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Single phase B-NaGdF,:Yb**/Tm3* and B-NaGdF,:Yb>*/Ho>" submicron crystals with various morpholo-
gies including hexagonal prisms, spindles, and spheres were synthesized via the one-step hydrothermal
method by controlling the pH values and sort of chelators (EDTA and citric acid). The prepared products
showed intense up-converted luminescence (UCL) pumped by infrared laser at 980 nm. The hexagonal
prisms that meaning high degree crystallinity demonstrated strong UCL in comparison with other mor-
phologies such as spindles and spheres. In -NaGdF,:Yb**/Tm3*, UCL not only appeared transitions from
1G4, 'Dy, and 'Is states to the lower lying states of Tm>*, but also ®P; — 8S;), transition (310 nm) of Gd**.
These UCL were responsible for three, five, and six photons processes determined by pump power depen-
dence of UCL intensities. The observation of UCL of Gd3* implied occurrence of energy transfer from

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Over the past decades, the infrared to visible up-converted
luminescence (UCL) in rare earth ions doped crystals have been
extensively studied due to their potential applications in biological
fluorescent labels, color displays, and infrared sensors [1-4].
Among them, Lanthanide (Ln>*) fluoride compounds p-NaYF, and
B-NaGdF, act as proper hosts for achieving highly bright UCL be-
cause they exhibit low phonon energies, high refractive indices,
and high chemical stabilities. Considerable studies have shown
that rare earth doped B-NaYF, is the very efficient UCL material
[5-9], and various morphologies of which including hexagonal
prisms [5,7,10], rods [6,9,11], and spheres [5,12,13] have been ob-
tained by various synthetic methods. The p-NaGdF, host exhibits
not only highly bright UCL [14], but also good magnetic character-
istics [15-17], demonstrating both optical and magnetic functions
for use in bioimaging rather than p-NaYF,. And, NaGdF, is an ideal
host material for ultraviolet (UV) quantum cutting phosphor
[15,18,19]. However, there are only a few reports on synthesis of
rare earth ion doped B-NaGdF, high degree crystallinity submicron
crystals, compared to the nanoparticles [14,15,18,20]. And, submi-
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cron crystals with novel morphologies have the more remarkable
effect than nanoparticles on the understanding of the crystal
growth processes and potential technological applications in
microelectronic devices [7,15,18]. The properties of microcrystal-
line powder can be greatly affected by the crystal shapes. Wang
et al. [15] synthesized disk-like submicron B-NaGdF,:Yb3*/Er®*
crystals by hydrothermal (HT) method using citric acid as the che-
lator. The prominent luminescence and paramagnetic properties of
the prepared materials were studied. And, Wu et al. [18] prepared
multiform morphologies B-NaGdF, by changing the F~ sources and
pH values, but unfortunately found only irregular submicroparti-
cles due to the insufficient complexing ability of chelator and lack
of equilibrium of chelator and pH value.

In general, the achievement of submicron B-NaYF, crystals with
hexagonal prism morphology is the indication of high degree crys-
tallinity [5,32], but the regular hexagonal prisms of submicron B-
NaGdF, which have intense UCL have not been synthesized by
HT method. On chelators for HT synthesis, besides citric acid, eth-
ylenediamine tetraacetic acid (EDTA) is also an alternative because
its chelate constant and structure stability coefficient are much lar-
ger than citric acid [21]. But EDTA-assisted HT for preparing the
NaGdF, crystals with controlled morphologies has not been re-
ported. It is therefore a significant research to use EDTA as the che-
lator to synthesize B-NaGdF,, compared with citric acid.
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In this paper, we reported HT synthesis of p-NaGdF,:Yb>*/Tm>*
and B-NaGdF,:Yb**/Ho®" submicron crystals and their UCL proper-
ties. In the synthesis, EDTA was applied to use as the chelator com-
pared with citric acid. Regular morphologies including submicron
hexagonal prisms (high crystallinity), spheres, and spindles were
achieved by adjusting the pH values in aqueous solution strictly.
The UCL processes of Tm3*, Gd**, and Ho>* sensitized by Yb>* were
discussed in B-NaGdF, host.

