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Gdo0,S:Ln*" (Ln = Eu, Tb) submicrospheres were successfully prepared through a facile and mild solvothermal
method followed by a subsequent heat treatment. X-ray diffraction (XRD) results demonstrate that all the diffraction
peaks of the samples can be well indexed to the pure hexagonal phase of Gd,0,S. The energy dispersive
spectroscopy (EDS), element analysis, and FT-IR results show that the precursors are composed of the Gd, Eu, O, S,
C, H, and N elements. The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) results
show that these spheres are actually composed of randomly aggregated nanoparticles. The formation mechanism for
the Gd»0,S:Ln**(Ln = Eu, Tb) spheres has been proposed on an isotropic growth mechanism. Under ultraviolet
excitation, Gd,0,S:Ln*"(Ln = Eu, Th) spheres show red and green emission corresponding to the °Dg—'F transition
of the Eu®" ions and the °D,—Fj transition of the Th®" ions. Furthermore, this synthetic route may have potential

applications for fabricating other lanthanide oxysulfides.

1. Introduction

Lanthanide compounds, such as hydroxides,1 oxides,’
phosphates,3 fluorides,* oxysulﬁdes,5 and vanadates,® have
been extensively studied because of their potential applica-
tions as high-performance magnets, luminescent devices,
catalysts, and other functional materials based on the elec-
tronic, magnetic, optical, and chemical characteristics arising
from their f electrons.” Among them, the lanthanide (La—Lu)
oxysulfides with high chemical stability and high thermal
stability are known as wide-gap (4.6—4.8 eV) materials.®
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They are also efficient phosphors with a broad excitation
band. Therefore, Eu>" activated lanthanide oxysulfides be-
come a very important family of inorganic materials that
have potential applications in various fields, such as color
television picture tubes, radio-graphic imaging, field emission
displays, and long-lasting phosphorescence.
Conventionally, Ln,O,S (Ln = La, Pr, Nd, Eu, Gd, Tb)
could be synthesized by the reaction of rare-earth oxide with
S gas or CS; in the temperature range 597—1027 °C. In ad-
dition, the Eu-doped Ln,0O,S phosphor materials were pre-
pared by rare-earth oxides with elemental sulfur and flux
(Na,COs) at 1100 °C in a reduced atmosphere for 2 h or by
direct thermal decomposition of the respective oxalate com-
pounds under Ar and S vapor.'” However, the subsequent
grinding generally degrades luminescent efficiencies because
of the introduction of surface defects that act as non-radiative
recombination centers, and the morphology of the powder
is often irregular."' More recently, many efforts have been
directed toward the design and synthesis of lanthanide chal-
cogenides at the nanoscale stimulated by their interesting
properties which differ from those of the bulk materials.
Nano to micro scale Ln,0,S:Eu*" (Ln = Y, La, and Gd)
with different morphologies have been synthesized by
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sol—gel method, >~ 13 combustion,9 conversion via the boron—

sulfur method,'® solvothermal pressure-relief method, ' ther-
mal decomposition of the precursor of Ln(phen)(ddtc)s;
(phen = 1, 10-phenanthroline; ddtc = dieth7yldithiocarba-
mate), and conversion of Gd(OH); method.'” But to the best
of our knowledge, spherical lanthanide oxysulfides have been
rarely reported to date because of the great difficulty in
finding an effective synthetic route.!” However, it is well-
known that uniform, spherical phosphor powders favored in
the screening process are desirable for high-quality display
devices.'"® In recent years, the hydrothermal/solvothermal
process has been widely used to prepare nano- or micrometer
sized particles with uniform size and shape. Some mono-
disperse nano/microspheres were successfully synthesized
through the surfactant-assisted hydrothermal/solvothermal
process.

In this paper, we report the preparation of spherical Gd,-
0,S:Ln** (Ln= Eu, Tb) materials through a facile solvother-
mal process by subsequent heat treatment process. A phe-
nomenological growth mechanism for the submicrospheres
is proposed. Finally, we investigate the photoluminescence
properties of Gd,0,S:Eu*" and Gd»0,S:Tb*". This syn-
thetic route is also suitable for fabricating other lanthanide
oxysulfide.

