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Lu,05:Yb*"/Er*" nanocrystals with various sizes and shapes (nano-aggregates, sub-micrometer wires, and
nanospheres) have been synthesized by the soft chemistry coprecipitation route. By regulating the
reactant ratio of rare earth to urea precipitant ((RE**]/(NH,),CO), uniform spherical Lu,O5:Yb*"/Er**
nanoparticles with the sizes of 45 nm, 100 nm, 165 nm, 200 nm, and 250 nm were obtained in the
experiments. The phases, morphologies, as well as the luminescence properties of as-prepared samples
were characterized by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), and
upconversion luminescence (UCL) spectra, respectively. Under the excitation of 980 nm diode laser, the
Lu,05:Yb*'/Er*" samples showed size-dependent upconversion luminescence property. From the results
of Fourier transform infrared (FTIR) spectra and dynamical analysis, it was confirmed that the surface
effect is dominant in influencing the UCL of Er** in the spherical Lu,O5:Yb*"/Er*” samples. By coating
Lu,05:Yb*"/Er*" nanospheres with different shell layers, UCLs of Er’" were changed greatly in these
core-shell samples. The possible physical mechanism involved in size/surface-dependent upconversion

processes were discussed in detail.

Introduction

The conversion of infrared (IR) or near-infrared (NIR) photons to
higher energy ultraviolet (UV) or visible light via multiple
absorptions or energy transfers (ET), known as upconversion
luminescence (UCL), is an area of extensive research due to its
fundamental interest and potential for photonics applications.'™
Rare earth ions (RE’") doped UCL materials, owing to their
unique optical properties arising from the intra 4f transitions of
RE*, attracted many attentions these years owing to their
extensively employed in the fields of lasers, three-dimensional
displays, biomedicine, next-generation lighting, etc.>™* Among
all the RE*, Er*" is an ideal candidate for UCL since its rich and
ladder-like electronic energy level structure. In addition, Yb*" has
a relative large absorption cross section around 980 nm~~ and a
long excited state lifetime, and it is often chosen as a codopant in
UCL materials. It is well-known that the UCL of Er*" is sensitive
to many factors, such as particle size, doping concentration,
temperature, pumping power, and so on.'*'® However, up to now,
it has still been a great challenge for researchers to elucidate the
influence of particle size on UCL properties clearly, owing to the
obstacle in synthesizing particles with a uniform size. Therefore,
further works are still necessary for obtaining suitable samples
and investigating their luminescence properties in detail, because
it is beneficial to understand the complex size-dependent UCL
mechanism in the codoped systems.
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Generally, UCL materials are typically composed of an
inorganic matrix and dopant RE®" ions embedded in its host
lattice. Besides the particle size, temperature, pumping power and
the nature of the active ions, the efficiency of upconversion
luminescence is strongly dependent on the phonon energies of the
host materials. Therefore, a selection of appropriate host
materials is essential in the synthesis of RE*" doped UCL
materials with favorable optical properties. Among the rare earth
oxides, cubic Lu,0O; has been considered to be one of the most
excellent host materials for RE** doping due to its high mass
density (9.4 g cm™), good phase stability, low thermal expansion,
low phonon energy (phonon cutoff ~ 600 cm™), and broad optical
transparence from the visible to the NIR regions.”*>* Up to now,
cubic Lu,0;5 with various sizes and shapes (nanofibers, nanorods,
and flower-like microstructure, efc) have been synthesized by
numerous such as  co-precipitation,  sol-gel,
hydrothermal/solvothermal, electrospinning, and so on.*®
Although it is well accepted that uniform spherical nanoparticles
with lower surface defects are preferred to be used as phosphor
materials, effort in synthesizing uniform nano luminescent
materials, especially in synthesizing uniform Lu,O; nanospheres,
is lacking. More importantly, the top of the valence-band energy
levels of Lu-based oxides are mainly composed of Lutetium 4f
orbital, whereas in Y-based materials, the corresponding top
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levels are mostly oxygen 2p orbital. This difference make Lu-
based compounds to be more favorable host materials than Y-
based compounds for the UCL of RE*" owing to the intensity-
borrowing mechanism, as proposed by Guillot-Noel ef al*’ In
2002, John A. Capobianco et al have reported that the UCL of
Er’" in Lu,O; host is stronger than that in Y,0; phosphor.30
Furthermore, many other investigations about RE*" doped Lu-
based compounds, such as Nd** doped LuVO,, Ce**/Pr’*"/Tm*-
Ho*" doped LuLiF,, and Tm*'/Er** doped NaLuF,, have been
proved to be stronger luminescence and better laser performance
than their corresponding Y-based compounds as well.>'’ Despite
the fact that some novel spectral phenomena have been observed
in RE*" doped Lu-based compounds, few systematic studies on
size-dependent UCL behavior were reported to date.

