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Gd,0zEu®* yolk—shell phosphor powders with high photoluminescence intensity were prepared by spray
pyrolysis. Preparation temperature and spray solution concentration were varied to find the optimum process
conditions for preparation of Gd,Oz:Eu** with yolk—shell structure. The formation mechanism of yolk—shell
Gd,Oz:Eu®" was systematically investigated by observing the microstructures of particles produced
under various preparation conditions. The morphological structure of Gd,03:Eu®" powders was clearly
dependent on reactor temperature and on the precursor solution concentration. Eventually, pure yolk—
shell structured Gd,Oz:Eu®* powders were obtained for a reaction temperature of 1000 °C and concentration
of the spray solution below 0.2 M. Also, the yolk—shell structure formed showed high thermal stability, making
it possible to maintain the original spherical yolk—shell structure through calcination at high temperatures. As a
result, highly crystalline Gd,Os:Eu®* phosphor powders having yolk—shell structure and an agglomeration-free
spherical shape were successfully synthesized by spray pyrolysis. These phosphor powders were shown
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Introduction

There is growing interest in the development of visible light sources
for applications in three-dimensional solid-state displays,"” detec-
tion of biomolecules,> two-photon confocal microscopy,”® and
white LEDs”® and so on.'®'' Among the materials used for
these applications, rare-earth activated oxide compounds with
high-performance luminescence play a key role in producing
high-quality end products.”>™®

The advent of advanced display technologies requires highly
photoluminescent phosphors that are thermally stable, exhibit
desired emitting colors, and have suitable decay times.'*! These
properties are generally affected by physical characteristics of
the phosphor particles such as particle size, morphology, and
crystallinity. Therefore, for phosphor powders, a spherical
shape, small particle size with a narrow size distribution, and
high crystallinity have been generally considered as chief
requirements.”>>* Basically, luminescence properties of phos-
phors depend on the type of activators and host composition;
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to have good photoluminescence characteristics.

a homogeneous distribution of activator ions throughout the
host material is needed to obtain high luminescence for advanced
display devices.>® To prepare phosphor powders satisfying the
requirements listed above, a number of synthetic approaches such
as sol-gel,**® combustion,***° polymer precursor,* glycothermal,**
spray pyrolysis,®*>° spray drying,*”*® and hydrothermal
methods®***° have been investigated. As a result, the powders
produced have a wide variety of morphologies, including filled
sphere, hollow sphere, nanorod, nanowire, nanoplate, core-shell,
tube, and fiber structures.*’*® Their luminescence properties
have been widely investigated.

To obtain high photoluminescence, excitons generated when
host materials or activators absorb energy return to the ground
state by a radiative process.”* > To increase production of excitons,
phosphor powders with a morphological structure that maximizes
absorption of externally supplied energy can be used.*® In pursuit
of this, the phosphor powders should have a structure with high
surface area to effectively harvest the external excitation light.
A yolk-shell structure was used for phosphor materials in previous
work, and revealed that this could achieve greatly enhanced
photoluminescence intensity. The unique yolk-shell structure
consists of an inner core, an interstitial hollow space, and an
external shell,>*>° resulting in a high specific surface area and
creating potential for yolk-shell materials in phosphors. The
enhancement in light absorption in a yolk-shell phosphor
powder with a core@void@shell configuration is attributed to
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multiple light-reflecting and light-scattering in the interstitial
void between the core and the shell. In consequence, yolk-shell
structures can increase photoluminescence efficiency. Recently,
a cost-effective method for large scale production of yolk-shell
materials with various compositions was developed.>*”*° Kang
et al. applied liquid droplets formed by a large-scale ultrasonic
nebulizer and two-fluid nozzle in the production of yolk-
shell materials by simple drying and combustion processes in
gas phases.”»®”° The developed process can be effectively
applied in large scale production of phosphor materials with
yolk-shell structure.

