanostructures by
wet chemical methods such as sol-gel,'® hydrothermal and
precipitation.® Most of these wet chemical methods pro-
duce phase pure LiAl;O,. However, reports on'the synthe-
sis of LiAl;Og by wet chemical methods with controlled
size, shape and crystallinity are limited.!® While the optical
properties of rare-earth doped metal oxides depend mainly
on the dopant concentration, it has also been observed that
an increase in particle size may lead to a redshift in emis-
sion wavelength.!”

In this article we report on the synthesis of efficient
wavelength converting LiAl;Oq:Fe?* nanoparticles of con=
trolled size and shape by varying the reaction conditions
in a wet chemical technique. The nanoparticles are highly
crystalline and monodispersed. Different morphologies of
LiAl;O4:Fe*™ nanoparticles could be obtained by con-
trolling the pH of the reaction solution. Growth imecha-
nism and emission behavior of the nanoparticles have been

discussed.
|

2. EXPERIMENTAL DETAILS
2.1. Materials

Lithium hydroxide monohydrate (LiOH - H,O, 98%
Aldrich), aluminum chloride (AICI;, 99.99% Aldrich),
iron chloride hexahydrate (FeCl, - 6H,0, Acros Organics),
tartaric acid (C,Hg,Oq, extra pure, Junsei Chemical Co.
Ltd.) and sodium hydroxide (NaOH, extra pure, Samchun
Chemical Co. Ltd.) were used as received without further
purification.

2.2. Synthesis

Synthesis of Fe** doped LiAl;Og was carried out by sol—
gel method. First the precursors such as lithium hydroxide
monohydrate (0.004 mol), aluminum chloride (0.02 mol)
and iron chloride hexahydrate (0.0005 mol) were dissolved
in 100 mL of deionized (DI) water in a round bottom flask.
Then a 50 mL of aqueous tartaric acid solution (0.005 mol)

Jadhav et al.

was added slowly to the earlier mixture as a complex form-
ing agent. The mixture was then stirred at room tempera-
ture for 1 h using magnetic stirrer. The pH of the reaction
mixture was adjusted either to 3, 5, 7, 9 or 11, by adding
different amounts of a 1.0 M NaOH solution. The reac-
tion mixture was then heated to 80 °C and maintained at
this temperature for 4 h, under continuous magnetic stir-
ring. The orange colored sol finally converted into thick
gel which was dried at 120 °C for 6 h in air. The obtained
powders were air annealed at 1200 °C for 6 h using a
muffle furnace.

2.3. Characterizations

X-ray diffraction (XRD) patterns of the as-prepared and
annealed powder samples were recorded using the Cu
Ka radiation (A = 1.54056 A) of a Rigaku X-ray diffrac-
tometer operating at 40 kV and 150 mA, at a scanning
rate of | 0.02° per second in the range of 26 = 10 —90°.
Surface composition and chemical state of the constitut-
ing, elements of the phosphor particles were evaluated
by a Thermo VG Scientific (England), Multitab 2000
X-ray photoelectron spectrometer (XPS). Size and shape
of the synthesized particles were examined with JEOL
JEM 2100F transmission electron microscope (TEM) oper-
ating at 200 kV. For TEM observations, the samples were
prepared by placing a drop of cyclohexane dispersed col-
loids over the carbon coated microscopic grids (300 mesh
size) and subsequent drying under infra-red illumination.
Electron spin resonance (ESR) spectra of the nanoparticles
were recorded at room temperature on a JEOL (Japan),
JES PX 2300 FT-ESR magnetometer. Room temperature
photoluminescence (PL) emission spectra of the powder

. ,samples were measured with a Hitachi F-7000 fluores-

cence spectrophotometer, using the 200 nm excitation of a
Xenon lamp.

