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a  b  s  t  r  a  c  t

A  series  of  monodisperse  ultrasmall  Ba2YbF7 nanocrystals  with  intense  upconversion  emission  were
synthesized  via  a facile  solvothermal  method  by using  oleic  acid as  capping  ligands.  X-ray  diffraction
(XRD)  and transmission  electron  microscopy  (TEM)  assays  revealed  that  the  as-synthesized  Ba2YbF7

nanocrystals  are  of  cubic  structure,  rather  than  the reported  tetragonal  structure.  The  cell parameter  of
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the  particles  is  5.918 Å. The  Er3+ or Tm3+ doped  Ba2YbF7 nanocrystals  with  the  size  of  sub-10  nm  can  give
an  intense  upconversion  emission  under  the 980  nm  laser  excitation  and  the  upconversion  processes
were  discussed.  The  Ba2YbF7 nanocrystals  show  a potential  application  as  a bioimaging  agent.

© 2011 Elsevier B.V. All rights reserved.
onodisperse

. Introduction

Monodisperse ultrasmall upconversion rare earth (Re) com-
ound nanocrystals have showed actual and potential applications

n bioimaging [1–3]. Compared to the traditional fluorescent dyes
nd semiconductor quantum dots, upconversion nanocrystals pos-
ess advantages such as excellent photostability, low photodamage
nd absence of autofluorescence background, and consequently,
hey can give an intense near-infrared (NIR) emission and can
lso be excited by NIR [4–8]. For example, Cohen [9] and Hyeon
o-workers [10] present single NaYF4 and NaGdF4 nanocrystal
ossess ideal upconversion and photostability properties for single-
olecule imaging. Therefore, great efforts have been devoted to

nd new host materials which have high efficient upconversion
mission and to develop many protocols to synthesize monodis-
erse upconversion nanocrystals with uniform and ultrasmall
ize [11–13].  Yan developed the thermal chemical decomposition
ethod, by which, ReF3, NaReF4, ReOF monodisperse nanocrystals
ith high quality can be synthesized [14]. Li and co-workers had
repared many kinds of high quality upconversion nanocrystals
ith the solvothermal method by using oleate as capping lig-
nds [15]. Although these two protocols can be used to synthesize
ighly efficient upconversion nanocrystals with ultrasmall and uni-

orm size, by contrast, the solvothermal method is more economic,

∗ Corresponding author.
E-mail address: yangqibin02002@yahoo.com.cn (Y. Qibin).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.045
“green” and convenient. With both protocols, series of NaReF4 with
different sizes and shapes, which often are of hexagonal and cubic
structures, have been systematically researched, synthesized and
applied in many fields [16–23].  In addition, the hexagonal struc-
ture NaYF4 is recognized as highest efficient upconversion host
material and presents highly photostability. However, the size of
all monodisperse NaReF4 nanocrystals is difficult to be tuned down
to the size of sub-10 nm for the bioimaging of cellular appara-
tus [24]. Generally, the size of nanocrystals obviously affects the
upconversion emission intensity [25,26] and the upconverted effi-
ciency falls rapidly as the size of nanocrystals decreases. Until now,
it has not been reported that ultrasmall upconversion nanocrys-
tals can be used in the staining of cytoskeleton fibers which were
definitely displayed by quantum dots with the size of 4–10 nm in
diameter [24]. In fact, with the same doping conditions, Lin proved
BaGdF5 possessed higher efficiency than �-NaYF4 when the size of
nanocrystals was down to sub-10 nm [27].

The use of upconversion nanocrystals which surface is con-
jugated with organic or biological molecules will be extended
to the fields of sensing, cellular targeting, bioimaging and other
applications. So, it is necessary to find new host materials with
enough-small size which can realize high efficient upconversion.
At the same time, these new host materials can be synthesized
as monodisperse, ultrasmall and uniform-size nanocrystals. In this

work, a series of monodisperse ultrasmall Ba2YbF7 nanocrystals
with the size of sub-10 nm were synthesized via the solvother-
mal  method. The as-synthesized Ba2YbF7 nanocrystals are of
cubic structure rather than the reported tetragonal structure

dx.doi.org/10.1016/j.jallcom.2011.05.045
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yangqibin02002@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2011.05.045
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Fig. 1. XRD of cubic structure Ba2YbF7 nanocrystals reacted for 24 h: (a) Ba2YbF7