In this study, yolk-shell structured Gd,O;:Eu powders, which
are widely used and serve here as a representative red phosphor
material, were synthesized by spray pyrolysis. In a general spray
pyrolysis process, a hollow structure with a thin wall is formed
when a solute concentration gradient in the droplet is created
during evaporation of the droplets in the reactor.”’”®* During
this process, solute first precipitates at the more highly super-
saturated surface if there is insufficient time for solute diffusion
within the droplet. In addition, the gases evolved from decom-
position of metal salts lead to formation of a hollow-structured
powder. In this work, sucrose was used as the carbon source
material to change the drying characteristics of droplets during
spray pyrolysis. Polymerization and carbonization of sucrose
occur, forming inorganic carbon composites. Subsequently,
combustion of the carbon composite is expected to produce the
yolk-shell-structured Gd,O5:Eu*" phosphor powder. This expected
formation mechanism of yolk-shell structured Gd,Oz:Eu®" powder
was elucidated experimentally by changing reaction temperatures
and noting the resulting morphological changes. In addition,
the effect of the spray solution concentration on morphology
was investigated.

Experimental
Sample preparation

Yolk-shell structured Gd,05:Eu’®* phosphor powders were synthe-
sized by ultrasonic spray pyrolysis. A schematic illustration of the
ultrasonic spray pyrolysis system used for the synthesis is shown in
Fig. S1 in the ESL{ The spray pyrolysis apparatus consisted of
an ultrasonic aerosol generator with six 1.7 MHz resonators to
generate droplets, a quartz reactor (1200 mm in length and 50 mm
in inner diameter), and a Teflon bag filter. Reactor temperatures
of 400, 600, 800, and 1000 °C were used. The flow rate of air used
as carrier gas in the reactor was fixed at 10 L min~". Gadolinium
oxide (Gd,03, 99.9%, Rhodia) and europium oxide (Eu,03, 99.9%,
Aldrich) were used as source materials of the Gd and Eu compo-
nents, respectively. For the synthesis of the powders, spray solutions
were prepared by dissolving gadolinium oxide (Gd,O3, 99.9%,
Rhodia) and europium oxide (Eu,03, 99.9%, Aldrich) into 1 L of
deionized water containing nitric acid (60%; Aldrich). The total
concentrations of Gd and Eu elements were changed to be 0.05,
0.2, and 1.0 M. The mole fraction of Eu, Eu/(Eu + Gd) was fixed
at 0.125 in all the spray solutions. The amount of Gd,03, Eu,03,
and nitric acid for the spray solution of 0.2 M was 31.7, 4.4, and
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12.0 g, respectively. Next, 0.5 M of sucrose (C;,H,,011, Junsei)
as the carbon source material for preparation of the yolk-shell
Gd,0;:Eu®*" powders was added into the above solutions.
The as-prepared powders were post-treated in a box furnace
at temperatures between 900 and 1200 °C for 3 h under an
air atmosphere.

Characterization

Microstructures of the powders were observed by scanning
electron microscopy (SEM) (JSM-6060, JEOL) and field-emission
transmission electron microscopy (FETEM) (JEM-2100F, JEOL).
Crystal phases of the powders were evaluated by X-ray diffracto-
metry (XRD) (X’Pert PRO MPD, Philips) using Cu K, radiation
(/. = 1.5418 A) at the Korea Basic Science Institute (Daegu).
Surface areas of the powders were measured by the Brunauer—
Emmett-Teller (BET) method using N, as an adsorbate gas.
Photoluminescence spectra were measured using a spectrophoto-
meter (LS 50, Perkin Elmer) with a Xe flash lamp as the excitation
light source. Thermogravimetric (TG) analysis was performed
simultaneously using a thermogravimetric analyzer (Pyris 1 TGA,
Perkin Elmer) in the temperature range of 25-600 °C, at a heating
rate of 10 °C min~ " under a static air atmosphere. An image
analyzer (Image], NIH) was used to determine particle-size distribu-
tions of the powders.