Herein, we report the controllable synthesis of Yb*'-Er’*
codoped Lu,O;3 nanocrystals via a simple soft chemistry co-
precipitation method followed by a subsequent calcinations
process. Lu,O5:Yb*"/Er*" nanocrystals with various sizes and
shapes (nano-aggregates, sub-micrometer wires, and uniform
nanospheres) were synthesized using different precipitants.
Different-sized Lu,0; nanospheres were obtained by regulating
the reactant ratio of rare earth to urea precipitant. The influences
of particle size and surface coating on the UCL properties of
Lu,05:Yb*"/Er’" nanospheres were studied systemically. The
size-dependent UC population and dynamical decay are discussed
here in detail.

Experimental procedures

Chemicals

All chemicals were of analytical grade and used without further
purification. Lu(NO3);:6H,O  (99.999%), Yb(NO;);-6H,O
(99.999%), and Er(NO;);-6H,O (99.999%) were supplied by
Yutai Qingda Chemical Technology Co., Ltd. China. Urea
((NH,),CO), Ammonium bicarbonate (NH,HCO;), ammonium
hydroxide (NH,OH) and tetraethoxysilane (TEOS) were supplied
by Beijing Fine Chemical Company.

Sample Preparation
a) Synthesis of Lu,0; Nanocrystals

Stoichiometric (mol%) of Lu(NO3):-6H,0O, Yb(NO;);-6H,0,
and Er(NO;);-6H,O were dissolved into deionized water,
resulting in the formation of colorless solutions of RE(NO;); (RE
= Lu, Yb, and Er). (NH,),CO and NH4HCO; were dissolved into
deionized water to form the corresponding precipitant water
solutions as well. Yb**-Er’*" codoped Lu,05 powder samples were
prepared by using a procedure described briefly as follows.* In a
typical synthesis, 0.47 mmol of Lu(NOs);, 0.025 mmol of
Yb(NOs)3, and 0.005 mmol of Er(NO;); aqueous solutions were
added to 50 mL of deionized water to form a clear solution in a
reaction bottle under vigorously stirring. Then aqueous urea
solution was added into the stirring solution dropwise and under
magnetic stirring. Subsequently, the above solution was heated at
85°C for 5 h in order to decompose the urea. The resulting
suspension aged during 24 h and then the precursor was separated
by centrifugation, washed several times with deionized water and
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ethanol and dried at 80°C. Finally, the as-prepared amorphous
samples were annealed at 850°C for 2 h in air to obtain the
Lu,05:5%Yb> /1%Er*" products. Different amounts of (NH,),CO
were added into the reactant solutions to regulate the particle
sizes of as-prepared Lu,0; samples. Additionally, in the cases of
synthesis with the NH,HCO; and NH,OH precipitants, the
samples were prepared with the synthetic conditions unchanged
as described above, except for introducing proper amount of
NH4HCOj; and NH4OH solution instead of (NH,),CO.

b) Coating of Lu,05:Yb**/Er** nanospheres with SiO, Shells

Stéber method was adopted for the SiO, coating process.”
Firstly, 100 mg of the annealed Lu,O;:Yb*"/Er** nanospheres
were dispersed in a mixture of distilled water (3 mL) and ethanol
(20 mL) by sonication for 15 min. Secondly, 1 mL of ammonia
(25 wt%) was added slowly into the solution under stirring. Here,
ammonia was used to catalyze the hydrolysis and condensation
reactions of TEOS. Under stirring for a few minutes, 1 mL of
TEOS was added dropwise to the above solution at room
temperature. After continuous stirring for another 24 h, the
mixture was centrifuged and washed with ethanol three times.
The white-colored powder sample of Lu,O5:Yb*"/Er**@SiO, was
obtained after dried at 80°C in air for 20 h.

¢) Coating of Lu,05:Yb*"/Er*" nanospheres with Lu,0;(:Yb*")
Shells

In brief, a certain amount of precursor Lu,05:Yb¥ /B
nanospheres were ultrasonically dispersed in water suspension,
which contained Lu(NO3); (Lu(NO3)3/Yb(NO3);) and (NH,),CO
as a precipitant. The above suspensions were heated to 85°C and
stirred for several hours to decompose the urea. Then, the
resulting precursors were separated by centrifugation, washed
several times with deionized water and ethanol, and dried at 80°C.
Subsequently, the as-prepared amorphous core-shell samples
were annealed at 850°C for 2 h in air to obtain the core-shell
structured Lu,O5:Yb*/Er** @ Lu,05(: Yb*") products.