3. RESULTS AND DISCUSSION

For the effective wavelength conversion, the phosphor
materials should be in nanometer regime and have homo-
geneous distribution in the matrix. Higher efficiency
of wavelength conversion is expected for the phosphor
nanoparticles of uniform size distribution. For obtaining
uniform particle size, a careful control of reaction param-
eters during sol-gel process is necessary. The size of
the colloidal particles and their aggregation depend on
several factors such as pH, composition of the reaction
mixture, and reaction temperature.'® In sol-gel synthesis
of LiAl;O4:Fe’* nanoparticle, pH of the reaction mix-
ture plays significant roles in controlling their growth
and emission behaviors. Growth mechanisms of nanopar-
ticles in sol-gel reaction have been proposed by several
researchers.'%2*

Figure 1 presents the typical TEM images of
LiAl;O4:Fe’* samples prepared at different pH values of

I /\R T|CLE
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Fig. 1. Typical TEM images of LiAl;O,:Fe’* samples synthesized at:
(A)pH=3,(B) pH=5, (C) pH=7, (D) pH =9 and (E) pH = 11.
Corresponding high resolution images are shown as insets. Particle size
distribution of LiAl;O4:Fe*" synthesized at pH =9 is also presented. All
the samples were annealed at 1200 °C for 6 h in air.

the reaction mixture. Formation of nanometer 51ze partl-
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temperature annealing process. Pan et al.'® could obtain

Co doped LiAl;Og4 nanoparticles of 20-30 nm and 40-
50 nm diameters through sol—gel technique by annealing
their samples at 700 °C and 900 °C, respectively. Even
though their nanoparticles were small enough, the parti-
cles were aggregated and of irregular shapes. We carefully
controlled the solution pH to obtain small nanoparticles of
uniform size distribution, even after annealing at 1200 °C
for 6 h. In general, an increase in the pH value of the reac-
tion medium enhanced particle dispersion and produced
nanoparticles of larger average sizes (Fig. 2).

The formation process of the nanoparticles, their size
and morphology evolutions at different pH values of the
reaction mixture are schematically presented in Figure 3.
In the case of pH = 3, the rate of hydrolysis depends pri-
marily on the concentration of hydrogen ions [H*]. The
hydrolysis and condensation process at low pH condi-
tion -are relatively controlled and selective, which helps
to form linear chains'of metal and oxygen.’*?? During
the polymerization process in sol-gel reaction, the smaller
metal-oxygen chains get hydrolyzed prior to the longer
chains. In longer metal-oxygen chains the rate of hydrol-
ysis is greater, which helps to produce linear chains.?®
The less cross-linked structure helps to produce nanoparti-
cles of very small size. The attractive and repulsive forces
acting on the nanoparticles tend to form their agglomer-
ated structures. LiAl;Oq:Fe*t synthesized at pH = 3 also
shows agglomerated structures with particle size varying
in between 20 and 40 nm. Initially the rate of hydrolysis
depends on the small amount of [H"] present in the reac-
tion medium, which helps to produce linear chains. As the

MER Eount 0 hydroxyl ion species increases with increase in
id

of the solut1on the rate of the hydrolysis and condensa-
M lt10n|depeﬂ1ds on [OH] ions. During gel formation process,

cles of well-defined shapes with narrow size distribution’ | |- [0 ¢

and high crystallinity can be observed from the respec-
tive TEM images and their high resolution images pre-
sented as insets. The average particle size increased from
20 nm to about 37 nm on increasing the pH of the
reaction medium. At pH = 3, the highly acidic reaction
medium produced agglomerated crystalline nanoparticles
of arbitrary shapes, with relatively broader size distri-
bution (Fig. 1(A)). On increasing the pH of the solu-
tion to 5, more dispersed nanoparticles with larger size
and square shape are obtained (Fig. 1(B)). When the pH
of the reaction medium was increased to 7 or 9, even
larger nanoparticles of quasi-square shape were obtained
(Figs. 1(C and D), respectively). Further increase in pH
of the reaction medium to 11 produced well dispersed
spherical shaped nanoparticles of larger sizes (Fig. 1(E)).
Homogeneity of the produced nanoparticles can be per-
ceived from the size distribution histogram of the sam-
ple prepared at pH =9, as shown in Figure 1. Usually
in the case of ceramic oxides, synthesis of material in
nanometer regime is difficult due to application of high

40

35

30

25

Particle size (nm)