Results and discussion

Morphologies of the Gd; ggO5:Euy 1, phosphor powders prepared at
various temperatures by spray pyrolysis from the solutions with
sucrose are shown in Fig. 1. The powder particles had spherical
shapes and did not show aggregation, irrespective of preparation
temperature. However, with an increase in the preparation
temperature, mean particle size decreased. The mean particle
sizes estimated from SEM results were 1.2, 1.0, 0.8, and 0.6 um
for preparation temperatures of 400, 600, 800, and 1000 °C,
respectively. The combustion degree of carbon component
and densification according to the preparation temperatures

Fig. 1 SEM images of the as-prepared Gd>Os:Eu** phosphor powders pre-
pared at the temperature of (a) 400 °C, (b) 600 °C, (c) 800 °C, and (d) 1000 °C.
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Fig. 2 Morphologies and elemental mapping images of the as-prepared
Gd,Os:Eu** phosphor powders prepared at the temperature of 1000 °C:
(a) TEM image of the powder, (b) HR-TEM image of the powder, (c) SAED
pattern of the powder, and (d) dot-mapping images of the powder.

changed the mean size of the particles. From the inset images
of the powders, yolk-shell structure was perceptible for the
specimens prepared at 800 °C and 1000 °C (Fig. 1c and d). For
preparation temperatures of 400 °C and 600 °C, the powders
have a filled rather than a yolk-shell structure.

More-detailed microstructures of the as-prepared Gd,O;:Eu®*
phosphor powders prepared at 1000 °C were observed by TEM and
elemental mapping images are shown in Fig. 2. In Fig. 2a, the
powders show the yolk-shell structure with a configuration of
external shell, inside core, and interstitial hollow space. The core,
with submicron dimensions, is located inside a hollow shell having
a thickness of several tens of nanometers. The high-resolution TEM
image in Fig. 2b shows clear lattice fringes separated by 0.31 nm,
corresponding to the (222) plane of Gd,O3:Eu®" (JCPDS Card No.
43-1014). In addition, in the corresponding selected-area electron
diffraction (SAED) pattern in Fig. 2c, well-defined concentric rings
indicate that the powder obtained at 1000 °C has a polycrystalline
Gd,O; phase with high crystallinity. All ingredients in droplets can
be mixed well in a molecular level, which makes it possible to
achieve the uniform substitution of Eu ions into host lattices. To
check this, an elemental mapping was carried out. The mapping
results shown in Fig. 2d indicate that europium activators are
uniformly distributed over the Gd,O; host matrix. This demon-
strates that no phase separation of the components occurs in the
drying and decomposition processes of the droplets.

In order to investigate the effect of preparation temperature on
the phase and structure of the as-prepared Gd,O3:Eu®" particles,
XRD analysis was carried out; the results are displayed in Fig. 3. For
particles prepared at 400 °C, no diffraction peaks corresponding to
the crystalline form of Gd,O; are observed. This indicates that a
purely thermal decomposition of the precursors followed by Gd,O5
crystallization did not occur, and the powders prepared at 400 °C
consist of a carbon composite containing gadolinium and
europium components. The existence of carbon components
was identified by TG analysis, shown in Fig. S2a (ESIt): gradual
weight loss was observed up to approximately 650 °C, and is
due to decomposition of residual elementary carbon and metal
salts in the composite structure. Total weight loss was 46%.

This journal is © the Owner Societies 2015

View Article Online

Paper
y
~ g ) g
S Loooec)| 5 5 Yo = gt
© 1000 °C
A
>
= 1800°C
(7]
C
QO |600°C
= -
400°Ck

20 30 40 50 60
20 (degrees)

Fig. 3 XRD patterns of the as-prepared Gd,Osz:Eu phosphor powders
prepared at the various reaction temperatures.

In the specimen prepared at 600 °C, low, broad peaks assigned
to the cubic phase of Gd,O; are observed, indicating that
crystallization to the Gd,O; phase occurs at the surface of
powders. The XRD peak intensity steadily increased and the
peak became narrower with increased preparation temperature.
From the TG results shown in Fig. S2(a) (ESIT), it can be seen
that during the heating cycle, there was no weight loss for
temperatures above 650 °C. That is, decomposition of Gd, Eu,
and carbon components is complete at this temperature. For
the phosphor sample prepared at 1000 °C, no weight loss was
observed (see Fig. S2(b), ESIt), and it is concluded that carbon
components were entirely decomposed and highly crystalline
Gd,0; powders produced. The mean crystallite sizes, calculated
by the Scherrer equation from the (222)-reflection peak widths
in the XRD patterns, were 4.2, 10.6, and 16.5 nm for preparation
temperatures of 600, 800, and 1000 °C, respectively. This increase in
crystallite size indicates that crystallinity of the as-prepared
Gd,0;:Eu®" phosphor powders increases with increasing prepara-
tion temperature.

