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La,O,S:E* nanocrysytals (NCs) with a mean size of 18 nm are prepared by gel thermolysis. The morphology
of the particles is hexagonal. The surfaceEions are first detected by time-resolved spectra in°hge—

F; region. Because the symmetry of the sites occupied by surfateidns is lower, théDo — "F1(E) line,

which is doubly degenerate in the bulk crystal, is split, and the fluorescence lifetime becomes shorter. The
results of the laser-selective excitation indicate that the degradation of the site symmet?y sé&ms to be
abrupt, which means the as-synthesizedd.8:El#" NCs might be of the L#D,S/La0,_4S;+x core—shell
structure and the shell are not in a disordered state but a rather pure one.

1. Introduction As is well-known, one of the important properties in
nanosized materials is the surface effect originating from the
high surface/volume ratio. Under the surface effect, the structure
of the surface or its vicinity is in a disordered state. It should
be remarked that ions on the surface and near the surface are
both regarded as surface ions in the following. When approach-

tals (NCs) were given rather little attention. The reason might ing t_h‘? surface from the interior, there shoulq be a step_—by-step
be that the oxysulfide NCs could not be prepared easily. declining process of local symmetry. The¥tion is sensitive
Obtaining bulk LnO,S:E#* (Ln = La,Y) with good quality to the surrounding environment, and the degradation of the

is not an easy task. The conventional way is a solid-state reaction_cl_rﬁ’Stal :]ierl]d (CF) ‘?’:g;ause Shgts a;]nd dsplittg!gs of CF Ievelsl.d
by the reaction of yttrium and europium oxide with elemental rough the use o as a probe, the degrading process cou

: be detected. In our previous work, only a new broad excitation
sulfur and reflux (NaCOs/K3POW/NapS,03) at high temper- - gy
atureS12 There are other methods, such as the sulfuration of IN€ at 579.9 nm was obsegrved 'QG’3_'EUB+ NCs, where E&
rare earth oxides by #$ or CS,13 the combustion methoH, occupiesC; site symmetry=? In YVO4'E'T'3 NCs, where E&"
and the solvothermal pressure relief methou/hen it comes occupiesDzg site symmetry at the particle center, the gradual

to Ln,O,S:E#* NCs, the task becomes more troublesome, and splitting process of the CF levels was reported by our co-

the corresponding reports are few. Dhanaraj et al. had reportedresearcheré‘? The higher the symmetry of the bU|k’. the clearer
a two-step solutiorgel polymer thermolysis method to syn- the degradation process in the NCs. Therefore, it is expected

thesize ¥O,S:El?T NCs1€ In this method, sodium thiosulfate that in LaO,S:EF* NCs the symmetry degradation process

(NaxS;03) was used to sulfurize the first synthesizegDy:EW™ Shofld be v.ividly mapifested pecause of Mg site symmetry
NCs. But the introduction of sodium impurities might influence Ew QCCUP'e(.j' '!1 this wor.k, time-resolved spectra and laser-
the luminescent properties of Eu Bang et al. reported the selectN(_a excitation experiments were performed on the as-
fabrication of LnO,S:EG* (Ln = Y, La, Ga) NCs by the synthesized sample to study the surface effect.

combustion methodf, where dithiooxamide ((CSN#}%) acted _ .

as the sulfur source. The disadvantages of this method are tha?' Experimental Section

(CSNH). is expensive and the size of the obtained NCsistoo 2.1 Synthesis of LaO,S:Eu3t NCs. In this paper,
large (106-200 nm). We report in this paper a direct and facile La,0,S:E#t NCs were fabricated by gel thermolysis. During
route to fabricate L#D,S:EW*" NCs using gel thermolysis.  the thermolysis reaction, thiourea acted as the sulfur source for
Thiourea (CS(NH);) was employed as the sulfuration source, [a,0,S:E#*; it was also employed as the fuel to provide enough
which was a common chemical reagent and brought no impurity heat for the reaction. To prevent the agglomeration of the
into the NCs. Poly(vinyl alcohol) (PVA) was used as the La,0,S:EW#* particles, PVA was used as a dispersing agent.
dispersing medium to limit the agglomeration of the N€She The thermolysis reaction to synthesize0aS:Et?™ NCs could

final resulting LaO,S:E#* NCs were determined to be 18 nm  be written as the following

with hexagonal morphology.