2. Experimental
2.1. Sample preparation

The synthesis of B-NaGdF,:Ln>* (Ln>* = Yb3*, Tm** or Ho>") sub-
micron crystals by the HT approach was described as follows: the
appropriate amounts of Gd,03 (4 N), Yb,03 (4 N), Tm,053 (4 N), and
Ho,05 (4 N) powders were dissolved in dilute nitric acid, respec-
tively, to obtain 0.1M Gd (NOs3);, 0.1 M Yb(NOs);, 0.001 M
Tm(NO3)s, and 0.02 M Ho(NOs)s solutions. Then, the aqueous solu-
tions containing Gd**, Yb**, Tm**/Ho>* with corresponding mole
ratios were mixed and stirred to form homogeneous solutions at
room temperature. In a typical procedure for the preparation of
0.5mmol B-NaGdF4:Ln** (Ln®*=Yb3**, Tm3* or Ho>'), EDTA
(0.1861 g) or citric acid (0.2102 g) as the chelator was added into
the aforementioned solutions to form the white complex of me-
tal-chelating with the molar ratio of EDTA/Ln®>* of 1:1 or citric
acid/Ln3* of 2:1. After vigorous stirring was continuously applied
for 30 min, 0.2519 g of NaF was added into the complex as F~
source under the molar ratio of F~/Ln>" of 12:1. Then, the pH value
of the mixed solution was adjusted to an appropriate constant by
adding dropwise diluted NaOH or HNO; solution, which was a
key factor to the morphology of product. After vigorous stirring
for 2 h, the milky colloidal solution was transferred into a closed
Teflon-lined stainless steel autoclave with 50.0 mL capacity and
heated at 180 °C for 2 h. After the autoclave was cooled to room
temperature naturally, the precipitates were collected by centrifu-
gation at high speed of 8000 r/min and washing several times with
deionized water and absolute ethanol. Then, the powder was ob-
tained after being dried in a vacuum oven at 65 °C for 12 h. Table 1
shows the specific reaction conditions of HT synthesis and charac-
teristics of the powders.

2.2. Measurements and characterization

Powder X-ray diffraction (XRD) data were collected using Cu Kot
radiation (A= 1.54056 A) on a Bruker D8 advance diffractometer
equipped with a linear position-sensitive detector (PSD-50 m, M.
Braun), operating at 40 kV and 40 mA with a step size of 0.01°
(20) in the range of 10-65°. The morphology was investigated by

using field emission scanning electron microscopy (FE-SEM) (Hit-
achi S-4800). The transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
images were performed using a JEOL JEM 2100 TEM equipped with
an electron diffractometer (ED). The UCL spectra were measured
using HITACHI F-4500 spectrometer pumped with a power-con-
trollable 980 nm diode laser.

3. Results and discussion
3.1. Phase control

In our previous work, the products for low F~/Ln®*" values
(<10:1) are mixtures of the orthorhombic phase GdF; and hexago-
nal phase B-NaGdF,. As increasing F~/Ln®* value up to 12:1, pure B-
NaGdF, is achieved. Fig. 1 shows XRD patterns of the products syn-
thesized by HT at 180 °C 2 h using EDTA (a) and citric acid (b) as
the chelators for fixed F-/Ln>* of 12:1 in aqueous solution with
pH =5. The pure hexagonal phase B-NaGdF, (JCPDS 27-0699) is
achieved for samples synthesized using EDTA and citric acid as
the chelators. We note that the HT synthesized B-NaGdF, in these
conditions show enhanced (110) XRD peaks in comparison with
the standard card of B-NaGdF,. This result implies the presence
of preferred growth direction dependent on morphology of the
product. To obtain ideal XRD patterns of B-NaGdF, crystals, we
fixed citric acid as the chelator and synthesized series p-NaGdF,
products by adjusting pH values in the range of 4.8-9.0. It is signif-
icantly observed that the XRD patterns of the products gradually
approach to the standard card of B-NaGdF, with increasing the
pH values and the XRD pattern is finally identical to the standard
card as pH = 9.0, as shown in Fig. 2. The corresponding morpholo-
gies of the B-NaGdF, crystals synthesized for pH values of 4.8, 5.0,
7.0, and 9.0 are illustrated in the SEM images (a-d), respectively in
Fig. 3.

