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Effect of Different Surfactants on the Size Control and Optical Properties of Y,O03:Eu®*
Nanoparticles Prepared by Coprecipitation Method
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Nanoparticles of europium-doped yttrium oxide (Y,03:Eu*") were synthesized by coprecipitation method
with use of different surfactants like butanol, hexanol, and oleic acid. The as-prepared Y,03:Eu*" samples
were annealed at 800 °C and characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), and UV—visible
and photoluminescence (PL) spectroscopy techniques. The nanoparticle shows cubic phase structure. Surfactant
helps to inhibit or control the particle growth and avoids agglomeration of nanoparticles effectively by reducing
the oxygen bridge bonds between the particles. The most intense red emission peak occurs at 614 nm at an
excitation wavelength of 4 = 200 nm. Nanoparticles of Y,O3:Eu*" with a particle size of 30 nm synthesized
by using oleic acid with NaCl show a 73% rise in PL intensity of the 614 nm peak.

Introduction

Considerable research on upconverting phosphors has been
carried out for a long time due to their wide application in
various fields. Europium-doped yttrium oxide has attracted much
research interest due to its wide applications in display
technologies. The phosphor has good luminescent characteristics,
acceptable atmospheric stability, reduced degradation under
applied voltages, and no hazardous constituents as opposed to
sulfide phosphors.! In particular, the nanostructured phosphors
are of great interest as they offer brighter cathodoluminescence
and much improved screen packing.? Inorganic nanoparticles
manifest unique size and shape dependent properties, which to
some extent depend on their crystallinity, defect contents, and
preparation techniques. Y,03:Eu*" nanostructures of different
morphologies have been synthesized by using different methods
such as gas phase condensation technique,’ sol—gel route,*
homogeneous precipitation,® spray pyrolysis,” and hydrothermal
method.?

Phosphor particles should have a spherical shape and high
luminescence efficiency for their successful applications as they
are capable of minimizing light scattering on their surfaces
improving the efficiency of light emission and the brightness
of a phosphor screen.”!'® However, the shape and size of
luminescent particles depend on their synthesis method. Phos-
phor particles synthesized by different methods show variation
in their size, shape, and optical properties. For example, the
phosphor particles prepared by solid state reaction have irregular
shape and surface damage, which acts as a nonradioactive
transition center, decreasing their luminescence efficiency.’ On
the other hand, the synthesis of Y,03:Eu** nanoparticles by
coprecipitation methods is simpler and does not require heating.
Coprecipitation synthesis involves dissolution of compound salt
precursor in aqueous media and subsequent precipitation from
the solution by pH adjustment. Apart from its simplicity, atomic
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mixing of the constituents by chemical coprecipitation yields a
final product of near-perfect stoichiometry without high-
temperature treatment. The chemical coprecipitation begins by
dissolving the starting oxides in an acid solution or salts in
aqueous medium. The solution is then mixed with another
solution of dissolved precipitating agent to precipitate the mixed
oxalate or hydroxide out of solution. The final crystalline oxide
is obtained by firing the precipitates at a higher temperature.!!
The surfactant used in the synthesis helps to control the grain
growth and agglomeration of particles efficiently. Surfactant also
reduces the oxygen bridge bonds between particles and avoids
agglomeration efficiently.!> The sintering process plays an
important role in controlling the particle size through ag-
glomeration. Hydrogen bonds between chemically combined
OH™ resulting in the formation of oxygen bridge bonds have
been cited as the main reason for such hard agglomeration.'3!4

He et al. have carried out the synthesis of Y,03:Eu*"
phosphors using butanol as a surfactant. Addition of butanol as
a surfactant inhibits the grain growth and the efficiency of
particle agglomeration by reducing the oxygen bridge bonds.
On the other hand, the pH of the medium also plays an important
role in controlling the photoluminescence (PL) intensity and
particle size of the phosphor.'?