2. Experimental Section

2.1. Preparation. The rare-earth oxides RE;O; (RE = Gd, Eu)
(99.99%) and TbsO7 (99.99%) were purchased from Shanghai
Yuelong Non-Ferrous Metals Limited. The other chemicals
were purchased from Beijing Chemical Co., and all chemicals
are analytical grade reagents and used directly without further
purification. Rare-earth nitrate stock solutions were prepared
by dissolving the corresponding metal oxide in nitric acid at
elevated temperatures. In a typical procedure, 3.9 mL of Gd-
(NO3); (0.5 M) and 1 mL of Eu(NO;); (0.05 M) were added
into 25 mL of ethylene glycol (EG), then 2.0 g of poly(vinyl
pyrrolidone) (PVP K30, M = 40000) was added into the above
solution. After vigorous stirring for 10 min, the PVP was dis-
solved thoroughly. Then 10 mL of ethanol solution containing
0.11 g of thiourea was added dropwise into the above solution.
The as-obtained solution was stirred for another 30 min. Then
the transparent feedstock was transferred to a 50 mL Teflon-
lined stainless autoclave and heated at 200 °C for 24 h. After
naturally cooling to room-temperature, the precursors were
separated by filtration, washed with ethanol and deionized
water five times, and dried in atmosphere at 60 °C overnight.
The final products were obtained through a heat treatment at
desired temperatures (600—800 °C) for 2 h under an inert N,/S
atmosphere.
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Figure 1. XRD patterns for the precursor and Gd,0,S:Eu*" submicro-
spheres annealed at different temperatures as well as the data of Gd,0,S,
JCPDS card no. 26— 1422, for comparison.

2.2. Characterization. Powder X-ray diffraction (XRD) mea-
surements were performed on a Bruker D8 focus X-ray powder
diffractometer with Cu Ka radiation (A = 0.15405 nm). Ele-
mental analysis of C, H, and N were carried out on VarioEL
(Elementar Analysensysteme GmbH). Fourier transform infra-
red spectroscopy (FT-IR) spectra were measured with the
Perking-Elmer 580B infrared spectrophotometer using the
KBr pellet technique. The size and morphology of the samples
were inspected using a field emission scanning electron micro-
scope equipped with an energy-dispersive spectrometer (EDS)
(FE-SEM, S-4800, Hitachi, Japan). The transmission electron
microscopy (TEM) and selected area electron diffraction
(SAED) patterns were obtained by a JEOL-2010 transmission
electron microscope at the accelerating voltage of 200 kV.
Photoluminescence (PL) excitation and emission spectra were
recorded with a Hitachi F-4500 spectrophotometer equipped
with a 150 W xenon lamp as the excitation source at room
temperature. The luminescence decay curves were obtained
from a Lecroy Wave Runner 6100 Digital Oscilloscope (1 GHz)
using a tunable laser (pulse width = 4 ns, gate = 50 ns) as the
excitation source (Continuum Sunlite OPO). All the measure-
ments were performed at room temperature.

3. Results and Discussion

3.1. Structures. Figure 1 shows the XRD patterns of
the as-prepared precursor sample and those annealed
from 500 to 800 °C, as well as the data of Gd,0,S
(JCPDS No. 26—1422), respectively. There are two broad
peaks near 260 = 28.55° and 47.26° in the curve of the
precursor, indicating that the precursor is composed of
amorphous gadolinium compound. According to the
results of EDS (Supporting Information, Figure S1)
and element analysis measurement, the precursor is com-
posed of Gd, Eu, C (5.373 wt %), O, N (0.842 wt %),
H (1.5105 wt %), and S elements. The FT-IR spectra of
the precursor synthesized with and without PVP are
shown in Figure 2. Compared with curve (b), curve (a)
has two additional absorption peaks located at 1296 and
1658 cm ™!, which can be attributed to the stretchingzmode
of the tertiary amine group and C=0, respectively.?’ This
result may be indicative of the existence of PVP in the
precursors. The band at 1520 cm™ ' is attributed to the
C—N stretching vibration which appears at 1474 cm™'
in pure thiourea. The blue shift of the C—N stretching
vibration implies that the sulfur atom of the thiourea was
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Figure 2. FT-IR spectra of the precursors synthesized at 200 °C for 24 h with (a) and without (b) PVP.

coordinated to the metal ion in the precursor.>! The C=S
stretching vibration at 1084 cm™' in pure thiourea ap-
pears as a doublet in the precursor at 1137 and 1073 cm ™',
further confirming the existence of Gd—S bond.?' The
absorption peak at 606 cm ™' may signify the presence of
0(Gd—S) mode.?” But the precise structure of the pre-
cursor cannot be obtained and needs to be probed further.

After being annealed at 500 °C, the sample remains
amorphous. When the temperature is higher than 600 °C,
well-defined diffraction peaks appear; all of them can be
indexed to the hexagonal phase of Gd,O,S according to
the data of JCPDS card no. 26—1422, suggesting that the
precursor sample has begun to crystallize into Gd,O,S at
this heating temperature. Further increasing the anneal-
ing temperature from 600 to 800 °C, the peaks become
even sharper and stronger, which is due to the increase of
crystallinity.