3.2. Morphology

When the pH was 4.8, the morphology of short hexagonal prism
was formed, as shown in Fig. 3a. The synthesized short hexagonal
prisms have an average size of 1 um. A large quantity of regular
short hexagonal prisms was obtained as the pH value increased
up to 5, as shown in Fig. 3b. This indicates that the sufficient coor-
dination between pH and citrate anion is responsible for the uni-
form morphology. In average, each hexagonal prism has the well-
defined crystallographic facets with the side length of 500 nm
and thickness of 600 nm. As the pH was further increased, the mor-
phology of crystals had a significant change. The short hexagonal
prisms changed to spheres as the pH value was 7, as shown in
Fig. 3c. These spheres are uniform with diameter of 500 nm. The

Table 1
Characteristics of samples with various conditions in the HT processes.
Chelator Chelator/Ln3* pH Phase Size Morphology Graph
Citric acid 2:1 4.8 Hexagonal L: 1 pm Hexagonal prisms Fig. 3a
H:1pum
Citric acid 2:1 5 Hexagonal L: 500 nm Hexagonal prisms Fig. 3b
H: 600 nm
Citric acid 2:1 7 Hexagonal D: 500 nm Spheres Fig. 3¢
Citric acid 2:1 9 Hexagonal D: 400 nm Spheres Fig. 3d
EDTA 1:1 4.5 Hexagonal H: 300 nm Hexagonal prisms Fig. 4a
EDTA 1:1 5.1 Hexagonal L: 200 nm Hexagonal prisms Fig. 4b
H: 700 nm
EDTA 1:1 7 Hexagonal H: 500 nm Spindles Fig. 4c
EDTA 1:1 9 Hexagonal H: 400 nm Spindles Fig. 4d

D: diameter; H: height; L: side length.
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Fig. 1. XRD patterns of samples synthesized using EDTA (a) and citric acid (b) as the
chelators for fixed pH value of 5 and molar ratio F~/Ln>* of 12:1.
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Fig. 2. XRD patterns of samples synthesized using citric acid as the chelator for

fixed F~/Ln>* ratio of 12:1 and pH value of 4.8 (a), 5 (b), 7 (c), and 9 (d).

surfaces of these spheres are coarse and contain nanosized sub-
structures. With the pH was further increased to 9, the spheres

had no further changes in morphology, but the surfaces of the
spheres were smoother (inset of Fig. 3d). The morphologies chan-
ged from hexagonal prisms to spheres with increasing pH values
can give an explanation why the XRD patterns show the enhanced
(110) peak for low pH values and normal height of (110) peak for
high pH values. Hexagonal prisms show geometrically non-isotro-
pic shapes which have the preferred growth directions, resulting in
stronger (110) XRD peak. Differently, spherical particles have iso-
tropic structures without priority orientation that reasonably give
a XRD pattern identical to the standard card of B-NaGdF,, as shown
in Fig. 2. The exact mechanism of citric acid for the change of mor-
phology of B-NaGdF, is unclear to us at the moment. It may be ex-
plained that the function of citrate anions is different for
controlling the relative growth rates along various crystallographic
directions with the increase in the pH value. The crystal growth
process will be discussed later.

EDTA is other efficient chelator for controlling the crystal mor-
phology [13,22]. The chelate constant is much larger for EDTA
(lgB = 18-19) than citric acid (1gg = 8-9) [22,23]. The structure sta-
bility coefficient of EDTA with Ln>* ions is larger than citric acid,
because of its six binding sites (four binding sites in citric acid)
and ring-like space structure [5].