In this work we synthesized Y,03:Eu" phosphor nanopar-
ticles using different kinds of surfactant such as butanol,
hexanol, oleic acid, and oleic acid—NaCl mixture. Y,O05:Eu*"
phosphors were synthesized by using oleic acid show narrow
particle size distribution in the range of 100—120 nm. The
nanoparticles were studied for their structural and emission (PL)
behaviors. The effect of NaCl addition on the particle size, size
distribution, and emission behavior of the nanophosphors has
been studied.

Experimental Section

Materials. Yttrium oxide ((Y,03) 99.99% Sigma Aldrich),
europium oxide ((EuyOs3), 99.9%, Sigma Aldrich), sodium
carbonate ((Na,COj), Junsei Chemicals Co. Ltd.), sodium
chloride ((NaCl), Duksan Pure Chemical Co. Ltd.), butanol
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((C4H00), Junsei Chemicals Co. Ltd.), hexanol ((C¢H;30H),
Junsei Chemicals Co. Ltd.), oleic acid ((C;sH340,), Junsei
Chemicals Co. Ltd.), and hydrochloric acid ((HCl), Jin Chemi-
cals Pharmaceuticals Co. Ltd.) were used as received without
further purification.

Synthesis. For the synthesis of Y,03:Eu*" phosphor by the
coprecipitation method, oxides of yttrium and europium, i.e.,
Y,0; and Eu,O;, were converted into their chloride salts
(YCl;3+6H,0 and EuCl;+6H,0) by adding hydrochloric acid. The
reactions that occurred in the process are given below:

Y,0, + 6HCl — 2YCl, + 3H,0 (1)
Eu,0, + 6HCI — 2EuCl, + 3H,0 )

The chloride precursors were prepared by addition of 65.0 mL
of HCI (37%, 1 M) with 10.24 mmol of Y,03; and 3.87 mmol
of Eu,0s3, respectively. Clear solutions were formed after the
addition of HCI. The mixture solutions were then heated at 80
°C and solid YCl5+*6H,0 and EuCl;+6H,0 were collected from
the bottom of the container.

In a typical coprecipitation synthesis, 95.0 mmol of
YCl5+6H,0 (0.725 g) and 5.0 mmol of EuCl;+6H,0 (0.05 g)
were mixed in 50.0 mL of DI water and 1.0 mL of surfactant
under vigorous magnetic stirring for 2 h. While using NaCl with
oleic acid as surfactant, 0.436 g (7.46 mmol) of NaCl was added
to the first solution during the synthesis. The precipitation of
the complex oxalate from the solution was carried out by
dropwise addition of an aqueous Na,CO; solution (0.3 x 1073
M) maintaining the final pH at 7.0. A white precipitate was
formed on addition of the Na,COj solution (eq 3). The obtained
product was washed repeatedly with DI water and separated
by filtration.

surfactant

YCI, + EuCl; + Na,CO, Y,C,0,:Eu,C,0, +
NaCl + CO, + 0, (3)

The as-prepared complex was dried at 80 °C for 6 h in air
ambient and then annealed in air at 800 °C for 1 h with use of
a muffle furnace. On annealing, the complex structure is
converted into oxide (eq 4).

0

800°C 3+
Y,C,0,Eu,C,0, — Y,05Eu (4)

Characterizations. The size and shape of the synthesized
nanoparticles were examined with JEOL, JEM-2010, and JEOL
JEM 2100F transmission electron microscopes operating at 200
kV. For TEM observations, a small amount of the powder
sample was dispersed into cyclohexane and a drop was placed
over a carbon coated microscopic copper grid (300 mesh size).
The TEM grid was then dried under a UV lamp. The surface
morphology of the as-synthesized and annealed samples was
studied with use of a field emission scanning electron micro-
scope (FE-SEM, JEOL LTD JSM 890). The powder X-ray
diffraction patterns of the as-prepared and annealed samples
were recorded with use of the Cu Ko radiation (A = 1.54056
A) of a Rigaku X-ray diffractometer at a scanning rate of 0.02°
per second in the 20 range of 10° < 2 6 < 80°. The X-ray
diffractometer was operated at 40 kV and 150 mA. The room
temperature photoluminescence (PL) of the powder samples was
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Figure 1. XRD patterns of Y,0;:Eu’" nanoparticles synthesized with
(a) butanol, (b) hexanol, (¢) oleic acid, and (d) oleic acid with NaCl as

surfactants. The peaks positions are compared with the standard (JCPDS
card 25-1011) at the bottom.