(The “−” are the raw XRD data and the overlapping red lines are calculated pattern.
The olive curves at the bottom are the difference between the raw XRD data and the

2 7
Moreover, it can be seen that the diffraction peaks are obviously

widened due to the small-size effect of nanocrystals. The average
size of the as-synthesized nanocrystals can be estimated by using
944 X. Changfu et al. / Journal of Alloys

JCPDS 41-0823). Intense upconversion emission can be observed
n these Er3+ or Tm3+ doped Ba2YbF7 nanocrystals with different
oping conditions under a 980 nm laser excitation. To best of our
nowledge, we  have not found any reports about the upconver-
ion property of Ba2YbF7 nanocrystals, so we believe that Ba2YbF7
ould be a nice candidate agent for bioimaging.

. Experimental and characterization

.1. Synthesis of Ba2YbF7 nanocrystals

All reagents were purchased from Sinapharm Chemical Reagent Co., Ltd. and
f  analytical grade without further purification, but Re oxides purity is higher than
9.99%. Re oxides were dissolved in nitric acid at elevated temperature to form 0.5 M
e nitride solution, and then the concentration of partly Tm(NO3)3 and Er(NO3)3

ere diluted to 0.05 M as doping reagents. Ba2YbF7 nanocrystals were synthe-
ized by the following solvothermal method, which was  used to synthesize BaYF5

anocrystals in our previous reports [17,18,28]. In a typical synthesis protocol, 2 ml
queous solution containing 0.6 g NaOH, 10 ml  alcohol and 20 ml  oleic acid was
dded into a beaker by turn under stirring to form transparent homogeneous solu-
ion. Then, 3 ml  Ba(NO3)2 (1 mmol) and 0.5 mmol  Yb(NO3)3 or Er(NO3)3 aqueous
olutions were introduced into the former solution. Finally, 2 ml  NH4F (4 mmol)
queous solution were added to the solution under vigorous stirring. The resulting
ixture was  vigorously stirred for another 10 min  to form a homogeneous colloidal

olution. Then it was  transferred into a 50 ml  stainless Teflon-lined autoclave sealed,
nd kept at 220 ◦C for 24 h. After the reaction, the autoclave was  moved out from the
urnace and cooled down to the room temperature naturally. The products deposited
t the bottom of the Teflon vessel were collected and washed with ethanol and water
everal times to remove other remnants, and then dried at 70 ◦C for 24 h or more
ime. With this method, a series of Er3+ or Tm3+ doped Ba2YbF7 nanocrystals were
ynthesized.

.2. Structure and upconversion characterization

The phase and structure were identified with a D/Max 8550 X-ray power diffrac-
ion apparatus with Cu K� radiation (� = 1.5406 Å) at 40 kV and 40 mA.  Analysis of
-ray diffraction (XRD) data were performed with MDI  Jade 6.0 software. The mor-
hologies and structure of the as-synthesized nanocrystals were characterized by
ransmission electron microscopy (TEM) (JEM-2100) at 200 kV equipped with an
xford instrument energy dispersive X-ray spectroscopy (EDS) system. The samples

or  the TEM and HRTEM assays were redispersed in cyclohexane and ultrasoni-
ated to produce a well-dispersed suspension, and then one drop of this suspension
as  placed on a copper grid covered with hollow carbon film for TEM character-

zation. Upconversion photoluminescence was recorded by an R-500 fluorescence
pectrophotometer under the excitation of a 980 nm laser. The digital photographs
f  Ba2YbF7 nanocrystals with photoluminescence property dissolved in cyclohexane
ere taken by a digital camera (Nikon D4000). All of these measures were performed

t  room temperature.