For comparison with citric acid, EDTA is selected as the chela-
tor to synthesize B-NaGdF, samples at 180 °C for 2 h with fixed
F-/Ln3" ratio of 12:1 and various pH values in the range of
4.5-9. The corresponding morphologies of the products are illus-
trated in Fig. 4. When the pH value was 4.5, spindles particles
were formed, with an average length of about 300 nm and diam-
eter of 100 nm in the middle. The convex structures at the center
of the top and bottom facets demonstrate that the growth rate in
the [001] direction is faster than the growth sideways in the
[100] orientations in the condition EDTA existed. As the pH
reached 5.1, highly uniform and mono-dispersed long hexagonal
prisms were formed with a uniform side length of 200 nm and
height of 700 nm, as shown in Fig. 4b (inset). The EDTA as the
chelator facilitates longitudinal growth of B-NaGdF, sample. As
the pH was further increased to 7, some long hexagonal prisms
changed to the spindles again, as illustrated in Fig. 4c. When
the pH reached to 9, the morphology was only the spindles
with about 150 nm width in the middle and 400 nm height, as
shown in Fig. 4d. The as-prepared spindles are other kind of
cluster assembled from many primary nanocrystals, resulting

Fig. 3. The SEM images of B-NaGdF, submicron crystals synthesized using citric acid as the chelator for fixed F~/Ln>" ratio of 12:1 and pH value of 4.8 (a), 5 (b), 7 (c), and 9 (d).
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Fig. 4. The SEM images of 8-NaGdF, submicron crystals prepared using EDTA as the chelator for fixed F~/Ln>* ratio of 12:1 and pH value of 4.5 (a), 5.1 (b), 7 (c), and 9 (d).

the roughened surfaces (inset of Fig. 4d). All submicron crystals
are synthesized above that are composed of lanthanide dopants
20%Yb** and 0.3%Tm>". The morphologies are usually not affected
by the dopants.

Fig. 5a exhibits a typical TEM image of individual long hexago-
nal prism of which the SEM image is shown in Fig. 4b. The ED pat-
tern inset in Fig. 5a indicates that the microprism is of single
crystal and can be indexed as the B-NaGdF, phase, which is in ac-
cord with the XRD results in Fig. 1a. The HRTEM image shown in
Fig. 5b reveals that the fringe spacing of interlayer is about
0.34 nm, which corresponds well to the distance of the (001)
planes. Thus, the preferred growth direction of B-NaGdF, prisms
is along the [001] direction. The growth along [001] direction
causes stronger (110) XRD peak in Fig. 1a. The inset of Fig. 5b
shows the corresponding FFT image, which presents a 6-fold sym-
metry and can further confirm the microprism obtained is the high
crystallinity of B-NaGdF,.

3.3. Crystal growth processes in citric acid and EDTA

The kinetics of the crystal growth process has already been
extensively studied in the past decade [7,24-26]. In a word, the dif-
ference in the growth rates of various crystal facets results the dif-
ferent morphology of the crystallite. The faster relative rate of
growth crystal direction has the smaller the area of crystal facet
perpendicular to this growth direction will be.

Shown in Scheme 1a, the small ratio of height to side length
demonstrates that the growth rate in the prismatic facets is a lit-
tle quicker than that top and bottom facets in citric acid condi-
tion. As the pH value increases gradually, submicron spheres
appeared indicate that sequestering activities of citric acid along
all directions are completely uniform. The isotropic growth of
crystal is induced. The coordination between the pH value and
chelator is important for the morphology of the final products
[26]. The hexagonal prisms grown in EDTA show a larger ratio
of height to side length than controlled by citric acid. That can
be concluded EDTA has the more effective function of enhance-
ment the longitudinal growth along the [001] orientation than
citric acid. Furthermore, the spindles appeared demonstrate that
the preferential growth orientation is existed which is the
[001] direction.

Fig. 5. The TEM image, ED pattern, and HRTEM image of long hexagonal prism -
NaGdF, submicron crystal prepared using EDTA as the chelator.

3.4. Luminescence properties

The UCL spectra for the samples synthesized using citric acid
and/or EDTA as chelator were recorded upon 980 nm pumping
with power of 85 mW/mm?. Fig. 6a and b shows UCL spectra of
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Scheme 1. Schematic illustration of B-NaGdF, crystal growth processes with citric acid (a) and EDTA (b) as the chelators.