20

pH

Fig. 2. Variation of particle size and their size dispersion with the varia-
tion of the pH value of the reaction mixture in sol-gel process. The error
bars correspond to the standard deviations obtained from the Gaussian
fits to the size distribution histograms.
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Calcmatlon
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Fig. 3. Schematic presentation of formation process- and. morphology evolution. of  LiAl;Oq:Fe** nanoparticles in sol-gel process at different

pH values.

the higher amount of hydroxyl ions helps to-produce cross-
linked structures between linear chains as the probability
of intermolecular reaction is higher than intramolecular
reaction.”> The processes like hydrolysis and condensa-
tion at higher pH values are less controlled and selective,
which lead to higher branching and larger interconnected
particles.?® During gel formation, the growth of nanoparti-
cles takes place by Ostwald ripening process, which helps
to produce larger nanoparticles as observed in the case of
pH values 5-11.

To support the TEM images shown in Figure 1, we
measured XRD patterns of the LiAl;Oq4:Fe’* nanoparti-
cles synthesized at different pH values and annealed ‘at
1200 °C for 6 h. Diffraction patterns of the nanoparti-
cles are shown in Figure 4. All the samples revealed well
resolved diffraction peaks matching well with the standard
diffraction pattern of LiAl;Og3 (JCPDS No. 71-1736). No
additional peak related to iron or its oxide was observed
in the XRD pattern of the nanoparticles, indicating their
phase purity. The average lattice constant evaluated for the
samples using the relation d*> = a*/(h* + k> +1*) was a =
7.9078 A, which is in good agreement with the standard
value of ordered phase LiAl;Oq (a = 7.9080 A, JCPDS
No. 71-1736). Although the variation of pH of the reac-
tion mixture did not generate any other phase rather than
LiAl;Oq, the intensity of the (311) peak of the samples
reduced drastically when the pH of the reaction mixture
was 7 or higher. The result indicates the growth of the
nanostructures along [311] direction is preferred probably
in acidic reaction medium.

To detect the paramagnetic centers and their surround-
ing environments in the nanophosphors, electron spin res-
onance (ESR) spectra of the samples were recorded at
room temperature. Figure 5 shows the room temperature
ESR spectra of LiAl;O4:Fe** nanophosphors synthesized

at different pH values. All the samples revealed single res-
onance absorption peak. Fe ions with their 3d electronic
configuration and S = 5/2 should present five line spec-
tra corresponds to 5/2 <> 3/2, 3/2 < 1/2, 1/2 & —1/2,
—1/2 < —3/2 and —3/2 < —5/2 transitions. Electron
spin magnetic moment is associated with electron spin
rotation around its own axis. The g factor of a param-
agnetic sample is a unit less quantity which depends on
the interaction of electron with the total angular momen-
tum, orbital angular momentum and spin angular momen-
tum. The g-value for LiAl;Og:Fe*" samples synthesized
at pH=3,5, 7, 9 and 11 were 1.9986, 2.0014, 1.9848,
2.0011 and 2.0015, respectively. Boesman®’ and Kedzie?

;have observed that when Fe** occupies octahedral position
in LiAl;O4:Fe*", the g-value comes around 2.0. Table 1
"I'shows the line-width of the ESR signal of LiAl;Oq:Fe’*

~ s = =)
2 de& 8§ = 3
hanil [2) N 2}
Av,ﬁ " \ pH =11
) Wi Wiyt o u'm " |
. pH=9
5
S
> pH=7
‘0
C
g pH=5
pH =3
| | 1CPDS- 71-1736
L1 11 |||,| ITRIT “-I“.l TRITTTTTRTITTTT
10 20 30 40 50 60 70 80 90

26 (Degree)

Fig. 4. Comparative XRD patterns of the LiAl;O4:Fe3™ samples syn-
thesized at different pH values. All the samples were calcinied at 1200 °C
for 6 h in air.
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100 200 300 400 500
H (Gauss)

Fig. 5. Room temperature X-band ESR absorption spectra of the
LiAl;O4:Fe** nanoparticles synthesized at various pH values.

nanophosphors synthesized at different pH values. The line
width of the ESR spectrum depends on the “interaction
between magnetic moment of an electron with surround-
ing nuclei and their electrons. The line-width increases up
to pH =7 and then decreases for pH =9 and pH = 11.
The broader ESR signal for the sample prepared at pH =7
is probably due to its higher lattice disorder.?’