Characterizations

The crystal structures and phase purities were analyzed by a
Rigaku RU-200b X-ray powder diffractometer (XRD) using a
nickel-filtered Cu-Ka radiation (A = 1.5406 A). The sizes and
morphologies of the samples were investigated by Field emission
scanning electron microscopy (FE-SEM, JEOL JSM-7500F) and
transmission electron microscopy (TEM, Hitachi H-600). TGA
curves were recorded by using a thermal analysis instrument
(Perkine Elmer Pyris 1) with a heating rate of 10°C/min in a
nitrogen flow of 100 mL/min. A Fourier transform infrared (FTIR)
spectrometer (JASCOFT/IR-420) was used to record infrared
spectra of the samples by using the KBr pellet technique. UCL
spectra were recorded using a Hitachi F-4500 fluorescence
spectrophotometer which equipped with a power-controllable 980
nm CW diode laser and detected by R928 photodetector
(Hamamatsu). The temporal properties were studied by using a
953.6 nm Raman shifter laser and an oscillograph. All spectral
measurements were performed at room temperature.
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Results and discussion

The TEM images of the precursor samples are presented in Fig. 1.
It is clear that the completely different morphologies can be
obtained by using different precipitants. Fig. 1(a) shows that
s strongly agglomerated nanoparticles were formed by using
NH,4OH as precipitant. In contrast, as shown in Fig. 1(b), while
NH,HCO; was selected as precipitant, the corresponding
morphologies of the product were sub-micrometer wires.
Furthermore, different form the above two cases, non-
10 agglomerated spherical particles with nearly uniform size were
formed in case of urea-based precipitation, as depicted in Fig.
1(c). The reason for these morphological changes can be
attributed to the different hydrolysis rate of precipitants. Fig. 1(d)
shows the corresponding XRD patterns of these precursor
1s samples. It is obvious that amorphous precursors were formed by
using NH,OH and (NH,),CO as precipitants. Additionally,
although several weak diffraction peaks appeared in case of
NH,HCOj-based precipitation, two broad bands are still
represented in XRD pattern Fig. 1(d2), which is corresponded to
20 the amorphous structure as well.

Subsequent annealing is necessary to obtain crystalline
samples and to investigate their luminescence properties. To
select the appropriate annealing temperature in the experiments,
the TGA curves of the precursor samples are measured, as shown

»s in Fig. S1 (see ESI). From these curves, we observed obvious
weight loss up to 850°C with the total weight loss are about
19.5%, 28.8%, and 26.7% for precursor samples prepared by
NH,4OH, NH4HCOs;, and (NH,),CO precipitants, respectively. On
the basis of these TGA data, 850°C was selected as annealing

30 temperature in the next work for obtaining crystalline phase of
Lu,05:Yb*"/Er*" samples.

Intensity(a.u.)

20(degree)

Fig. 1 TEM images of the precursor samples synthesis with (a)

NH,OH, (b) NH,HCO;, and (c) (NH,),CO precipitants; (d) XRD
3s patterns  of the precursor samples prepared with different

precipitants (1) NH,OH, (2) NH4HCO;, and (3) (NH,),CO.

To illustrate the morphology change and the corresponding
crystalline phases of the samples after heat treatment, the TEM
images and XRD patterns were measured, as described in Fig. 2.

40 For the samples annealed at 850°C, all the diffraction peaks can
be well indexed to cubic phase Lu,0; (JCPDS No.86-2475), as

described in Fig. 2(d). No other impurity peaks can be detected
from these three XRD patterns, indicating that the annealed
samples are single-phased and RE®" ions have effectively

45 incorporated into the Lu,O; host lattices. Additionally, compared
with the corresponding precursor samples (Fig. 1(a—c)), the
morphologies of Lu,O; nano-aggregates, Lu,O3 sub-micrometer
wires, and uniform Lu,O; nanospheres are still sustained after
anneal treatment, as shown in Fig. 2(a—c). It is worthwhile to

s0 point out that Lu,O5:Yb*'/Er*" nanocrystals synthesized in case
of urea-based precipitation are nearly spherical in shape with
uniform size (Fig. 3(c)), which is an appropriate object for
investigating size dependence of UCL properties. Therefore,
(NH,),CO was chosen as precipitant in the next work and

ss different sizes of Lu,O5:Yb*'/Er’* nanospheres were prepared in
the following sections for further investigations.