In general, the nanocrystallite size can be estimated from
the Scherrer equation, D = 0.9414/f cos 6, where D is
the average grain size, the factor 0.941 is characteristic of
spherical objects, 4 is the X-ray wavelength (0.15405 nm),
and 8 and 6 are the full width at half-maximum and
the diffraction angle (in radians) of an observed peak,
respectively.?® The strongest peaks (101) at 26 = 30.153,
29.971, 29.770° are used to calculate the average crystal-
lite size (D) of the Gd,0,S:0.05Eu’ " particles from 600 to
800 °C. The estimated average crystallite sizes are about
25,28, and 32 nm. The crystallite sizes become bigger with
the increase of the postcalcining temperature.

3.2. Morphology. Scanning electron microscopy (SEM)
and TEM were used to characterize the morphology and
crystal structure of the products. Figure 3A and B shows
typical SEM images of solvothermal precursors at 200 °C,
revealing that the precursors consist of separated spheres
with diameter of 210—300 nm. After being annealed at
600 °C, the obtained Gd,0,S:Eu*" products inherited the
spherical shape from the precursor. But their average diam-
eter is reduced to 140—220 nm (Figure 3C) because of
the decomposition of the precursor. If the postcalcining
temperature is higher (800 °C), the spherical morphologies
still are retained in good condition, as shown in Figure 3D.
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Their sizes change little compared with that of the product in
Figure 3C. The decrease in size from hydrothermal pre-
cursor to relevant oxide through thermic decomposition is
common for lanthanum compounds and others.** In addi-
tion, high magnification SEM images clearly show that the
submicrospheres of Gd,0,S:Eu®" actually further consist
of small grains, and the grain size becomes bigger with the
increasing temperature, as shown in Figures 3E and 3F.
After being annealed at 800 °C, the grain size is about 25—50
nm. The average nanocrystal size estimated from the Scherrer
equation matches well with this result. A typical TEM
image and SAED patterns for the Gd,0,S:Eu’" sample
annealed at 800 °C are shown in Figure 4a, which clearly
confirms that the diameter of the Gd,0,S:Eu*" submicro-
spheres is about 140—180 nm and the spheres actually
further consist of small grains, consistent with the value
shown in the SEM images. The grains aggregate non-
compactly and are somewhat hollow as can be seen. This
may be attributed to the release of gaseous carbon oxides/
sulfides during the calcination process. The SAED image
contains partial ring and dot patterns, indicating that the
Gd»0,S:Eu’" submicrosphere is of polycrystalline nature.
The high-resolution transmission electron microscopy (HR-
TEM) image (Figure 4b) of the nanocrystal composing the
Gd,0,S:Eu*" submicrosphere clearly shows a lattice fringe
with interplanar spacing of 0.331 nm that corresponds to the
(100) plane of Gd,O,S.

The crystal growth habit is not only determined by the
internal structure but also affected by the external condi-
tions. The effect of PVP content, ratio of EG to ethanol,
and reaction time on the morphology and size of the
precursor are summarized in Table 1. The use of organic
surfactants and polymers in the synthesis of nanostruc-
tures has been a popular method to achieve morphologi-
cal control. Recent research has indicated that capping
organic molecules in the reaction system could modu-
late the kinetics of the crystal growth and determine the
subsequent morphology of the product.”® In the pres-
ent work, PVP plays important roles in the spherical
shape formation (Supporting Information, Figure S2).
When EG was used as a solvent, a stable Gd-OCH,CH -
OH complex was formed like Y-OCH,CH,OH and Pb-
OCH,CH,0H.?*?® The hydrolysis of the complex pro-
duced colloidal sol, where the precursor nanoparticles
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Figure 3. Low-(A)and high (B) magnification SEM images of the solvothermal precursor; Gd,O,S:Eu*" spheres after annealing at 600 (C) and 800 °C (D)
as well as the high magnification SEM images showing nanoparticles on the surface of the spheres after annealing at 600 (E) and 800 °C(F).

were covered with PVP, and these molecules adsorbed on
the surface of the particles formed a protective layer to
hold back the growth rate of precursor nanoparticles.
When the amount of PVP was higher than 1.0 g, the
surfactant concentration was high enough to adsorb on
the faces of the particles in all directions to entail isotropic
growth, consequently stable spherical submicrospheres
were obtained. Although the exact function of PVP on the
shape selectivity in our synthetic system was not yet to be fully
understood, it was believed that two properties of PVP
play a main role in determining the product morphology.
One is the strong selective adsorption of PVP on various
planes of the nanoparticles. The other is the coordina-
tion bonding with the O and N atoms of the pyrrolidone
ring.?” The strong interaction between precursor and PVP
led to a relatively large amount of PVP residues in the
final product, which was confirmed by the FT-IR curve.