To identify the composition and oxidation state of the
constituting elements of the LiAl;Oq:Fe**, the nanophos-
phors were analyzed by XPS. Comparative XPS survey
spectra of the nanophosphors synthesized at different pH
values of the reaction mixture are shown in Figure 6. All
the spectra were corrected considering the position of the
Cls peak at 284.6 eV as standard. The purpose of XPS
analysis was also to get an idea of dopant concentration
in LiAl;Oy at various pH values. Photoelectron spectra of
all the samples revealed emission peaks corresponding ‘to
Li, Al, O and Fe. XPS surface composition of the sam-
ples synthesized at different pH values are presented in
Table II. As can be noted in the Table II, though all the
samples were prepared at same nominal concentration of
iron, the atomic percent of Fe varied with the variation of
pH. While the estimated content of Fe in the final prod-
uct was maximum for the sample synthesized at pH = 3
(1.13 Atom%), the content of Fe was found minimum for
the sample synthesized at pH =5 (0.76 Atom%).

Table I. Line width of ESR signal of LiAl;O4:Fe’* synthesized at
different pH values. The ESR measurement was carried out at room
temperature.

3

14000000
12000000
< 10000000 pH 11
i 8000000 1 pH 9
§ 6000000 pH7
= 4000000 pH S
20000001 3
1000 800 600 400 200 O

Binding Energy (eV)

Fig. 6. XPS survey spectra of LiAlL;Og:Fe*" nanoparticles synthesized
at various pH values.

Normally the doping concentration in metal oxide nano-
structures- depends largely upon the rate of hydrolysis
process during sol=gel reaction. The precursor FeCl, -
6H;0 dissociates in aqueous solvent to form hexa-aquo
ion [Fe(H;0);7]. The electropositive cation induces the
H,O ligands to act as acids and at lower pH value, and
the deprotonation of these ligands takes place in stepwise
manner.** Complete hydrolysis corresponds to the forma-
tion of Fe'" oxide. The rate of hydrolysis strongly depends
upon pH of the medium. As observed in the emission spec-
tra for the activator ion Fe** in 2p region (Fig. 7), the
intensity of the 711.44 eV peak is maximum for the sam-
ple prepared at pH = 3. Thus it was clear that, at pH = 3,
number of iron hydroxide species in this sample is greater,
and hence the amount of iron dopant incorporated into
the LiAl;Oq lattice is higher than the samples prepared
rat higher pH values. The Fe 2p emission band splits into
two sub-bands associated to Fe2p;, and Fe2Zp,, emis-

"“sions. Iron present in LiAl;Og remained bonded with oxy-

gen and aluminum. For the samples prepared at pH values
3, 5,9 and 11, the peak position of iron represents Fe in
Fe(OH)O (iron (III) hydroxide oxide)®' state appeared at
about 711.44, 711.81, 711.61 and 711.86 eV, respectively.
The sample synthesized at pH = 7 shows mild red-shift of
0.49 eV from the binding energy value of Fe in Fe(OH)O
ie., 711.8 eV.

Figure 8 shows the schematic presentation of the energy
levels in LiAl;O4:Fe*" for the down conversion of Fe*"
under 453 nm excitation. Fe** in its excited state shows
3d> electronic configuration. As ‘d’ subshell of Fe is half

Table II. Elemental composition (in atom %) of the LiAl;Og:Eu**
nanoparticles synthesized at different pH values of the reaction mixture.