Intensity{a.u)

JCPDS No.86-2475

I\‘\l‘lwl |‘|u|w||||\u|\
30 4 50 E] f(

28(degree)

Fig. 2 TEM images of the annealed samples synthesis with (a)
NH,OH, (b) NH,HCO;, and (c) (NH,),CO precipitants; (d) XRD

o patterns of the annealed samples prepared with different
precipitants (1) NH,OH, (2) NH,HCO;, and (3) (NH,),CO. The
standard data for cubic Lu,O; (JCPDS No.86-2475) is also
presented in the figure for comparison.

7 80 %0 100 40 120 130 440

Diameter (nm)
[@

:f 80 80 100 10 120 130 140
Diameter (nm)

Fig. 3 SEM images of the (a) precursor and (b) annealed samples
synthesis with (NH,),CO precipitant. The corresponding
histograms of size distribution for the (c) precursor and (d)
annealed Lu,05:Yb*'/Er®* samples.

This journal is © The Royal Society of Chemistry [year]
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To further confirm the wuniform size distribution of
Lu,03:Yb*/Er*" nanospheres, SEM observations were performed.
Fig. 3 (a) and (b) show the SEM micrographs of the samples
without and with heat treatment, respectively. From the SEM

s micrographs, it is clear that the as-formed precursor sample
consists of spherical particles with narrow size distribution (Fig. 3
(a)). After annealing treatment, we found that the crystallized
Lu,0; nanospheres are still spherical in shape and nearly uniform
in size. However, the average size of these particles becomes

10 slightly smaller than the precursor spheres, and the surfaces of
these particles are not as smooth as the precursor ones. In
addition, the corresponding histograms of size distribution for the
precursor and annealed Lu,O5:Yb*'/Er**, as depicted in Fig. 3 (c)
and (d), respectively, further demonstrate the narrow size

15 distributions of these two samples. Besides, after heat treatment,
the obviously size reduction from 110 nm to 100 nm can be
observed from these histograms as well.

yl
7/

—— before annealing
—— after annealing

“%‘m“{\\_{/,ﬁ// - ')—V‘M‘\\/L“/&\"‘H‘J\V\

Transmittance(%)

vyl
75

T T T T
3000 2000 1500 1000

Wavenumber (cm™")

T
4000 3500 500

Fig. 4 FTIR spectra of the precursor (before annealing) and
20 annealed (after annealing) samples prepared by using (NH,),CO
precipitant.

The functional groups related with the surface information of
the samples were examined by FTIR. The FTIR spectra for the
precursor and annealed samples (by using urea as precipitant) are

25 shown in Fig. 4. It is clear that both of them have the absorption
band near 3378 cm™', which was assigned to stretching vibration
of O—H band. Additionally, two intense bands at about 1537 cm™
and 1410 cm™ in both spectra are concerned with the asymmetric
stretch of C—O in CO,>” groups. Furthermore, compared with the

30 FTIR spectrum of the precursor sample, the new band at about
578 cm™' in annealed sample can be assigned to the Lu—O
stretching absorption of Lu,O;, which provides a powerful
evidence for the formation of crystalline Lu,O; nanocrystals after
anneal treatment.

ss Table 1 The molar ratios of [RE*"]/(NH,),CO for synthesizing
Lu,05:Yb*"/Er*" samples with different sizes.

Particle size  [Ln**]:urea (molar ratio)

250 nm 2.5 %X 1072
200 nm 1.25 X 1072
165 nm 9 > 1073
100 nm 3 X 1073
45 nm 7.5 X 10

To investigate the size dependence of UCL property, Lu,O3
nanospheres with different sizes and appropriate intervals were
a0 prepared by regulating the molar ratios of [RE*'] to (NH,),CO.
Table 1 shows the additive molar ratios of [RE*"]/(NH,),CO for
synthesizing Lu,O5:Yb*'/Er’* nanocrystals with different sizes.
From the corresponding XRD patterns, as described in Fig. S2
(see ESI), we found that all the diffraction peaks of the samples
45 are well indexed to cubic phase Lu,O; (JCPDS No.86-2475). Fig.
5 presents the SEM micrographs of the (a—e) precursor and (f—j)
annealed Lu,05:Yb*'/Er*" samples synthesis with different ratios
of RE*'/(NH,),CO. It is obvious that with decreasing the molar
ratio of [RE*)/(NH,),CO, the resultant Lu,O; nanospheres
s0 become smaller and smaller. By decreasing the molar ratio of
[RE*]/(NH,),CO to 7.5x107* we observed that the width of
diffraction peaks in XRD pattern become broad, as shown in Fig.
S2(e), which further demonstrated the size reduction of Lu,0Os
nanospheres. Additionally, as can be seen from Fig. 5(f—j), the
ss nearly uniform-sized Lu,O5:Yb*"/Er*" nanospheres with the sizes
0of 250 nm, 200 nm, 165 nm, 100 nm, and 45 nm were obtained in
the experiments.