Both the morphology and particle size are also affected
by the volume ratio of EG to ethanol in the solvother-
mal system (Table 1). The more ethanol is added into the
system, the bigger the spheres will grow and the smoother the
surface will become (Supporting Information, Figure S3).
Hence the spherical size can be easily tuned by changing
the volume ratio of the solvent. The physical and chem-
ical properties of the solvent can influence the solubility,
reactivity, and diffusion behavior of the reagents and

intermediate. Since EG was a high viscosity solvent, dif-
ferent amounts of EG led to different diffusion rates of
ions in the solution. Consequently, when a higher volume
ratio of EG to ethanol was applied as solvent, crystalline
growth was suppressed because of the low diffusion rate
of ions in the solvent, and led to the formation of smaller
spheres. On the other hand, a lower volume ratio of EG to
ethanol led to the a high diffusion rate of ions in the
solution, and, as a result, bigger spheres were produced.?®

To further investigate the details of the precursor for-
mation, the growth process of the precursor throughout
the solvothermal process was investigated by observing the
images of precursor after different solvothermal treatments
for (A) 2.5 h, (B) 3 h, (C) 12 h, and (D) 18 h, respectively
(Supporting Information, Figure S4). After solvothermal
treatment for 2 h, the solution was still transparent. The
spherical precursor appeared just after solvothermal treat-
ment of 2.5 h, and the diameter was about 130—200 nm.
During the continuous growth of the precursor, the spherical
particles had become just a little bigger because of isotropic
growth. The growth of the spheres may be inhibited by PVP.

The precursor is converted to Gd,0,S:Eu’* during the
subsequent calcination process. Nevertheless, the conver-
sion does not lead to the change in the morphology (Sup-
porting Information, Figure S5). Such a transformation is
common for lanthanum compounds. The morphologies
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Figure 4. TEM (a) image of the product annealed at 800 °C with its
SAED patterns (inset). HRTEM image of the nanocrystal composing the
Gd»0,S:Eu*" submicrosphere.

Table 1. Effect of PVP Content, Ratio of EG to Ethanol, and Reaction Time on
the Morphology and Size

factor morphology diameter(um)
PVP content (g) 0 agglomerate
0.5 immature spheres
1.0 submicrospheres 0.205—0.285
2.0 submicrospheres 0.210—0.300
ratio of EG to ethanol ~ 35:0 submicrospheres 0.170—0.240
30:5 submicrospheres 0.210—0.280
25:10  submicrospheres 0.210—0.300
10:25  submicrospheres 0.550—0.790
0:35 microspheres 0.900—1.25
reaction time (h) 2.5 submicrospheres 0.130—0.200
3 submicrospheres 0.194—0.293
12 submicrospheres 0.235—-0.304
18 submicrospheres 0.240-0.310

are maintained perhaps because of the higher activation
energies needed for the collapse of these structures.”
3.3. Luminescence Properties. Figure 5A shows the
excitation and emission spectra of the Gd,0,S:Eu’t
submicrospheres synthesized at 800 °C. The excitation
spectrum is composed of a broadband from 200 to 400 nm
and some weakly sharp peaks from 400 to 500 nm. The
broad excitation bands ranging from 200 to 400 nm can

(29) Zhang, F.; Braun, G. B.; Shi, Y.; Zhang, Y.; Sun, X.; Reich, N. O.;
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Inorganic Chemistry, Vol. 49, No. 24, 2010 11503

2500
A_=625nm A
em

&
)
w

2000 - A,=330 nm
2 Eu”:’D J-’F %
=1500
z
w
=
]
£1000

500

200 300 400 500 600 700
Wavelength(nm)
rya
o
40009 3 =543 nm ~
em o
B “n‘
«)
3000 - &
JL“=292 nm
5
&
2
5 2000 -
=
2
£
1000 e
a
<
o0
-1
0+ )
.5 Ll b L] rr T hd L - L)
200 300 400 500 600 700

Wavelength(nm)

Figure 5. Excitation and emission spectra of Gd,0,S:Eu’" (A) and
Gd,0,S:Tb*" (B).

