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We report a bifunctional hollow porous microsphere composed of single-component BaMoO4 : Pr
3+

nanocrystals by a facile template-free synthesis. All the as-synthesized hollow microspheres are well-

dispersed with a diameter of 2–4 mm and the BaMoO4 : Pr
3+ nanocrystals measure 30–60 nm in

diameter. It is observed that there are a large amount of pores with an average diameter is 17.5 nm in

the shell of these BaMoO4 : Pr
3+ hollow microspheres, thereby exhibiting a great promise for drug

delivery. Meanwhile, the strong, narrow-bandwidth red emission centered at 643 nm from these

nanostructures can be efficiently excited from 430 nm to 500 nm. The combination of excellent

luminescent properties and a hollow porous nanostructure suggest a great promise in the application of

these nanostructures in lighting and displays, and in biomedicine such as targeted drug delivery,

integrated imaging, diagnosis, and therapeutics. In addition, the template-free solution synthesis can be

applied to the design and fabrication of other functional architectures.
Introduction

Rare earth doped nanocrystals (NCs) have emerged as a new

class of fluorescent materials, exhibiting weak light scattering

and easy industrial processing compared to their macroscopic

counterparts. They offer diverse applications in nanoscale elec-

tronics, solid-state lighting, displays, plastics and advanced bio-

analysis.1–8 It is well known, for instance, that the size,

morphology and structure of nanomaterials significantly influ-

ence their physical and chemical properties and, therefore, their

applications. In the past few decades, extensive studies have been

devoted to the controlled synthesis of nanocrystals, and hollow

micro/nanospheres with pores in their shells are of particular

interest owing to potential applications such as in drug delivery,

hydrogen storage, sensing, lightweight fillers, and catalysis, etc.9–17

Recently, there is an increasing interest in the biomedical field to
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simultaneously construct multiple functionalities of hollow

porous nanostructures, especially for the fabrication of hollow

porous micro/nanospheres with fluorescent properties for tar-

geted drug delivery, integrated imaging, diagnosis, and thera-

peutics applications.18–25 For example, Wu et al.18 reported

multifuctional superparamagnetic fluorescent Fe3O4/ZnS hollow

nanospheres. Shi et al.21 investigated fluorescent Fe3O4@mSiO2

hollow mesoporous structured nanocapsules for simultaneous

drug delivery and cell imaging applications. However, the mul-

tifuctional hollow porous micro/nanostructures reported are not

single-component and need to be further functionalized by the

introduction of other components, which can cause some other

serious problems, such as unstable coating of the desired mate-

rials on the surface of the hollow porous structures and the

clogging of pores.26 Therefore, the development of single-

component multifunctional hollow nanostructures is very

important and quite necessary.

On the other hand, various methodologies have been devel-

oped to achieve the hollow nanostructures with pores in their

shells, in which self-assembly appears to be more effective for

assembling the nanocrystals into two or three dimensional

superstructures.27–32 So far, the template method is one of the

most common used in self-assembly to prepare hollow micro/

nanospheres.33–39 However, expensive and tedious post-treat-

ment processes are needed, such as solvent extraction, thermal

pyrolysis, or chemical etching, restricting its acceptance for

practical applications.40 Furthermore, most of self-assembly

methods need to be operated at a relatively low temperature,

while luminescent materials prepared at low temperature often

have poor performance compared to those formed via
J. Mater. Chem., 2011, 21, 9009–9013 | 9009
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Fig. 1 (a)The XRD patterns and (b) SEM image of the BaMoO4 : Pr
3+

hollow microspheres.

D
ow

nl
oa

de
d 

by
 B

ilk
en

t U
ni

ve
rs

ity
 o

n 
26

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 2

0 
A

pr
il 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1J
M

10
45

8F

View Article Online
conventional solid-state reactions41 because of their poor crys-

tallinity. As a result, it remains a major challenge to prepare

highly fluorescent hollow structures by the template-free method.