From the above results for different preparation temperatures,
the formation mechanism of yolk-shell Gd,O,:Eu** phosphor
powders can be summarized: at 400 °C, the lowest preparation
temperature studied, spherical powders with a filled structure were
formed instead of a yolk-shell structure as seen in Fig. 1a. The
carbon source, sucrose, is not fully decomposed due to the low
reaction temperature, and an intermediate product composed
of gadolinium, europium, and carbon compounds results.
At higher preparation temperatures, surface combustion of the
carbon forms composite particles having a core-shell structure
(core: C-Gd-Eu-O/shell: Gd,03:Eu). Given that the Gd,O; cubic
phase was observed at 600 °C (Fig. 3), the surface combustion
generates a crystallized Gd,O; shell. Subsequently, the contraction
of the C-Gd-Eu core as a result of further heating leads to
formation of yolk-shell powders (C-Gd-Eu-O@void@Gd,0;:Eu).
Finally, at the highest preparation temperature of 1000 °C studied,
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Scheme 1 Schematic diagram of the different Gd,O3:Eu®* morphologies
of each powder created by different preparation temperatures.

thermal decomposition of the core produces yolk-shell Gd,O3:Eu®*
phosphor powder with the Gd,Os:Eu@void@Gd,0s:Eu configu-
ration. Rapid combustion of the carbon component elevates the
powder temperature during formation of the yolk-shell structure.
Therefore, the activation of Eu*" (substitution of Eu®*" into the
Gd,0; host) takes place simultaneously with crystallization of the
amorphous phase during formation of the yolk-shell structure, and
results in Gd,O3:Eu®" phosphor powder. The generation of a yolk-
shell structure was confirmed by SEM (Fig. 1d) and TEM (Fig. 2)
observations. TG analysis (Fig. S2, ESIt) verified the complete
decomposition of residual carbon during formation of a yolk-shell
structure, and production of a pure Gd,O3:Eu phase was confirmed
by XRD (Fig. 3). The structures observed for different preparation
temperatures are summarized in Scheme 1.

The concentration of the starting spray solution can affect
the morphology of the Gd,05:Eu®* phosphor powder particles.
To investigate this, the total concentration of the Gd and Eu
components was varied from 0.05 M up to 1.0 M. Fig. 4 shows
SEM images of powders prepared at a reactor temperature of
1000 °C. For spray solution concentrations of 0.05 M and 0.2 M,
the resulting powders showed identical yolk-shell structures
(Fig. 1(d)). However, powders prepared from 1.0 M solution
showed a large thin walled hollow sphere (Fig. 4(b)). The mean
particle size of particles prepared at 0.05 M was about 0.49 um,
smaller than that (0.64 pm) at 0.2 M. For a salt concentration of
1.0 M, the mean patrticle size was about 3.4 um. In spray pyrolysis,
particle size (d,) depends on the salt concentration (C) as: d,, oc C*°.
Then, the particle sizes at 0.2 M and 1.0 M should theoretically be
about 1.6 and 2.7 times that at 0.05 M, respectively. The ratios of
measured particle sizes at these concentrations to those at 0.05 M
were about 1.3 and 6.9, respectively. In a yolk-shell structure,
however, observed particle size strongly depends on the void fraction
or the outer-shell thickness. Given this, the size ratio between
two samples prepared at 0.05 and 0.2 M is reasonable. However,
the measured average particle size for 1.0 M is much larger than
expected from the theoretical relation: dj, oc C'?, as a result of
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Fig. 4 SEM images of the Gd,Os:Eu phosphor powders prepared at
different concentration of spray solution at 1000 °C: (a) 0.05 M, (b) 1.0 M.