. Results and discussion

.1. Structure and shape of the as-synthesized nanocrystals

The phase compositions of the as-synthesized nanocrys-
als were identified by XRD. The typical XRD patterns of
he as-synthesized nanocrystals of Ba2YbF7, Ba2Yb0.998Tm0.002F7,
a2Yb0.9Er0.1F7 and Ba2Yb0.8Er0.2F7 are shown in Fig. 1a–d, respec-
ively. It can be seen that ten characteristic diffraction peaks appear
t the positions of 2� = 26.13, 30.25, 43.27, 51.21, 53.66, 62.81,
9.19, 71.25, 79.29 and 85.17◦ on the XRD pattern of Ba2YbF7
Fig. 1a), respectively. Compared with that of the tetragonal struc-
ure Ba2YbF7 reported in the previous work (JCPDS 41-0823, S.G.:
, a = 4.202, c = 17.963 Å), many diffraction peaks are absent on the
RD pattern, and it is apparent that the crystal structure of the
s-synthesized Ba2YbF7 nanocrystals in the present work exhibits
igher symmetry in space group. It is found that the positions of
he diffraction peaks of all the phases is matched to that of the
a2LaF7 phase with the face-centered cubic (FCC) lattice (JCPDS 48-
099, cell parameter a = 6.088 Å), and thus it is supposed that the

s-synthesized Ba2YbF7 nanocrystals may  have the same structure
s Ba2LaF7. To further verify it, EDS analysis was conducted on the
ample, and the result reveals that the sample contains Ba, Yb and
. As shown in Fig. 2, besides copper and carbon come from the
calculated data); b, Ba2Yb0.998Tm0.002F7; c, Ba2Yb0.9Er0.1F7; d, Ba2Yb0.8Er0.2F7. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

copper grid, the atom contents of Ba, Yb and F are 25.24, 14.45 and
60.31 at%, respectively, which are close to the formula of Ba2YbF7 as
the difference originated from EDS measurement was considered.
Moreover, the XRD data of the Ba2YbF7 nanocrystals are processed
with Jade 6.0 software by taking the structure of cubic Ba2LaF7 as
the model for WPF  refinement. The calculated results and the XRD
data, as well as the difference between them, are given in Fig. 1a. It
can be seen that the calculated value are in good agreement with the
XRD data with the difference of R = 10.02%. Therefore, it is believ-
able that the as-synthesized nanocrystals are of face-centered cubic
structure (S.G.: Fm-3m, cell parameter: a = 5.918 Å). Based on the
above results, the cell parameters of two other Er3+ doped Ba2YbF7
nanocrystals were determined to be 5.920 Å for Ba2Yb0.9Er0.1F7 and
5.929 Å for Ba2Yb0.8Er0.2F7, respectively. It is found that the cell
parameter increases as the Er3+ content increases since the radius
of Er3+ is bigger than that of Yb3+. In addition, the cell parameter
of Ba2Yb0.998Tm0.002F7 is calculated to be 5.916 Å, which is close to
that of Ba YbF .
Fig. 2. Energy dispersive X-ray spectroscopy (EDS) analyses of Ba2YbF7 nanocrys-
tals, revealing the presence of component elements.
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ig. 3. TEM images of as-synthesized oleate capped nanocrystals: (a) Ba2YbF7; (b) Ba
o  the SAED image of Ba2YbF7. The insets in the top right corner of each TEM image

cherrer equation as follows: D = K�/  ̌ cos �, where � is the X-ray
avelength (0.15406 nm),  ̌ is the full-width at half-maximum, �

s the diffraction angle, and K is a constant (0.89). The particle sizes
f the as-synthesized Ba2YbF7 and Tm3+ or Er3+ doped Ba2YbF7
anocrystals are estimated to be 6.3 nm for Ba2YbF7, 7.6 nm for
a2Yb0.998Tm0.002F7, 6.7 nm for Ba2Yb0.9Er0.1F7 and 7.4 nm for
a2Yb0.8Er0.2F7, respectively. The results indicate that the Er3+ or
m3+ dopant concentration has no obvious influence on the size of
he Ba2YbF7 nanocrystals.