LiAl;O4:Fe*t (pH) Line width (Gauss)

LiAl;O4:Fe** O (atom %) Al (atom %) Li (atom %) Fe (atom %)

3 334.45 pH3 48.15 26.81 23.91 1.13

5 370.51 pH S 47.57 24.96 26.71 0.76

7 518.84 pH 7 41.88 25.79 31.34 0.98

9 368.07 pH 9 48.94 24.20 26.00 0.86

11 378.45 pH 11 48.27 23.66 27.16 0.91
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Fig. 7. Expanded Fe 2p3 spectra of LiAl;O4:Fe** nanoparticles synthe-
sized at various pH values. All the samples were annealed at 1200 °C for
6 h in air.

filled, the total orbital quantum number L =0, spin quan-
tum number S = 5/2. Thus the ground' state term’ is °S.
During the formation of Fe** ion, two electrons from 4s
and one electron from 3d shell get released. The ground
state electron gets excited at a wavelength of 453 nm from
%S level to *I (*A,,) level. The excited electron from °I
(*A,,) level relaxes to *T,, level and de-excites or jumps
to %S ground state level with an emission of 675 nm
wavelength. Thus the high energy wavelength was down-
converted to lower energy wavelength in the red region.
When Fe*™ doped LiAl;Oy is excited with UV light
(Ao =453 nm), electrons from °A, (°S) level get excited
to reach “E (*A,) level. The excited electrons then reach
to *T, (*G) level through successive relaxation steps and
finally emits at 675 nm through transition between *T,
(*G) — °A! (®S). In our case LiAl;O4:Fe’* ‘nanophos-
phors display an absorption band near 453 nm and a rela-
tively lower energy emission band around 675 nm, These
wavelength converting phosphors are of high demand for
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Fig. 8. Schematic presentation of the energy levels in LiAl;Oq:Fe*
showing the down conversion of Fe** under 453 nm excitation.
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preparing greenhouse films, which convert higher energy
light to visible or near infra-red range.

Figure 9 shows the room temperature PL emission spec-
tra of the LiAl;Oq:Fe** nanostructures synthesized at dif-
ferent pH values. The excitation of Fe** occurs at 453 nm
(excitation wavelength) due to transitions °A;, — ZA,,,
°T,,. Luminescence in LiAl;O4:Fe’* is attributed to the
presence of Fe*™ in the octahedral site of LiAl;Oq. In this
ordered phase, each Lit ion is followed by three triva-
lent cations; octahedrally coordinated with oxygen.?? The
transition associated to Fe*' in the octahedral position
was also confirmed by ESR results where Fe** ions with
3d electronic configuration are seen to be preferentially
occupied octahedral positions of the host lattice. The sam-
ple prepared at pH = 3 revealed emission peak at about
675.2 nm due to the *T,,(*G) — °A, (°S) transition of Fe’*
ions. The samples prepared at higher pH values revealed
emission peaks at about 677.4, 676.8, 677.8 and 677.6 nm,
for the pH values 5,7, 9 and pH 11, respectively, which are
slightly red-shifted in comparison with the emission from
the sample prepared at pH = 3. The variation of emission
intensity for the samples can be understood through the
variation of activator concentration (Fe content) in them
(see Table II). Variation of activator concentration was

(@ h= 675 nm
453 nm
— 6A1Q_>2A29‘2T1Q
S
8
2
®
c
o
& BJE
|
400 420 440 460 480 500
Wavelength (nm)
(b) Ao = 453 NM
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2
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o
£
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Fig. 9. Room temperature PL (a) excitation and (b) emission spectra
of the LiAl;O4:Fe** nanoparticles synthesized at different pH values. All
the samples were annealed at 1200 °C for 6 h in air, and excited with
the 453 nm emission of a xenon lamp.
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reflected in luminescence spectra of LiAl;Oq:Fe*t samples
synthesized at different pH values.

4. CONCLUSION

Red emitting Fe** doped LiAl;Og nanophosphors of well
defined size and morphologies could be successfully syn-
thesized in sol-gel process by varying the pH value of the
reaction medium. The pH of the reaction medium plays
important role in tailoring size and shape of the nanopar-
ticles. The formation of LiAl;O4:Fe*t nanoparticles with
varied morphology could be understood considering their
bond formation process and pH value of the reaction
medium. Emission intensity of the nanophosphors in red
spectral region could be controlled by controlling the con-
centration of activator in them. Octahedral position of Fe**
activator ions in the host lattice was found to be respon-
sible for the red emissions of the nanophosphors. These
wavelength converting nanophosphors have ' great poten-
tial for applications in energy conversion devices such-as
nanocomposite films used in green houses.
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