(=}

measured with a Hitachi F-7000 fluorescence spectrophotometer,
using the 200 nm excitation of a Xenon lamp.

Results and Discussion

The XRD patterns of Y203(0A095>:Eu3+<0A005) nanoparticles
synthesized by using different surfactants and annealed at 800
°C are shown in Figure 1. The diffraction peaks appeared at 26
=20.6° 29.2°,31.5°, 33.8°, 48.5°, 57.6°, and 78.8° correspond
to the (211), (222), (321), (400), (440), (622), and (653) planes
of the body centered cubic structure of Y,0s:Eu®*. The high
intensity of the diffraction peaks indicates good crystallinity of
the nanoparticles.

Figure 2 shows the EDS spectra of Y,03:Eu*" nanoparticles
synthesized with different surfactants. The existence of Eu in
the samples is clear in their corresponding EDS spectra. There
appeared no other emissions apart from Y, Eu, O, Cu, and C in
the EDS spectra of the samples. The elemental compositions
of the samples in atomic percent are given in Table 1. The Y
and Eu atomic ratio in the samples was about 95:5, which is
close their nominal compositions (Y (.005) Eu (0.005) O3). Given
the fact that the existence of C and Cu is from the copper grid
used in the characterization, it is easy to see the effective
incorporation of the Eu** into the matrix.

Figure 3 shows the XPS survey spectra of Y,O3:Eu** samples
synthesized with different surfactants. The XPS spectra revealed
the emission peaks correspond to Y, O, C, and Eu in the
synthesized samples. The calibration of the energy scale was
done by using the Cls peak at 284.6 eV as a reference. The
calibration of the energy scale is important as sample charging
took place for the materials under investigation.” XPS is a well-
known surface-sensitive characterization method. The surface
composition obtained is actually a composition of the Y,0;:
Eu®" particle’s surface that was synthesized by using different
surfactants, which is shown in Table 2. According to the data
represented in Table 2 we observed that the Y:Eu?* ratio
increases from the sample prepared by using butanol to oleic
acid with NaCl. The typical Ols core level XPS spectrum for
the Y,05:Eu’" sample synthesized with oleic acid and NaCl is
shown in Figure 4. The spectrum consists of a main peak at
about 533.23 eV and a subpeak at about 531.07 eV. While the
main peak is attributed to O?~ bonded to Y**, the subpeak
represents the bonding between O>~ and Eu®*.!3

Figure 5 shows the TEM images of Y,0s:Eu** nanoparticles
synthesized with different surfactants and annealed at 800 °C.
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Figure 2. EDS spectra of the annealed Y,0;:Eu*" nanoparticles prepared with (a) butanol, (b) hexanol, (c) oleic acid, and (d) oleic acid with NaCl
as surfactants.

TABLE 1: EDS Estimation of Elemental Composition for TABLE 2: Surface Composition of the Y,0s:Eu®"
the Nanophosphors Prepared with Different Surfactants Nanoparticles Synthesized with Different Surfactants
Y-Eu Estimated through XPS Analysis
surfactant Y (atom %) Eu (atom %) (atomic ratio) Eu’t 0 Y Y:Eu?t

butanol 4705+ 0337 3.06+ 0.165 15.38 surfactant (atom %) (atom %) (atom %) atomic ratio
hexanol 40.88 +0.212  1.86 4 0.096 21.98 butanol 0.80 65.53 33.57 41.96
oleic acid 4545 £0.303 2.66 £ 0.141 17.09 hexanol 0.49 73.70 25.82 52.69
oleic acid and NaCl 41.94 +0.282 1.93 £0.127 21.73 oleic acid 0.23 84.45 15.52 67.47