In recent years, trivalent europium (E)-doped nanosized
oxide phosphors have attracted great interest due to their
potential application in high-resolution displays and their unique
physical properties distinctive to the btk As an efficient
red light phosphor, however, Ettdoped oxysulfide nanocrys-

* Author to whom correspondence should be addressed. E-mail: hillphs@ a[(l N X)La(NO3)3 + XEU(NO3)3] * b[CS(NH2)2] *
sina.com. c[PVA] — &/2[(La,_, Eu,), O,S] + byproducts
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Figure 1. X-ray diffraction pattern of Lz0,S:E(#" NCs @ indicates LaO,S phase).

the oxidizer and the byproducts might be the mixture of,CO
SO, NGOy, and HO produced in the reaction with an adequate
supply of oxygen and a sufficiently high temperature.

First, (La/Eu)(NQ)3; stock solutions were respectively ob-
tained by dissolving the corresponding oxides (99.99% purity)
in dilute nitric acid (analytic reagent). Then the solutions were
mixed with the molar ratio of Eu/La 4%, and the acidic pH is
adjusted to approximately pH 5 by adding dilute ammonia
solution. With the consideration that CS(MkIprovides sulfur
for the formation of LaO,S:EW#+ and PVA influences the size
of the NCs, CS(NHK), (analytic purity) solution and PVA
solution were added quasi-empirically to this solution. After
being stirred for 30 min at 80C with a magnetic stirrer, the
solution was evaporated in a crucible, and a gel resulted.

Subsequently, the gel was dehydrated in an infrared desiccato

for 2 h and thermolyzed in air at 30T for a few minutes.
Then the white powder product in the crucible was collected
and annealed at 50%C for an hour to remove the organic
components. The L&,S:E#* NCs were at last obtained, and
the measurements were performed.

2.2. Characterization. The purity, structure, size, and
morphology of the as-synthesized JAaS:EW#" NCs were,
respectively, characterized by X-ray powder diffraction (XRD,
Rigaku, D/max-RBX, Cu & radiation) and by transmission
electron microscopy (TEM, JEM-2000FX).

2.3. Optical Measurements.In the measurements, the
powder sample was deposited into a dent of a thin aluminum

plate airproofed by a glass flake. The plate was then put into a

liquid-nitrogen-cooled quartz Dewar. A 355 nm light generated
from a pulsed N&":yttrium—aluminum-garnet (YAG) laser
(with a repetition rate of 10 Hz and a duration of 10 ns)

combined with a third-harmonic generator was used as the
excitation source. For the laser-selective excitation experiment,

nanoparticles, and CS(N}4 served as the sulfur source. But
too high amounts of those will introduce C, H, N, and S into
the powder products due to insufficient combustion. By use of
an orthogonal experiment, the optimal ratio is chosen as
1.5:1.6-1.8:1. To be of even components, it is necessary for
the solution to be stirred at 80C. This is helpful for the
inorganic ions to penetrate the long PVA chains. Another factor
is the annealing temperature. Treatment temperatures as high
as 600°C will convert the oxysulfide into oxysulfate. This may
be due to the high surface/volume ratio and the larger surface
energy of the NCs, which makes the oxidation easier. So we
adopt 500°C as the annealing temperature. It should be
mentioned that the gel could not be directly exposed to the lamp

rpluring dehydration in case the sulfur anions may be deoxidized

into sulfur.

The XRD pattern of the L#D,S:E(?™ NCs sample is shown
in Figure 1. In the pattern, the dominant phase is in agreement
with JCPDS #27-0263 for L&,S, which crystallizes in the
hexagonalP3m1 space group. Through the use of Sherrier's
formula, the average size is determined to~bE8 nm based
on the diffraction line width at the angle ob2= 28.4. From
TEM images in Figure 2, the average size of the NCs can be
further affirmed.

Figure 2 shows the TEM images of 4@&S:E#* NCs. It
can be seen from the images that both well-dispersed and
aggregated NCs coexist in the as-synthesize@SELF™ NCs.
Hence, it was proven that the dispersing agent PVA does not
work as had been expected. However, PVA does help the
formation of nanocrystalline LL®,S because there are no NCs,
but the bulk one formed without PVA. It is presumed that PVA
limits the growth of LaO,S particles at the inception of

a Powerlite Precision Il scientific laser system (composed of a thermolysis. When it comes to the final stage, the network PVA

Powerlite Precision Il 8000 and a Sunlite EX OPO and FX-1) gradually decomposes, and partially agglomerated NCs result
was used. The emission and excitation spectra were recordedlue to the residual heat. Therefore, other factors such as
by a spectrometer (Spex 1403), a photomultiplier tube, and a homogeneous heat distribution should be further considered to

boxcar averager and processed by a computer.