Fig. 5 SEM images of the (a—e) precursor and (f—j) annealed

o0 Lu,05:Yb*/Er’" samples synthesis with different ratios of
[RE*")/(NH,),CO. [RE*'J:urea = 2.5x1072 (a, f); 1.25x107% (b, g);
9x107 (c, h); 3x107 (d, i); 7.5%107 (e, j).
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Figure 6 shows the FTIR spectra of the annealed
Lu,05:Yb*"/Er*" samples with different sizes. Obviously, the
stretching adsorption of Lu—O (578 cm™), stretching vibration of
O-H (3378 cm™), and asymmetric stretch of C-O (1537
cm /1410 cm™) can be observed in all samples. Additionally, it
is worthwhile to note that the intensities of these absorption bands
increased with decreasing the particle size. This result can be well
explained by surface effect as following: the specific area of a
Lu,0; nanosphere increased gradually with decreasing the
particle size of Lu,O; sample. Therefore, with the decrease of the
particle sizes, the attached groups, such as COs;* and OH,
increased in the Lu,O5:Yb>'/Er’* samples and resulted in the
increase of absorption intensities of the O—H and C—O bands.

g,

Transmittance(%)

T T ’ T T T
4000 3500 3000 2000 1500 1000 500

Wavenumber(cm™)

Fig. 6 FTIR spectra of the annealed Lu,O5:Yb*'/Er’* samples
with different sizes.

Figure 7 displays the UCL spectra of Lu,O;:Yb*'/Er’*
nanospheres with different sizes. Under 980 nm excitation, the
sharp peaks in the green (515 — 580 nm) and red (635 — 700 nm)
regions, which assign to the 2H 110250 — sy and *Fop — s
transitions of Er'" ions, respectively, are depicted in Fig. 7
clearly.* *! It is obvious that both the green and red luminescence
intensities decreased drastically with decreasing the size of
Lu,05:Yb*"/Er*" nanospheres. Compared with the luminescence
intensities of Lu,O5:Yb*>*/Er’" nanospheres with size of 250 nm,
the green and red UCL decrease ~20 times and ~6 times,
respectively, by intensities in 45 nm Lu,0O; nanospheres.

6k

——250 nm
——200 nm
—165nm
——100 nm

5k =

S
=
1

Intensity (a.u.)
N w
= =
1 1

600 650 700 750

Wavelength (nm)

Fig. 7 UCL spectra of Lu,O5:Yb*"/Er*" nanocrystals with

30 different particle sizes.

To further discuss the size dependence of UCL of Er’’, the
intensities of red emissions are normalized in UCL spectra, as
depicted in Fig. 8(a). From Fig. 8(a), we can conclude that the
relative intensity of green emission decreased gradually with the

35 decrease of Lu,O; particle size. Fig. 8(b) gives the intensity

proportions of lyeen/Ired, Where Iyeen and Iiq represent the green
emission intensity and red emission intensity, respectively. It is
clear that the lycey/Iicq decreased gradually with the reduction of
particle size. The above results can be mainly attributed to the

40 surface effect and the specific explanations will be given in the

following sections. Besides, to measure the color of the visible
emissions, the chromaticity coordinates were calculated from the
spectra by the method using the 1931 CIE system. As shown in
the inset of Fig. 8(b), with the average particle size changed from

45 250 nm to 45 nm, the UCL can be controlled to some extent and

the chromaticity coordinates (x, y) changed systematically from
(0.343, 0.646) to (0.396, 0.593), corresponding to color points of
the samples changed gradually from green to yellowish green.
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so Fig. 8 (a) Normalized UCL spectra of Lu,O;:Yb*'/Er’*

nanocrystals with different sizes. (b) The relationship between
Lyreen/lreq and the sizes of Lu,05:Yb*"/Er** nanocrystals. Inset is
the corresponding calculated color coordinates with decreasing
the size of Lu,05:Yb**/Er* nanocrystals from 250 to 45 nm.