Here, we report the successful synthesis of highly fluorescent

hollow porous microspheres composed of single-component

BaMoO4 : Pr
3+ nanocrystals by a solution chemistry method

without any surfactant template. Ostwald ripening is responsible

for the formation of the nanostructure. The solution chemistry

used in this work involves homogeneous nucleation of nano-

crystals with defined size and morphology, which facilitates

nanocrystal assembly into two or three dimensional superstruc-

tures. In our synthetic strategy, the addition of citric acid plays

a critical role in tuning the self-assembly of the hollow porous

structured microspheres. Futhermore, it also inhibits the growth

of BaMoO4 crystals, resulting in high crystallinity nanocrystal

formation. These as-synthesized nanocrystal microspheres not

only present a hollow porous functional structure but also

exhibit excellent luminescence properties.
Experimental

Preparation of BaMoO4 : Pr
3+ nanocrystal hollow microspheres

with porous shells

All materials were purchased from commercial sources (analyt-

ical grade) and used without further purification. The sample

synthesis procedure is described as follows. First, 0.0109 g of Pr

(NO3)3$6H2O (99.5%), 2.4367 g of BaCl2 and 2.1014 g of citric

acid were added to 100 mL distilled water, which was then stirred

to form a mixed solution. Second, 2.4195 g of Na2MoO4$2H2O

was slowly added to the mixed solution until a transparent

solution was obtained. A well controlled amount of NaOH

solution was then added with magnetic stirring until pH 8.5 was

reached to form a white homogeneous dispersion. Subsequently,

this suspension was sealed along with the mother solution in 30

mL Teflon-lined stainless steel autoclaves and then reacted at

160 �C for 4 h. Finally, the as-prepared sample was repeatedly

washed with distilled water and then dried at 80 �C to yield the

product.
Fig. 2 (a,b) Low and high magnification FESEM images of a single

hollow microsphere. (c) TEM image of a BaMoO4 : Pr
3+ nanocrystal. (d)

The corresponding HRTEM image with the selected area electron

diffraction pattern.
Characterization

The structure of as-prepared products were studied using the

powder X-ray diffraction (XRD) (Rigaku DMAX 2000 diffrac-

tometer equipped with Cu/Ka radiation, l ¼ 1.5405 �A) (40 kV,

40 mA) and transmission electron microscope (TEM, JEOL

JEM-2100). The morphologies of the samples were obtained

using a scanning electron microscope (SEM, JEOL, JSM-6460)

and an FE-SEM (S-4800, Hitachi). The optical properties were

investigated by photoluminescence (PL) and photoluminescence

excitation (PLE) spectroscopy, which was carried out with

a VARIAN Cary-Eclipse 500 fluorescence spectrophotometer

equipped with a 60 W Xenon lamp as the excitation source.

Specific surface area (SBET) was calculated by the multiple-point

Brunauer–Emmett–Teller (BET) method in the relative pressure

range of P/P0 ¼ 0.05–1.0 by the Barrett–Joyner–Halenda (BJH)

model.
9010 | J. Mater. Chem., 2011, 21, 9009–9013
Results and discussion

A typical powder X-ray diffraction (XRD) pattern is presented in

Fig. 1a. It can be observed that all of the peaks match those of

scheelite-type BaMoO4 (No. JCPDS 29-0193). The strong and

narrow peaks indicate a high crystallinity of the as-prepared

products, which is beneficial for high luminescence.42 Scanning

electron microscopy (SEM) was used to examine the morphology

and grain size. All particles are spherical with a diameter of 2–4

mm (Fig. 1b). The inset SEM image in Fig. 1b clearly shows the

hollow structure of these microspheres.