the hollow-structure. Generation of hollow-structured particles
at 1.0 M can be explained by the following arguments. In this
work, the concentration of sucrose was fixed although the Gd
and Eu concentration was varied from 0.05 M to 1.0 M. There-
fore, sucrose cannot change the drying characteristics of the
droplets. In contrast, the high concentration of salts in the
spray solution can change where precipitation of salts occurs in
the droplets. When the initial salt concentration is low, the
polymerization of sucrose first occurs before the surface concen-
tration of salts in droplets reaches the critical saturation. As a
result, volumetric precipitation is the dominant process in the
generation of carbon-inorganic composite particles with a filled
morphology. On the other hand, when the initial salt concen-
tration is high, the surface concentration of salts can reach
supersaturation when even a small fraction of water has been
evaporated. Thus, the surface precipitation of salts begins with the
polymerization of sucrose, and consecutively a carbon-salt shell is
inflated like a balloon by the elevated pressure inside droplets due
to evaporated water or gases evolved from precursor decomposition.
Subsequently, hollow-structured precipitates (carbon-inorganic
composite) formed are thermally decomposed, generating hollow
Gd,0;:Eu®" particles. From these results, the concentration of
a spray solution is critical in determining the morphology
of Gd,0;:Eu®" powders. On the basis of the results achieved
so far, the process conditions to obtain yolk-shell structured

This journal is © the Owner Societies 2015
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Gd,05:Eu®" powders via a one-pot spray process were a reactor
temperature of 1000 °C and a solution concentration of 0.2 M
or lower.

To increase crystallinity and activate the Eu ions for powders
having yolk-shell structure, the powders obtained at 1000 °C
were post heat-treated at various temperatures. In the literature
on the Gd,05:Eu*" phosphor, high photoluminescence was achieved
for a post treatment process at around 1000 °C.*****” For this
investigation, the prepared powders were post heat-treated at
temperatures between 900 and 1200 °C; Fig. 5 shows TEM
images of the Gd,O;:Eu®" phosphor particles processed at
various temperatures. All specimens have a yolk-shell structure
after the post thermal treatment. Additionally, no agglomera-
tion between particles occurs, maintaining the spherical shape
regardless of the thermal treatment temperatures. However,
with an increase in the heat treatment temperature, the grain
size of the particle also increases (Fig. S3, ESIT). The specific
surface areas of the post heat-treated powder are 5.1, 4.8, 2.4
and 1.3 m? g~ for powders post treated at 900, 1000, 1100 and
1200 °C, respectively, as shown in Fig. S4 (ESIt). The decre-
ments in specific surface area indicate that more densification
occurs with increasing post treatment temperature.

XRD analysis was conducted in order to confirm the relation of
phase and crystallite size to post heat treatment temperatures.
As shown in Fig. 6, the major crystal phase was cubic, regardless
of thermal treatment temperature. For a temperature of 1200 °C, the
monoclinic phase was detected as an impurity phase. That is, at
1200 °C, some cubic phase was transformed into monoclinic.®>*®
The crystallite sizes of the cubic phase were calculated by the Scherrer
equation from peak widths of the (222)reflection in the XRD
patterns. The resulting crystallite sizes were 31, 48, 95, and 132 nm
for temperatures of 900, 1000, 1100, and 1200 °C, respectively.

(b)

0.5 um

Fig. 5 TEM images of the post heat-treated Gd,Oz:Eu** phosphor powders
prepared at the temperature of 1000 °C: (a) 900 °C, (b) 1000 °C, (c) 1100 °C,
and (d) 1200 °C.
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Fig. 6 XRD patterns of the post-treated Gd,Osz:Eu** phosphor powders
at the various temperatures.
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The increments in crystallite sizes are in good agreement with
the TEM results shown in Fig. 5 and Fig. S3 (ESIY).