oleic acid with 0.49 64.41 35.10 71.63

NaCl

Formation of nanoparticles of homogeneous size in all the
samples is clear from their corresponding images. Formation
of Y,03:Eu*" nanoparticles of about 60 nm average size has
been reported by He using butanol as a surfactant.!? In our case,
use of butanol produced Y,0;:Eu*" nanoparticles of about 30
nm average size (Figure 5a). Y,03:Eu’" synthesized with
hexanol and oleic acid produced nanoparticles in the 72 and
125 nm size range of diameters (Figure 5b,c), respectively.
However, the shape, size, and size distribution of the particles
depended on the nature of the surfactant used. It has been

observed that the use of a water insoluble surfactant like oleic
acid produces a narrow particle size distribution. Oleic acid
reduces the oxygen bridge bonds between the particles and
avoids hard agglomeration efficiently.'? An oleic acid and NaCl
mixture produced the most homogeneous nanoparticles of about
30 nm average size (Figure 5d). The observed particle size
ranges for the Y,03:Eu* synthesized with different surfactants
are given in Table 3.

The room temperature PL spectra of the nanostructures
synthesized with different surfactants are shown in Figure 6.
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Figure 3. XPS survey spectra of Y,03:Eu’" nanoparticles synthesized Binding Encrey (eV)

with (a) butanol, (b) hexanol, (c) oleic acid, and (d) oleic acid with Figure 4. Ols spectrum of the annealed Y,O3:Eu®" nanoparticles
NaCl. All the samples were annealed at 800 °C in air for 1 h. synthesized with oleic acid and NaCl.
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Figure 5. Typical TEM images of the Y,0;:Eu*" nanoparticles prepared with (a) butanol, (b) hexanol, (c) oleic acid, and (d) oleic acid with NaCl
as surfactant. All the samples were annealed at 800 °C in air for 1 h. Size distribution histograms of the samples are presented as insets of the

corresponding TEM images.

TABLE 3: Variation of Particle Size and PL Intensity of
the Y,03:Eu®" Nanoparticles Synthesized with Different
Surfactants

av particle size (nm);  intensity of the 614

surfactant standard dev (nm)  nm emission peak (au)
butanol 30.5; 8.1 2449.78
hexanol 72.7,24.9 956.84
oleic acid 125.3;26.4 7721.60
oleic acid and NaCl 30.1; 5.0 23396.00

There appeared a strong emission peak at about 614 nm and
two weak emissions at about 630 and 594 nm. The strong
emission band appearing at about 614 nm is commonly assigned
to the ’Dy, — 'F, transition in Eu®" ions,'® whereas the shoulder
peaks appearing at about 594 and 630 nm correspond to the
Dy — "F; and Dy — "F; transitions, respectively.!?

The host Y,0; crystal has a cubic unit cell structure with
space group Ia3, where %/, Y** ion occupies the low symmetric
C, site and '/, Y3 occupies the high symmetric S site. If the
activator Eu*" ions in the host dominantly occupy the site with
low symmetry, the selection rule will be partially broken. As a
result, the emission at 614 nm will be strengthened greatly, and
the 594 nm emission from the D, — ’F, transition will be
weakened remarkably.'®"22 The PL spectrum of our Y,03:Eu®*
nanoparticles synthesized with oleic acid and NaCl shows
maximum luminescence intensity, which is contrary to the
observation of Yan, who has reported a slight decrease of
emission intensity on the addition of NaCl in the reaction
solution.® In our case, the addition of NaCl with oleic acid
showed an ca. 73% increase in PL intensity of Y,03:Eu*" in
comparison with the emission intensity of the nanoparticles

3000+ 614 nm
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Figure 6. Room temperature PL spectra of the Y,03:Eu®* nanoparticles
prepared with (a) butanol, (b) hexanol, (c) oleic acid, and (d) oleic
acid with NaCl as surfactant. For excitation 200 nm emission of a xenon
lamp was used.

synthesized with oleic acid only. In earlier reports a 45% rise
in luminescence intensity was reported by Yan et al.?* After
the addition of NaCl the PL intensities of the most intense peak
(614 nm) of Y,0;:Eu*" nanoparticles synthesized with different
surfactants are presented in Table 3.