be ascribed to the charge transfer band (CTB) between the
anions and the Eu®" ions. The one around 260 nm is
attributed to O*"—Eu’" transition and the other one
around 330 nm is attributed to the S*~ — Eu*" transition.
In the longer wavelength region, the f-f transition lines
of the Eu®" ions can be observed with very weak intensity
compared with that of the CTB. Upon excitation at 330 nm,
the emission spectrum consists of the 5D0,1—>7F s =01,
2, 4) transition lines of the Eu’" ions. The strongest red
emission which splits into two peaks at 625 and 615 nm
arises from the forced electric-dipole *Dy—F, transitions of
the Eu" ions. All the other emission peaks are assigned
to the °D;—'F; (539 nm), °D;—'F, (555 nm), *Dy—'F,
(581 nm), °Dy—"F, (586, 594 nm), and *Dy—"F4 (703 nm)
transitions of the Eu’" ions, respectively.

Figure 5B shows the excitation and emission spectra of
the Gd,0,S:Tb*" submicrospheres. The excitation spec-
trum is composed of a broad band and some weak lines in
the longer wavelength. The broad bands at about 260 and
292 nm can be ascribed to the spin allowed and spin-
forbidden 4f—>5d transition of the Th> " ions, respectively.
The remaining peaks with weaker intensity are assigned
to the transitions from the 'F ground state to the different
excited states of the Tb>" ions, that is, °G, (346 nm), D,
(358 nm), °Gg (371 nm), and °Dj (382 nm), respectively.
Upon the excitation at 292 nm, the obtained emission
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Figure 6. Decay curves of Eu*t and Tb** luminescence in crystalline
Gd,0,S submicrospheres. Round circles: experimental data; Red solid
line: fitting results.

spectrum exhibits four obvious lines centered at 489, 543,
586, and 619 nm, that can be attributed to the transitions
from the *D, excited-state to the 'F, (J = 6, 5, 4, 3) ground
states of the Tb> " ion, respectively. The D,—Fs transition
at 543 nm is the most prominent group. The quantum yields
of Gd,0,S:Eu*" and Gd,0,S:Tb>" have been measured,
and the values are 7.7% and 14.6%, respectively.

The PL decay curves for the luminescence of the Eu** and
Tb*" ionsin Gd,0,S submicrospheres are shown in Figure 6.
Both the curves can be well fitted by a biexponential function
such as I = A; exp(—1t/ty) + A, exp(—t/1»), and the average
lifetimes for the Eu® " and Tb*" ions are determined to be 0.66
and 0.78 ms, respectively, which are shorter than that of the
bulk.'*!* In some rare-earth doped oxide nanocrystals, it was
observed that the luminescent lifetime decreased with the
decrease of nanocrystal size, while in the other nanocrystals,
the lifetime increased with the decrease of nanocrystal size.
The former fact is generally attributed to the increase of non-
radiative transition rate caused by surface defects in nano-
crystals, whereas the latter fact is usually attributed to
decreased radiative transition rate induced by the variation
of effective refractive index. The radiative transition rate can
be derived as follows: JE
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Where f(ED) is the oscillator strength for the electronic
dipole transition, A is the wavelength in vacuum, and 7 is
the refractive index of the material. Meltzer et al. ob-
served that the radiative lifetime of the nanocrystals
depended not only on the refractive index itself but also
on the surrounding medium and deduced that » in the
above equation should be substituted by the effective
index .5 = xn+ (1 — x)n,,.4, where x is the filling factor
showing what fraction of the space is occupied by the
nanoparticles and n,,.q is the refractive index of the
surrounding media.”>" Compared with the lifetime re-
ported by Dhanarajet al.,'* the shortening of the lifetime
may be mainly due to the increased non-radiative rate.
The increase in non-radiative rates may be rationalized
in terms of pronounced phonon-losses, non-radiative
energy losses through channels related to defect-centers
arising from surface states of the nanocrystals.

4. Conclusion

In summary, well dispersed and homogeneous Gd»O,S:
Ln*" (Ln = Eu, Tb) submicrospheres have been successfully
achieved by a facile solvothermal method combining with
a postcalcining process. The PVP plays important roles for
the formation of the spherical morphology, and the forma-
tion mechanism has been proposed to be an isotropic
growth process. The spherical size can be modulated from
170 nm to 1.25 um by changing the volume ratio of EG to
ethanol in the solvent. Under the UV excitation, the Gd,O,S:
Ln*" (Ln = Eu, Tb) submicrospheres exhibit red and green
emissions, respectively. The lifetimes for Gd,0,S:Eu*t and
Gd,0,S:TH>" are 0.66 and 0.78 ms, respectively. It is ex-
pected that our synthetic approach may open a new way for
monodisperse spheres that exhibit promising physicochemi-
cal properties.
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