Fig. 7 shows the photoluminescence properties of the yolk-
shell structured Gd,0;:Eu®*" phosphor powders post treated at
various temperatures. The emission spectra were observed
using excitation by 254 nm ultraviolet (UV) light; luminescence
was measured at the main emission peak of 612 nm. It is well
known that cubic phase Gd,03:Eu** phosphor absorbs UV light
through a charge transfer band (CTB) process and the 612 nm
red emission is due to the *Dy-"F, transition in Eu*" ions.** The
excitation band centered at 248 nm is attributed to CTB
absorption between O®>~ and Eu®'. For the internal transition
(®s — °P) of Gd** and the *f; intra-configurational transition of
Eu®’, the excitation intensities were very weak. To elucidate the
existence of internal transitions, the enlarged spectrum in
wavelength regions longer than 300 nm for the sample post-
treated at 1100 °C was shown in the inset of Fig. 7(a). The peak
at 314 nm was due to the ®S — °P transition of Gd** ions. Above
350 nm, all peaks observed were due to the f-f transition of
Eu®". In the yolk-shell Gd,0;:Eu’* phosphor, the most intense
absorption band was corresponding to the 0>~ — Eu®" energy
transfer. Fig. 7(b) shows the emission spectra of yolk-shell
structured Gd,O;:Eu®'. The red emission observed matches
the luminescence characteristics of Gd,Os;:Eu®" phosphor.
The emission spectrum of cubic Gd,O;:Eu displays °D,-"F,
(J=0,1, 2, 3, 4) transitions typical of Eu** ions. The strongest
emission peak, centered at 612 nm, is due to the *Dy-"F, transition
of Eu®* ions. The emission intensity of the Gd,O3:Eu’* yolk-shell
phosphor powders increases with increasing post-treatment tem-
perature up to 1100 °C. In general, the luminescence intensity of
phosphors can be enhanced by increasing the crystallinity.******
Under the assumption that there is no significant difference in
particle size, smaller surface area yields higher emission intensity
because of a decreased number of surface defects. The BET,
XRD, and TEM results indicate that crystallinity was increased
and the surface area was reduced progressively by increasing
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Fig. 7 Photoluminescence (a) excitation, and (b) emission spectra of the
Gd,Osz:Eu®* phosphor powders at the various sintering temperatures.

the calcination temperature. Given these results, the emission
intensity should monotonically increase with increasing post heat
treatment temperature. However, the highest emission intensity was
achieved at 1100 °C. The crystal phase is a crucial factor influencing
the emission properties of phosphors. For a Gd,O3:Eu®" phosphor,
the cubic phase is known to have better luminescence characteristics
compared to monoclinic.%*® Therefore, despite the larger crystallite
size and smaller surface area for the powder thermally treated at
1200 °C compared to that treated at 1100 °C, the relatively lower
emission intensity at 1200 °C results from the presence of the
monoclinic phase as an impurity. The optimal thermal treatment
temperature for yolk-shell structured Gd,O:Eu®" phosphor to have
its highest photoluminescence was determined to be 1100 °C.

Conclusions

In this study, the yolk-shell structured Gd,0;:Eu’* was prepared
by spray pyrolysis and the particle formation mechanism was
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systematically examined by controlling the preparation tempera-
ture and concentration of the spray solution. The microstructures
of Gd,O5:Eu’®" particles were strongly influenced by the reactor
temperature as well as the precursor concentration. To prepare
Gd,05:Eu’" particles having a yolk-shell structure, the reactor
temperature should be higher than 600 °C and the concentration
of precursor salts should be lower than 0.2 M. Pure yolk-shell
structured Gd,Os:Eu®’ can be directly produced at a reaction
temperature of 1000 °C because residual carbon remaining in the
powder is entirely decomposed at this temperature. The yolk—shell
structure of Gd,05:Eu’* particles showed good thermal stability in
that no agglomeration was observed after post heat treatment in
the temperature range from 900 °C to 1200 °C. The highest photo-
luminescence intensity of Gd,Os;:Eu®* yolk-shell powder was
obtained with a post-treatment temperature of 1100 °C. The spray
pyrolysis technology developed in this study is expected to be widely
applicable to the preparation of yolk-shell structured phosphor
powders with enhanced photoluminescence intensity.
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