Careful examination of a single BaMoO4 : Pr
3+ microsphere

using field emission SEM (FESEM) (Fig. 2a) reveals that the

hollow spherical structure has a rough surface and is composed

of agglomerated nanocrystals. As shown in Fig. 2b, it can be seen

that the nanocrystals of the hollow microsphere are well-

dispersed and of 30–60 nm in diameter, which is close to that

calculated by the Scherrer formula from the XRD pattern (37

nm). Fig. 2c shows a typical transmission electron microscopy

(TEM) image of a single BaMoO4 : Pr
3+ nanocrystal. It can be

seen from Fig. 2d that two lattice fringes with 0.632 nm and 0.510

nm lattice spacing are identified, which are very close to the inter-

plane spacing of the (001) and (101) planes respectively calcu-

lated from the XRD data. The corresponding selected area

electron diffraction (SAED) in the inset (right) in Fig. 2d shows

that the BaMoO4 : Pr
3+ nanocrystals are essentially single crys-

talline in agreement with the XRD analysis.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Schematic illustration of the possible growth mechanism for the

hollow structured BaMoO4 : Pr
3+ microspheres. The yellow dots repre-

sent BaMoO4 : Pr
3+ nanocrystals and the purple dots represent recrys-

tallized BaMoO4 : Pr
3+ nanocrystals.
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Based on the FESEM observations, the shells of the

BaMoO4 : Pr
3+ hollow microspheres are highly porous. Nitrogen

adsorption–desorption isotherms were measured to determine

the specific surface area and pore volume of the BaMoO4 : Pr
3+

hollow microspheres, and the corresponding results are pre-

sented in Fig. 3. The isotherms are typical type IV-like with

a distinct H3 hysteretic loop in the range of 0.6–1.0 P/P0, which

indicates the presence of macroporous materials according to

IUPAC classification. The plot of the pore size distribution (inset

in Fig. 3) was determined using the Barrett–Joyner–Halenda

(BJH) method from the desorption branch of the isotherm. The

average pore diameter of BaMoO4 : Pr
3+ hollow microspheres is

17.5 nm. The Brunauer–Emmett–Teller (BET) surface area in the

sample is about 18.62 m2 g�1. Though this is smaller than those of

mesoporous silica and carbon materials, the obtained hollow

nanocrystal microspheres can be considered to have nanoporous

structured walls because the metal salt compounds BaMoO4

have a large density, approximately 4.65 g cm�3.

In the formation of hollow porous structured microspheres,

citric acid must play a key role since no other surfactants/emul-

sions were used. A possible formation process for these nano-

structures is proposed in Fig. 4. Firstly, citric acid may form

complexes with barium ions (named as BaR) to reduce the

relative activity of the reactive species (Ba2+) via van der Waals

forces.43 When NaOH is added to the reaction system, tiny

crystals of BaMoO4 can be formed. Meanwhile, these BaMoO4

crystals are covered by the citric acid and polar carbonyl

groups,44,45 which would inhibit the further growth of the

BaMoO4 crystals, resulting in the formation of nanocrystals

rather than bulk pieces of crystal. It is evident that citric acid can

regulate the growth kinetics of BaMoO4 crystals and the

formation of BaMoO4 microspheres (SI-1, ESI†).

Subsequently, as previous studies demonstrated, Ostwald

ripening happens during the formation of the hollow micro-

spherical structure.46–48 The basic principle mainly explains that

smaller, less crystalline or less dense particles in a colloidal

aggregate will be dissolved gradually, while larger, better crys-

tallized or denser particles in the same aggregate will grow bigger.

Our time-dependent experiments agree with the above Ostwald
Fig. 3 N2 absorption and desorption isotherms and pore size distribu-

tions as the inset for the as-synthesized BaMoO4 : Pr
3+ hollow

microspheres.

This journal is ª The Royal Society of Chemistry 2011
ripening mechanism (SI-2, ESI†). Therefore, the outer, loosely

packed crystallites of the solid BaMoO4 : Pr
3+ microspheres are

considered to serve as the nucleation sites for the subsequent

recrystallization. In the process, as the mass was transported, the

void space in the microspheres was generated mainly through

Ostwald ripening. During this ripening process, the inner crys-

tallites, which have a higher surface energy associated with their

larger curvatures, would dissolve and migrate outward (purple

dots), producing channels connecting the inner space and outer

space in the BaMoO4 : Pr
3+ shells.