3. Results and Discussion

3.1. Analysis of the NC Fabrication.During the synthesis

improve the dispersion quality of the NCs.

3.2. Luminescent Properties of LaO,S:Eu3" NCs. In bulk
La;O,S:EFT, the europium ion (with ion radius 0.98 A) is
expected to occupy the lanthanum (1.14 A) site because of the

of the oxysulfide NCs, there are several crucial steps. First, the slight difference of ionic radius between the two cations. Hence,

molar ratioc:b:a should be reasonable. As mentioned in section
2.1, PVA provides the network/cage to limit the growth of the

the local symmetry of the B site in LgO,S:E* is Cs,. Both
the split of theJ (J = 1—-2) manifolds of E&tand the
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Figure 4 shows the time-resolved emission spectra of
La,O,S:EFT NCs. It can be seen clearly from Figure 4a that
with a decrease in the delay time a new emission peak appears
at the high-energy side of tf®, — “F; lines, which means
the emergence of a new luminescent center with a short lifetime.
It should be mentioned that there is a remote possibility to
attribute the new center to Euions in the impurities. The
energy of the®Dy — 7Fy transition is mainly affected by a
nephelauxetic effect. As a consequence, the number éhihe
— "Ry lines is equal to the number of different Esites in the
bulk. If the new peak is caused by an impurity, considering the
fact that the®Dy — 7F; line blue shifts, then there must be a
corresponding shift of theDy — “Fo emission with a short delay
time because of different nephelauxetic effects in different hosts.
As a matter of fact, however, tH®, — "Fo line keeps rather
stable in Figure 4a, which contradicts the previous presumption.
Therefore, it is reasonable to assign the new line to th©i%

Eut NCs. Since théDy — F transition is weak in the bulk,
they are difficult to resolve even if there are slight changes in
the NCs, which is different from the case for impurities. Thus,
the number of théDy — 7Fq line is no longer an effective
criterion to determine the number of Eusites in the NCs.

As we all know, that CT band is a wide-band excitation, so
in La,O,S:EFT NCs the excited Elf ions include both the
interior ones and the surface ones. We presume that the new
peak is caused by surface Euions. To confirm the above
assumption, first, the 468 nm excitation was performed on the

Figure 2. TEM images of (a) well-dispersed and (b) slightly aggregate

La,0,S:E* NCs. NCs,_ pecause 468 nm co_rrespo_nds to7lF1e—_> D, resonant
transition and only the interior Etiions are excited. It is evident
TABLE 1: Energy Levels of Eu* in Polycrystalline in Figure 4b that both th®y — "Fy and the®Dy — 7F; line
La,0,S:Ew* (cm™) positions remain unchanged with a decrease of the delay time,
levels IRs in bulk which are the emissions of interior Euions. Second, from
= E 3508 the view of group theory, the 2-fold E level is split into two
A 376.9 levels with the declining local symmetry of Eu It is usually
T, A 938.4 assumed that in NCs the site symmetry of the surface Ems
E is lower than that of the interior ions under the surface effect.
5D, E 1%%3;'3 Therefore, onéDy — “F1(E) line will be split into two lines.

’ Furthermore, from Table 1, we know that in the bulk tire-
corresponding irreducible representations (IRs) uziesym- (E) level is at the high-energy side of tfiey(A) level. Hence,
metry are listed in Table 1, where the data are taken from ref in the NCs the newDo — ’F, line should at the high-energy
21. side, which is consistent with the new peak in Figure 4a. Hence,