Addition of NaCl plays an important role in controlling the
particle size of the Y,0s:Eu*" nanophosphor. As has been
observed from the TEM micrographs, addition of NaCl along
with oleic acid produces Y,03:Eu®" nanoparticles with narrow
particle size distribution. The dissolved salt forms an adsorbed
layer over the surface of the precipitating nanoparticles. This
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adsorbed layer restricts the growth of nanoparticles avoiding
their agglomeration.??* It has been reported that the Na™ and
CI™ ions form the double electric layer at the liquid membranes
over the nanoparticles preventing their further growth.?> As NaCl
has good solubility in water, it can be removed easily by
washing the samples in water rendering no possibility of
contamination. As has been mentioned earlier, addition of NaCl
also increased the PL intensity of our Y,03:Eu** nanophosphors.
We believe that the addition of NaCl in the reaction mixture
helps to promote the diffusion of Y*>*and Eu*" during the growth
of Y,05:Eu®* nanoparticles, which in turn helps to maintain
the proportion of Eu®" in the samples, promoting better
crystallization and reducing surface defects. As can be seen from
Figure 6, addition of NaCl in the reaction mixture enhanced
the PL intensity of the nanoparticles about two times in
comparison with that of the nanoparticles prepared with oleic
acid only.

As has been mentioned earlier, the synthesis of Y,03:Eu*"
nanoparticles has been carried out with butanol, hexanol, and
oleic acid as surfactants. Water is a polar solvent that attracts
the —OH group. Butanol and hexanol molecules have a nonpolar
carbon chain and a polar —OH terminal group. Hence, their
solubility in water is limited. On the other hand, their larger
alkyl groups will interfere with the hydrogen bonds of water
molecules strongly, causing an increase in the van der Waals
force.?® The solubility of butanol in water is 1.006 mol kg™
(9.1 mL/100 mL of H,O at 25 °C), and for hexanol it is 0.061
mol kg™! (590 mg/100 mL of H,O at 25 °C).2” During the
coprecipitation process, the surfactant butanol or hexanol is
added to the aqueous solution containing yttrium and europium
salts.

Oleic acid is hydrophobic in nature. At low concentration,
randomly moving oleic acid molecules in water form a layer
over the nanoparticles through a chemical or physical adsorption
process, facing the hydrophobic groups toward the aqueous
phase. This adsorption leads to the increase of hydrophobicity
of the particle surface.” The addition of Na,COj as a precipitat-
ing agent results in the formation of the complex structure
Y,C,0,4:Eu,C,04. Washing precipitated nanoparticles will re-
move the soluble byproducts. The organic part present in the
precipitated product will be removed during the annealing
process and Y,03:Eu*t phosphor will be formed after annealing
at 800 °C. Addition of NaCl with oleic acid results in the
formation of sodium oleate, which is more soluble (100 mg/
mL at 25 °C)?® in water than only oleic acid (which is insoluble
in water)® and helps to obtain homogeneous phosphor particles
during precipitation.

Conclusion

In summary, Y,Os:Eu*" nanophosphors were synthesized with
various surfactants such as butanol, hexanol, oleic acid, and oleic
acid—NaCl mixture. The highly crystalline, monodispersed
nanoparticles have high PL emission at room temperature. While
the use of oleic acid alone produces Y,03:Eu*" nanoparticles
of largest size, Y,03:Eu*" nanoparticles synthesized with oleic
acid and NaCl together are smallest in size, with the best
homogeneous size distribution and maximum emission ef-

Jadhav et al.

ficiency. Addition of NaCl as co-additive along with oleic acid
has shown an improvement in the size homogeneity and reduces
surface defects in Y,03:Eu®" nanophosphors. We have dem-
onstrated that the red emitting Y,O;:Eu*" nanophosphors of
particle size in the 30 nm range with high PL emission can be
prepared through the coprecipitation method with oleic acid and
NaCl mixture as surfactant.
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