To shed light on the UC mechanism well, we investigated the
pump power [z dependence of UCL intensity /. For an
unsaturated UC process, Iroc 1", where n is the number of IR
photons absorbed per upconverted photon emitted.*? Fig. S3 (see
ESI) depicts the double logarithmic plots of /, as a function of /4

¢ where the n values can be easily obtained from linear fit. For the

This journal is © The Royal Society of Chemistry [year]
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green emissions, the values of ns were calculated to be 1.85, 2.00,
2.16, 2.62, and 2.72 for the samples with sizes of 250, 200, 165,
100, and 45 nm, respectively. For the red emission, the
corresponding ns were determined to be 1.67, 1.72, 1.95, 2.24,
and 2.42. It is interesting to observe that the obtained ns for both
green and red emissions increased with the reduction of particle
sizes, and the ns obtained for the red emissions are smaller than
those for the green emissions in all the samples.

25 - 2
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> J 4
= 1042 4 d
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o ! 1
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w 54 1 132
i "l
(B
| |
02 4

72

Yb™ Er”

Fig. 9 Energy level diagrams of Yb*" and Er’*ions, and possible
UC processes.

In Yb*-Er'" codoped Lu,O; samples and under 980 nm
excitation, there are many different processes to populate the
excited states of Er'" ions.*® Figure 9 shows the energy level
diagrams of Yb*" and Er’" ions as well as the possible UC
processes. Compared with Er'', Yb*" has a higher doping
concentration and a much larger absorption cross section around
980 nm, therefore, the main pathway to populate the excited
states of Er’* is the energy transfer (ET) from Yb** to Er’*. Two
characteristic routes have been proposed for populating the
excited green and red levels of Er** in Yb*"-Er’" codoped systems,
which described as follows: route 1: *Iysp — I — *Fyp —
*Hyip, %830 = *Fo; route 2: *lisn— *yp— I3 — *Fop— *Hyp
— 2Hy1p, S5 — *Fop.'* 1% Obviously, a series of nonradiative
relaxation (NR) processes, such as s — Ly and 2Hyyp, *San
— *Fyp, etc, are involved and played important roles in
populating the green and red levels of Er**. For the NR process of
12— *L3p, it is well known that the energy gap (AE) between
the upper and lower states (~3500 cm™") can be compensated by
the energy came from the surface group OH™ efficiently.”> ** As
discussed above (Fig. 6), the smaller particle size, the more
surface functional groups. Therefore, with the decrease of particle
sizes, the amounts of surface groups gradually increased and the
NR process of 4112 — *I13, became more and more effective in
the Lu,O;:Yb*"/Er’" nanocrystals. Based on this perspective,
several experimental results, as described above, can be fully
explained. Firstly, the NR process of L1, — “I3 canresulted in
the population at I3 level increased while the population in the
*I1» decreased. With another ET process of *Ij3, — ‘Fyp,
enhanced red emission can be obtained in small particles. In

45

50

55

60

contrary, with the ET of T, —*F;, and the following NR of
‘Fon — 2Hypn, Sy, the related green emission intensity
decreased with the reduction of particle size. Therefore, the
luminescence ratio of Iycen/lred decreased gradually with the
decrease of particle size, as shown in Fig. 8. Secondly, with
decreasing the size of Lu,0s particle to some extent, the route 2
described above is dominant in populating the green levels of
Er’" due to the efficient NR of *I};, — *I}5,. Thirdly, as deduced
from route 2, three 980 nm photons are needed to populate the
green levels, thus, the corresponding ns, as shown in Fig. S3 (see
ESI), are larger than 2 in small particles.

(a) i 250 nm
4 200 nm
165 nm
0.8 100 nm
— 45 nm
=
= 4 4
= D&+
£ S !15.'2
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E 0.4
0.2
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Decay time (us)
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(0)1s I
200 nm
165 nm
100 nm
:i 45 nm
i)
=
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]
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(5]
=
=

T T T
1000 1500 2000

=
o
=1
(=]

Decay time (us)

Fig. 10 Luminescence decay curves of Er'" in Lu,O5:Yb*"/Er*
nanocrystals with different sizes. Open circles: experimental data;
solid lines: fitting results by I, = Iexp(~1/7). (a) 4Ssn — s
transition; (b) *Fo;, — *I,s); transition.

Table 2 The molar ratios of [RE**]/(NH,),CO for synthesizing
Lu,O5:Yb*"/Er** samples with different sizes.