Insights in the microstructure of the sample can be obtained
y further analysis of TEM and HRTEM assays. Fig. 3a–d showed
he TEM and HRTEM images of Ba2YbF7, Ba2Yb0.998Tm0.002, F7,
a2Yb0.9Er0.1F7, and Ba2Yb0.8Er0.2F7 particles, respectively. It can be
een that all the as-synthesized nanocrystals are high uniform, well
ispersed, and self-assemble into two-dimensional order array.
he sizes of nanocrystals can be measured from Fig. 3, which
re in good agreement with that calculated from the correspond-
ng XRD pattern. The as-synthesized nanocrystals are in cubic or
runcated-cubic shapes. The interplanar distances calculated with
he diameter of inner seven SAED rings (inset in Fig. 3a) are 3.42,

.96, 2.11, 1.79, 1.72, 1.48 and 1.36 Å, which can be assigned to
1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0) and (3 3 1) lattice planes
f the face-centered cubic structure Ba2YbF7, respectively. High
esolution TEM images reveal that the lattice fringes for these
98Tm0.002F7; (c) Ba2Yb0.9Er0.1F7; (d) Ba2Yb0.8Er0.2F7; (e) the inset in a corresponding
heir corresponding high resolution TEM images.

three samples are 2.925 Å for (2 0 0) planes of Ba2YbF7, 3.41 and
2.92 Å for (1 1 1) and (2 0 0) planes of Ba2Yb0.998Tm0.002F7, 3.414 Å
for (1 1 1) planes of Ba2Yb0.9Er0.1F7 and 2.953 Å for (2 0 0) planes
of Ba2Yb0.8Er0.2F7. The high resolution TEM images also prove the
lattice parameters increase as the Er3+ content increases for Er3+

has a bigger radius than Yb3+. It is worthy noted that high con-
centration doping does not change the phase structure of Ba2YbF7
nanocrystals and has no obvious effect on the shape and size.

3.2. Upconversion emission of the as-synthesized Ba2YbF7

nanocrystals

Intense upconversion emission can be observed in Er3+ or Tm3+

doped Ba2YbF7 nanocrystals. Fig. 4a–d provides the upconversion
emission spectra of the as-synthesized Ba2Yb1−xErxF7 (a, x = 0.02;
b, x = 0.04; c, x = 0.10; d, x = 0.20; e, the inset is the digital photo-
graph of Ba2Yb0.98Er0.02F7) nanocrystals with different Er3+ dopant
concentrations under the excitation of a 980 nm laser. Obviously,
the yellow color emission is originated from the inner-4f electron
energy level transitions of Er3+ and the emission intensity changes

as the Er3+ content variation. Minor Er3+ doping can enhance
the emission intensity of Ba2YbF7 remarkably and the highest
emission intensity can be obtained in Ba2Yb0.96Er0.04F7. More Er3+

doping will impair the emission intensity for that the high con-
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Fig. 4. Upconversion emission of as-synthesized Ba2YbF7 nanocrystals:
B
(
p
o

c
d
e
t
2

c
t

n
t
g
x
B
d
d
i
s
b
i
l
t
b
t
3

6
t
v

a2Yb1−xErxF7 (a) x = 0.02; (b) x = 0.04; (c) x = 0.10; (d) x = 0.20) and Ba2Yb1−xTmxF7

f) x = 0.001; (g) x = 0.002; (h), x = 0.004; (i) x = 0.008). The insets are the digital
hotographs of Ba2Yb0.98Er0.02F7 (e) and Ba2Yb0.998Tm0.002F7 (j) under the excitation
f  980 nm laser with the output power of 30 W/cm2.

entration doping of Er3+ weakens the sensitization of Yb3+ and
educes the concentration quenching. Two main emission bands
xist in Er3+ doped Ba2YbF7 nanocrystals. The green band cen-
ered at 523, 542 and 549 nm originates from transitions of Er3+:
H11/2/4S3/2 → 4I15/2, and the red band centered at 652 and 665 nm
an be ascribed to the transition of Er3+: 4F9/2 → 4I15/2. It is obvious
hat excessive Er3+ does not favor the upconversion efficiency.