Figure 3 shows the emission spectrum o5Qz5:El#* NCs. the assumption is confirmed.
The main transitions originating from tB, level are marked Since the’F, manifold has two 2-fold E levels undets,

on the spectrum, from which we can see that both the positionsand the’Dy — 7F, transition is the most prominent transition
and numbers of the emission lines are in agreement with thoseof EW®", the level splitting due to the surface effect should be

of the bulk calculated from Table 1. more clear in théDy — F; region. Figure 5 shows the selective
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Figure 3. Photoluminescence emission spectrum of@:8:E#" NCs measured at 77 K. The excitation wavelength is 355 nm. The insert is the
excitation spectrum measured at room temperature monitored at 623 nm.
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Figure 4. Time-resolved emission spectra of{aS:E" NCs under different excitations at (a) 355 nm and (b) 468 nm at 77 K. The delay times
of the spectra labeled from 1 to 5 are, respectively, 10, 1, 0.2, 0.1, and 0.05 ms. The dashed line in part a indicates the appearance of a new emission
peak.

pattern in Figure 1. But if it is true, where are the surfacé'Eu
ions? And the relative emission intensity of site A to that of
the NCs should bear a resemblance to the relative X-ray
diffraction intensity of the impure phase of the NCs. However,

/ no emission of site A is observed under the 355 nm excitation,
even with a short delay time. Therefore, the latter assignment

site 1 465.46
site 2 465.92
site 3 466.06
site 4 466.49
site 5 466.59

1.0

0.8

0.6

Intensity [a. u.]

seems to be the most likely one. Since the evolution process of
the surface E¥ site is abrupt, it means that there is no transition
from the interior to the surface in the oxysulfide NCs and the
lower symmetry of the surface is in a rather pure state. This
contradicts the common assumption that the transition from the
interior to the surface is gradual in nanocrystals, which has been
confirmed in the YVQ:EU" systen?® We suggest that the
surface state varies with the system and synthesis method. In
our case, the initial oxysulfide crystallizes according to the
stoichiometric component of L&,S under ample oxygen and
sulfur atmosphere. At the final stage of growth, the sulfur is
not sufficient in comparison to the ambient oxygen atmosphere,
and the sulfur anions are inclined to be oxidized due to the high
surface energy. Thus, the component of the outer layer of the
NCs grows with the tendency of k@,—«S;+x. In another words,

the as-synthesized sample has theQ:8/La0,-xS;+x cOre—

shell structure. It should be mentioned that the eteell
structure still needs further confirmation, and this will be the
emphasis of our work in the future.

.

.
0.4 ;
0.2 :

0.0 T T T T T T
465 466 467 468 469 470

(a) wavelength [nm]

Intensity

620 625 630

wavelength [nm]

615

1

Figure 5. (a) Excitation spectra of L®,S:E#" NCs measured at 77

K. The solid line is measured by monitoring a 621 nm light and the
dashed line by monitoring a 625 nm light. (b) The emission spectra
under various excitation wavelengths were measured at 77 K with a 4. Conclusions
delay of 100us. In part a, the excitation sites (from site 1 to 5) are
marked on the solid line, and the detailed numerical values are also
denoted.

The La0,S:E?" NCs are prepared by gel thermolysis. The
molar ratio of RE(NQ)s/CS(NH,)./PVA is determined to be
1.5:1.6-1.8: 1, and the annealing temperature is 800 The
excitation spectra of the L@,S:El#" NCs in the®Dy — "F, average size of the NCs is 18 nm.
region. In Figure 5b, there is no substantial difference between Through the use of time-resolved spectra, surface Eans
the emission spectra under excitation of site 1 and 2, and theare first detected in theDg — 7F; region. A new peak with a
spectrum under site 5 is like that of the bulk. When excited shorter lifetime appears in the high-energy side of%hg —
from site 1 (or 2) to site 3, 4, and 5, the 615 and 619 nm lines 7F,(E) line of the interior E&" ions under the surface effect.
are weakened and disappear with the simultaneous emergenc@ccording to laser-selective excitation and emission, two
of a 625 nm line. luminescent centers are resolved in the sample. One i€ghe

We know that the relative intensities of the emission lines site symmetry of the interior Etl ions; the other is the lower
originating from the same luminescent center will remain site symmetry occupied by surface Euons. Because of the
constant under different excitations; therefore, it is reasonable abrupt transition from the interior to the surface, the@S:
to assign the 615, 616.7, and 619 nm lines to th& Bite rather Eut NCs are thought to have the 4@S/La0,—+S;+x COre—
thanCs,. There exist two possibilities for the origin of the new  shell structure.
site. One is that it comes from the Euions (site A) in the

impure phase; the other is that it comes from the surface Eu
ions in the LaO,S:EW¥* NCs. For the former, it seems that the
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