Particle size 45‘3 2/ us 1F 9_‘,‘-2_;1 1S
250 nmm 278 308
200 nm 185 221
165 nm 147 186
100 nm 106 136

45 nm 57 92

To further confirm the surface effect and the size-dependent
UCLs in Lu,05:Yb*/Er*" nanospheres, dynamic decay data are
measured and analyzed. Fig. 10(a) and (b) show the luminescence
decay curves of 480 — 155, and *Fopy — *1,5, transitions of Er’*
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jons in Lu,Oy:Yb*/Er’" nanospheres with different sizes,
respectively. Each of the decay curves in Fig. 10 can be fitted
well by single exponential function I, = lexp(~#/7), where 7 is
the lifetime. The lifetime zs for the *S;,, and *Fy, states of Er*
are described in Table 2. Obviously, with decreasing the sizes of
Lu,0; samples, the lifetime zs for the green and red levels of Er**
shorten gradually. In addition, the values of s obtained for green
emission are shortened with respect to those obtained for red
emission in all samples. Since all of the differently-sized
10 Lu,05:YO*'/Er*"  samples were prepared with the same
concentration ratio (5mol%Yb** and 1mol%Er’") and with the
same experimental conditions, the difference due to the dopants
ratios and the experimental parameters on the dynamic
measurements can be neglected. As we all know, the intrinsic
radiative decay rates of Er'' are almost the same for
Lu,05:Yb*'/Er*" samples with different sizes and the rates of
nonradiative decay play crucial roles in affecting the total decay
lifetime z. Generally, the more surface functional groups are (the
smaller particle size is), the faster nonradiative decay rate is.
20 Therefore, with the reduction of particle size, the total decay
times from *Sy, and *Fy, states of Er** ions gradually decreased,
as depicted in Fig. 10 and Table 2, and the dynamic decay results
provide another powerful evidence for the surface effect in Lu,0;
samples as well.

o

@

200 nm
I
25 i

Fig. 11 TEM images of Lu,O3:Yb**/Er’" nanocrystals with
different surface coating. (a) pure Lu,O5:Yb**/Er’" nanocrystals;
(b) coating with SiO, shell; (c) coating with Lu,O5 shell; (d)
coating with Lu,O5:Yb** shell.

30  Surface coating is an effective way to change the surface
characteristic of the sample. At this end, we would like to discuss
the UCL properties of Er*" in Lu,O5:Yb*"/Er*" nanospheres with
different shell coating. As a representative example,
Lu,05:Yb*"/Er*" nanospheres with the average size of 100 nm are

35 selected here as cores, and the shell materials are silica, lutetium
oxide, and Yb*" doped lutetium oxide, respectively. Fig. 11 shows
the TEM images of pure Lu,0;:Yb**/Er*" nanocrystals (a) and the
related core-shell samples of Lu,O5:Yb*'/Er*@SiO, (b),
Lu,05:Yb* ' /Er* @Lu,05 (c), and Lu,05: Y /Er* @Lu,05: YD

40 (d). After coating with surface shells, it is obvious that the
obtained samples are still spherical in shape and uniform in size,
and the average sizes of these core-shell particles (Fig. 11(b—d))
become larger than the pure Lu,0;:Yb*'/Er’* spheres (Fig. 11(a)).

In addition, the corresponding XRD patterns of these core-shell

4s samples are depicted in Fig. S4 (see ESI). From these XRD
patterns, we observed that all the diffraction peaks can well be
indexed to cubic phase Lu,0;. Moreover, a weak and broad band
centered at 22°, as shown in Fig. S4(b), is the characteristic peak
for amorphous SiO..

6000

—— 100 nm Lu,0, Nanosphere
50004 ——— 100 nm LuzoJ Nanosphere + s:‘oz coating
—— 100 nm Lu,0, Nanosphere + Lu,0, coating
- ”

— 4000 — 100 nm Lu,0, Nanosphere +Lu,0,:Yb™" coating

= |

s |

Z

0

(-

e

£

50 Wavelength (nm)

Fig. 12 UCL spectra of Lu,O3:Yb*/Er’" nanocrystals with
coating different surface shells.