Intense upconversion emission can be realized in Ba2YbF7
anocrystals at different Tm3+ dopant concentrations under
he excitation of a 980 nm laser. The emission spectra are
iven in Fig. 4f–i: Ba2Yb1−xTmxF7 (f, x = 0.001; g, x = 0.002; h,

 = 0.004; i, x = 0.008; j, the inset is the digital photograph of
a2Yb0.998Tm0.002F7). Similar to the Er3+ doping, just minor Tm3+

opant can realize intense upconversion emission. When Tm3+

opant concentration increased to 0.002, the highest emission
ntensity was gotten. It is noted that intense ultraviolet emis-
ion band can be observed. In fact, there are four luminescent
ands ranging from ultraviolet to near-infrared originated from the

nner 4f electron energy levels transitions of Tm3+. The ultravio-
et emission band centered at 348 and 360 nm can be attributed
o the transitions of 1I6 → 3F4 and 1D2 → 3H6. The blue emission
and centered at 452 and 476 nm can be ascribed to the transi-
ions of 1D2 → 3F4 and 1G4 → 3H6. The transitions of 1G4 → 3F4,

F2 → 3H6 and 3F3 → 3H6 induces the red emission centered at
48, 696, 723 nm.  The predominant near-infrared emissions cen-
ered at 800 nm are due to the transition of 3H4 → 3H6. In addition,
ery weak green and yellow upconversion emission bands, which
ompounds 509 (2011) 7943– 7947

are centered at 511 and 581 nm respectively, can be observed in
Ba2Yb0.998Tm0.002F7 nanocrystals. Compared to the blue emission,
the red emission band (from 630 to 730 nm)  is much weak in the
visible wave band, so these four Tm3+ doped Ba2YbF7 nanocrys-
tals present blue emission by naked eyes under the excitation of a
980 nm laser.

Intense upconversion can be observed in Er3+ or Tm3+ doped
Ba2YbF7 nanocrystals, which means the high Yb3+ concentration in
Ba2YbF7 did not lead concentration quenching. When Yb3+ is used
as sensitizer for many host materials, the doping concentration is
often about 20% to get best upconversion efficiency. In fact, Yb3+

works as sensitizer and composition in many host materials such
as NaYbF4 [18] and Al5Yb3O12 [29,30].

These Ba2YbF7 nanocrystals can be redispersed in cyclohex-
ane to form the transparent colloid solution, from which intense
upconversion emission can be observed by naked eyes under the
excitation of a 980 nm laser with the output power of 30 W/cm2 and
taken by the digital camera (Fig. 4e and j). All of these facts prove
that Ba2YbF7 is a new type of nice upconversion host material which
will be a potential candidate agent for bioimaging applications.

In order to understand the process of emissions, the dependence
of emission intensity Iup of Er3+ or Tm3+ doped Ba2YbF7 nanocrys-
tals on the infrared excitation power P were measured. As shown
in Fig. 5 by log–log plots, Iup is proportional to the Nth power of P:
Iup ∝ PN, where N is the order of multi-photon transitions, a num-
ber of infrared quanta absorbed per one photon emission. Under the
980 nm laser excitation, the slopes of Er3+ doped Ba2YbF7 nanocrys-
tals are obtained to be N = 1.91, 1.73 and 1.94 corresponding to 523,
542 and 652 nm emissions, respectively. That means two-photon
process for 523, 542 and 652 nm emission. For Tm3+ doped Ba2YbF7
nanocrystals, the values of N are 4.70, 3.78, 3.66, 2.96, 2.51, 1.86
and 1.60 at 349, 362, 452, 479, 650, 699 and 808 nm emissions,
indicating that 5, 4, 4, 3, 3, 2 and 2 photons are needed, respectively.

For Yb3+ has much bigger absorption section than Er3+ or Tm3+

under the excitation of the 980 nm laser, high efficient upconver-
sion processes of Er3+ or Tm3+ doped Ba2YbF7 nanocrystals are
originated from the sensitization of Yb3+ ions [31]. Fig. 6 gives
the schemes of energy transfer processes of (a) Yb3+ → Er3+ and
(b) Yb3+ → Tm3+ under the excitation of 980 nm laser. As shown
in Fig. 6a, Er3+ is pumped to 4I11/2 level by the energy transfer
from Yb3+, and then part nonradiatively relaxes to next lower level
4I13/2. The populations of 4F7/2 and 4F9/2 levels are formed by the
successive energy transfer from Yb3+. The electrons populated on
4F7/2 level nonradiatively relax to next lower levels 2H11/2 and 4S3/2
[32]. So, the emissions of Er3+ doped Ba2YbF7 nanocrystals can be
obtained by the following processes.