B-NaGdF,:(20%)Yb>*/(0.3%)Tm>* crystals with the typical morphol-
ogies of short hexagonal prisms and spheres synthesized using cit-
ric acid as the chelator. Fig. 6¢c and d shows UCL spectra of the
spindles and long hexagonal prisms B-NaGdF,:(20%)Yb>*/
(0.3%)Tm>"* crystals synthesized using EDTA as the chelator. The
UCL spectra appear typical emissions of both Tm3* and Gd3*
including emissions from 'Is, 'D, and 'G, levels of Tm3* and °P; lev-
els of Gd>* (shown by the red symbol). Fig. 7 presents the energy
level diagrams of Yb**, Tm>*, and Gd>* ions [27] and the proposed
energy transfer mechanisms [28-30] in Yb*/Tm>" co-doped B-
NaGdF, under 980 nm excitation. It is important to note that the
5P; — 8Sy), emission of Gd** is observed at 310 nm. Due to Gd**
ions cannot be excited by 980 nm directly, there must exist energy
transfer from Tm>" to Gd>* [21,31].

Comparing intensities of various morphologies, the emission
intensities have enhanced obviously of hexagonal prisms. The
prisms have higher crystallinity than nanoparticle-clusters
(spheres and spindles) which decrease the defect concentrations,
then leading to an enhanced UCL [5,23].

The UCL spectra for different samples show different intensities
of up-converted UV emissions originated from 'Is » 3F, and
D, - 3Hg transitions relative to the blue UCL originated from
1G, — 3Hg transition of Tm>*. The different spectral distributions
in UCL spectra for different samples may be resulted from different
crystallinities and surface properties rather than the morphologies
[5,7,32,33].

To understand the UCL mechanisms, we had measured the
pump power dependence of UCL intensities for the long hexagonal

prisms sample of which UCL spectrum was shown in Fig. 6d. Fig. 8
shows the double logarithmic plots of the emission intensity as a
function of excitation power for the G, — 3Hg, 'D, — >F,, and
!I¢ - 3F,4 emissions of long hexagonal prisms. The slope n means
the number of NIR photons required to absorb for emitting one
up-converted photon [34,35]. Due to the competition between
the linear decay and up conversion of the excited states, the n be-
comes smaller than the theoretical value under high excited pump
power [35,36]. But, linear decay is dominant under lower excited
pump power which is used in our experiment. For the long hexag-
onal prisms sample, the n values of 'G, — >Hg, 'D, — >F4, and
!I¢ - 3F, emissions are obtained to be 2.8, 4.5, and 5.6, respec-
tively. The pump power dependence of 6PJ - 857,2 transitions of
Gd3* is found with the same tendency as Tm>':'l;, shown in
Fig. 8. This indicates that the 6PJ levels of Gd>* are populated via en-
ergy transfer from 'Is level of Tm®* to 3P} of Gd*".

Combined the slope n and energy diagrams of Tm3* and Yb3*,
the proposed pathways for upconversion emissions are demon-
strated in Fig. 7. The pump laser photons of 980 nm can only excite
the Yb* ions, then three successive energy transfers from Yb3* to
Tm?>* populate 3Hs, 3F,, and G, levels respectively with the redun-
dant energy dissipated by phonons [28,37,39]. Due to the large en-
ergy mismatch between Tm*" 'D,-'G, and Yb*" 2Fs;;—%Fy5, the
probability of 'D, populated by the fourth photon from Yb?* via en-
ergy transfer to the 'G, is low. According to previous reports, the
cross-relaxations between Tm3* ions play the important role in
populating D, level [37,39]. Usually, there are primarily two
cross-relaxation processes in populating the D, level:
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3H,+'G4 » 3F4 + 'D, and Gy +3Hy — 3F4 + 'D,. After populating
the D, state, another energy transfer process from the Yb>* to
Tm?>" ion excites this state to the 3P, state, followed by rapidly non-
radiative decays to the 'Ig state from which 'Is —» 3Hg and 'Is — 3F,4
emissions are produced [29]. As sample temperature is higher, this
nonradiative relaxation is greatly influenced and competes with
the radiative transitions of 3P, — Hg and P, — 3F,4 [38]. But the
3p, - 3Hg and P, — 3F4 emissions were not observed in our exper-
iment, even when the excited power increased to 195 mW/mm [2].
Consequently, the UCL from !G,, !D,, and 'l states are related to
three, five, and six photons processes, respectively [29,30].
Submicron-sized B-NaGdF,:(20%)Yb*>*/(1%)Ho*" crystals had
been also synthesized by HT using citric acid and/or EDTA as the
chelators, respectively. The synthesis conditions were typically
temperature of 180 °C, time of 2 h, pH value of 5, and F~/Ln3* ratio
of 12:1. Fig. 9 shows UCL spectra under 980 nm laser pumping
(85 mW/mm?) for B-NaGdF4:(20%)Yb>*/(1%)Ho>* submicron crys-
tals synthesized using EDTA (top) and citric acid (bottom). The
emission spectra are normalized to the strongest emission cen-
tered at 540 nm. As described by energy level diagrams [27] and