Figure 12 shows the UCL spectra of pure Lu,O;:Yb*'/Er**
nanocrystals and the related core-shell samples. Compared with
ss pure Lu,O5:Yb*'/Er’* nanospheres, the emission intensity of the
sample coated with SiO, was greatly decreased, while the UCL
intensities of Lu,05:Yb*/Er* @Lu,05(:Yb*") nanocrystals were
increased, as described in Fig. 12. On one hand, the decrease of
emission intensity by SiO, coating can well be explained by
o0 lattice mismatch between Lu,O; and SiO,.** ¢ On the other hand,
for the enhanced UCLs in Lu,05(:Yb*") coating samples, some of
possible reasons can be proposed as follows: as discussed above,
the larger particle size is, the lower nonradiative decay possibility
is. Fig. 11(c) and (d) confirmed that the particle sizes of core-
es shell samples are lager than that of pure Lu,Os;:Yb*'/Er’*
nanocrystals. Therefore, the NR processes decreased in core-shell
samples, resulting the UCL intensities greatly increased in
Lu,05:Yb* ' /Er* @Lu,05(: YD) samples. Furthermore, it is
interesting to observe in Fig. 12 that the additional adding of Yb**
70 in shell layer is beneficial for the enhancement of UCL of Er’".
As deduced from Fig. 11(c) and (d), the samples coating with
Lu,0; and Lu,O5:Yb*" are nearly the same in their sizes,
therefore, the difference of UCL intensities due to the particle
size should not be considered here. The enhanced UCL by
75 coating with Lu,O5: YD shells can be attributed to the effective
increment of quenching concentration of Yb** in such core-shell
structure, which facilitates the ETs between sensitizer (Yb®") and
activator (Er’"), and the similar explanation has been addressed
well in other previous works.*"*

so Table 3 The molar ratios of [RE**]/(NH,),CO for synthesizing
Lu,05:Yb*/Er** samples with different sizes.

Sample 48 0/1s Ay us
100 nm Lu,0; Nanosphere 106 136
S10, coating 82 96
Lu,0,; coating 159 192
Lu,0,:Yb*" coating 223 272

This journal is © The Royal Society of Chemistry [year]
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Finally, we investigated the dynamic decay behaviors of these
core-shell samples. The luminescence decay curves of Er*" in
Lu,05:Yb*"/Er*" nanospheres coating with different surface shells
are shown in Fig. S5 (see ESI). All of the decay curves can be
fitted well by I, = lyexp(~#/7) and the corresponding lifetime zs
are shown in Table 3. Generally, for the active ions in UCL
materials, a short lifetime usually means the low luminescence
efficiency.”® Thus, as depicted in Fig. S4 and Table 3, the lifetime
zs for the green and red levels of Er’* shorten gradually with the
decrease of UCL intensity.

Conclusions

In conclusion, a simple and effective homogeneous precipitation
method followed by annealing at high temperature has been
developed to synthesize Lu,05:Yb**/Er’*" nanocrystals. Spherical
Lu,05:Yb*"/Er*" nanoparticles with nearly uniform size were
obtained by using urea as precipitant. By regulating the molar
ratios of [RE**]/(NH,),CO, Lu,05:Yb**/Er’" nanospheres with
the sizes of 45 nm, 100 nm, 165 nm, 200 nm, and 250 nm were
successfully synthesized in the experiments. Under the excitation
of 980 nm, green (CHj /'S5 — “Iisp) and red (‘Fop, — *Iisp)
UCLs of Er’* were observed in these Lu,O5:Yb>'/Er’*
nanospheres. With decreasing the particle sizes of Lu,0;
nanospheres, both of the total UCL intensities and the intensity
ratios of Jyeen/lieq decreased gradually. The absorption intensities
of O-H and C-O bands increased with decreasing the size of
Lu,05 nanocrystals, resulting in the efficient NR process of T
— %113, in small particles. Surface effect and the possibility of
NR process of *I;,, — I3, were proposed to explain the size-
dependent UCL properties. The decay times for the *S, and *Fy),
states of Er'" shorten gradually with decreasing the size of
Lu,O5:Yb*/Er**  nanospheres. By coating Lu,O;:Yb*"/Er**
nanospheres with SiO, shells, UCL of Er'* was decreased
drastically owing to the lattice mismatch between Lu,0; and SiO,.
In contrast, instead of coating with Lu,05(:Yb*") shells, the UCL
intensities of Er’* was greatly increased, which can be attributed
to the increase of particle sizes and the decrease of surface groups.
Compared with the Iluminescence intensity of Er'" in
Lu,05:Yb*/Er** @Lu,05 nanocrystals, enhanced UCL of Er’*
was obtained by adding additional Yb*"into shell layers. In these
core-shell samples, the lifetime zs for the green and red levels of
Er** shorten gradually with the decrease of UCL intensity as well.
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