For 652 nm emission: 4I15/2 (Er3+) + 2F5/2 (Yb3+) → 4I11/2
(Er3+) + 2F7/2 (Yb3+), 4I11/2 (Er3+) → 4I13/2 (Er3+) + phonons, 4I13/2
(Er3+) + 2F5/2 (Yb3+) → 4F9/2 (Er3+) + 2F7/2 (Yb3+), 2F9/2 (Er3+) → 4I15/2
(Er3+) + a photon (652 nm);

For 523 and 542 nm emissions: 4I15/2 (Er3+) + 2F5/2
(Yb3+) → 4I11/2 (Er3+) + 2F7/2 (Yb3+), 4I11/2 (Er3+) + 2F5/2
(Yb3+) → 4F7/2 (Er3+) + 2F7/2 (Yb3+), 4F7/2 (Er3+) → 2H11/2 or
4S3/2 + phonons, 2H11/2 or 4S3/2 → 4I15/2 (Er3+) + a photon (523
or 542 nm).

Fig. 6b has shown the population and upconversion processes
Tm3+ doped Ba2YbF7 nanocrystals. The possible UC mecha-
nisms to populate the excited levels might be realized via the
multiple phonon-assisted energy transfer processes from Yb3+

ions to Tm3+ ions as follows: 2F5/2 (Yb3+) + 3H6 (Tm3+) → 3H5
(Tm3+) + 2F7/2 (Yb3+) ∼ 3F4 (Tm3+) + multiphonon relaxation,
2F5/2 (Yb3+) + 3F4 (Tm3+) → 3F2/3F3 (Tm3+) + 2F7/2 (Yb3+) ∼ 3H4

(Tm3+) + multiphonon relaxation, 2F5/2 (Yb3+) + 3H4 (Tm3+) → 1G4
(Tm3+) + 2F7/2 (Yb3+), 3H4 (Tm3+) + 3F3 (Tm3+) → 1D2 (Tm3+) + 3H6
(Tm3+), 2F5/2 (Yb3+) + 1D2 (Tm3+) → 3P1,2 (Tm3+) + 2F7/2 (Yb3+) ∼ 1I6
(Tm3+) + multiphonon relaxation. Then, the transitions from the
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Fig. 5. Double-logarithmic plots of excitation power dependent upconversion emission intensity of (a) Er3+ and (b) Tm3+ doped Ba2YbF7 nanocrystals under the excitation
of  a 980 nm laser.
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xcited state levels to lower and ground states lead the emissions of
m3+: 1I6 → 3F4 + photon (348 nm), 1D2 → 3H6 + photon (360 nm),
D2 → 3F4 + photon (452 nm), 1G4 → 3H6 + photon (476 nm),
D2 → 3F5 + photon (511 nm), 1D2 → 3F4 + photon (581 nm),
G4 → 3F4 + photon (648 nm), 3F2 → 3H6 (696 nm), 3F3 → 3H6
723 nm)  and 3H4 → 3H6 (800 nm).

. Conclusions

Ultrasmall monodisperse Ba2YbF7 nanocrystals with the size of
ub-10 nm were synthesized via solvothermal method. TEM and
RD assays revealed that Ba2YbF7 nanocrystals are of cubic struc-

ure and their cell parameter is 5.918 Å. The as-synthesized Er3+ or
m3+ doped Ba2YbF7 nanocrystals possess nice photoluminescent
roperty and the upconversion emission intensity can be tuned
y controllable doping concentration. Especially, the Tm3+ doped
a2YbF7 nanocrystals have intense upconversion emission in the
ange from NIR to the ultraviolet under the 980 nm laser excitation.
ur results prove monodisperse ultrasmall Ba2YbF7 nanocrystals
ave great potential in bioimaging applications.
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