10*
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~ 109 o Tm™:'D, >'F
= 2 4
< Tm™: 'l > F,
2
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Fig. 8. Power dependence of UCL intensities of 'G4 — *Hg, 'D, — >F4 and 'Is — °F,
emissions of Tm** and °P; - S/, emission of Gd*' in long hexagonal prisms B-
NaGdF4:(20%) Yb**/(0.3%)Tm>* submicron crystals under 980 nm laser diode pump.

proposed energy transfer mechanisms in Fig. 9, the green' and
the red color emissions are observed in the range of 520-560 nm
and 620-670 nm which are the most dominant emissions, corre-
sponding to the intra 4f-4f electronic transitions S, +°F4 — °lIg
and °F5 — 5lg of Ho>* [40,41], respectively. The emission at 485 nm
is ascribed to the °F3 — °Ig [42]. Both spectra are similar, but one
can find that the red UCL spectrum in the top is a little stronger than
that in the bottom. As indicated in Fig. 9 (inset), the green and red
UCL intensities are proportional to the populations of the °Ig and
the °I; levels, respectively. The populations of the two levels are
strongly governed by the nonradiative relaxation from the °Ig to
the °I;[40]. The population competition between the two levels af-
fects the red to green intensity ratio in UCL directly. Therefore,

! For interpretation of color in Fig. 9, the reader is referred to the web version of
this article.
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the energy level diagrams and the proposed energy transfer pathways.

increasing the nonradiative relaxation rate could increase the popu-
lation ratio of the %I, to the >Ig levels, so as to enhance the red UCL of
the long hexagonal prisms sample [42]. The upconversion bands ob-
served at 361 nm, 387 nm, 418 nm, and 447 nm are assigned to the
transitions from the higher levels G; state to the ground state °Ig
[42]. As the energy transfer pathways show, the upconversion lumi-
nescence of the red (centered at 643 nm), green (539 nm), and blue
(485 nm) levels is two-photon, two-photon, and three-photon
upconversion luminescence, respectively [40,42].

4. Conclusion

The single phase p-NaGdF,:Yb*"/Tm>" and B-NaGdF,:Yb**/Ho*"
submicron crystal phosphors were synthesized using the mild
hydrothermal technique by one-step procedure. The synthesis con-
ditions were typically temperature of 180 °C, time of 2 h, and F~/
Ln3" ratio of 12:1. The single phase $-NaGdF,:Yb**/Tm3* with the
short hexagonal prisms and spheres was formed as pH values in
the range of 4.8-9 with the chelator of citric acid. Furthermore,
long hexagonal prisms and spindles morphologies could also be
obtained with pH values in the range of 4.5-9 using EDTA as the
chelator. The results show that citric acid and EDTA have played
a different role on the crystal growth. Under 980 nm excitation,
the emission bands from 'G,, 'D-, and 'Ig states to the lower lying
states of Tm>* were found, which covered all the visible and UV re-
gion in B-NaGdF,:Yb*"/Tm3*, and profoundly one of ®P; - 8S;),
transitions of Gd** around 310 nm was observed implying energy
transfer from Tm**:'ls to Gd**:°P;. And, the intense blue of Tm**
and green of Ho>" emissions were bright enough to be observed
by naked eye at the lower excitation power (85 mW/mm?). These
confirm that the p-NaGdF, is an proper host for Ln®>" doped in
the UCL region.
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