The photoluminescence (PL) and PL excitation (PLE) spectra

of the BaMoO4 : Pr
3+ hollow porous microspheres are shown in

Fig. 5a and the highly bright red emission excited under 365 nm

lamp irradiation can be observed in the inset. A strong red

emission band centered at 643 nm, which is attributed to the 3P0

/ 3F2 transition of Pr3+, can be observed under the 450 nm

excitation (Fig. 5a). The responding excitation band centered at

450 nm is attributed to 3H4 /
3P2 transition. The two important

factors affecting the luminescent properties of BaMoO4 : Pr
3+

microspheres, Pr3+ doping concentration and crystal defects,

have been discussed in detail (SI-3, ESI†). A typical energy-level

diagram of PL emission for Pr3+ ions in BaMoO4 : Pr
3+ samples

under 450 nm excitation is described in Fig. 5b. Firstly, incident

photons are absorbed by Pr3+ from its ground state (3H4) into

the 3P2 state. Then, the
3P2 excited ion relaxes nonradiatively to
Fig. 5 (a) Luminescence spectra of BaMoO4 : Pr
3+ microspheres, PLE

(left) and PL (right). A visible luminescence photo of the sample excited

under a 365 nm lamp irradiation is shown in the inset. (b) Energy-level

diagram of Pr3+ ions in as-prepared BaMoO4 : Pr
3+ samples.

J. Mater. Chem., 2011, 21, 9009–9013 | 9011
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the 3P0 state and from here relaxes to the 3F2 state, producing the

643nm emission band. It is noted that the 3P0 /
3F2 transition of

the Pr3+ emission linewidth is only 6 nm, which is smaller than

those of typical rare earth ions (10–20 nm).49

Fig. 6 shows the highly luminescent emission of the as-

obtained Ba0.995MoO4 : 0.005Pr
3+ sample without annealing in

comparison with the commercially used red phosphor Y2O2S :

Eu3+ which is annealed. As shown in Fig. 6, the emission intensity

of the as-synthesized Ba0.995MoO4 : 0.005Pr
3+ sample is very

close to that of commercial annealed red phosphor Y2O2S : Eu3+

(while the two samples are tested by the same Xenon lamp where

the optical output energy of 395 nm and 450 nm lines in the

Xenon lamp spectrum are very close). Generally, the emission

intensity of nanoparticles without annealing process is compar-

atively lower because of their poorer crystallinity. For our

present samples, the emission intensity is high enough without

annealing for practical applications and the template-free

method we used thus leads to significantly lowered energy

consumption and production cost. At the same time,

though sulfide phosphors such as (Ca, Sr) S : Eu2+50,51 and

Y2O2S : Eu3+52,53 have been commercially used as red phosphors

for white LEDs, their chemical stability is not desirable.

Furthermore, the as-obtained red-emitting BaMoO4 : Pr
3+ NC

hollowmicrospheres provide the most saturated red compared to

some traditional red phosphors which have been widely reported.

This may be especially useful for lighting, display and advanced

bioanalysis applications that require color saturation. The

Commission Internationale de l’Eclairage (CIE) chromaticity

coordinates of these as-obtained BaMoO4 : Pr
3+ microspheres,

BaMoO4 : Eu
3+ red phosphor and the commercial red phosphors

of CaS : Eu2+ and Y2O2S : Eu3+ are shown in the inset. The CIE

chromaticity coordinates of BaMoO4 : Eu
3+, Y2O2S : Eu3+,

CaS : Eu2+ and BaMoO4 : Pr
3+ are (0.612, 0.388),54 (0.645,

0.354),55 (0.670, 0.330)56 and (0.693, 0.307), respectively. As we

observed, the chromaticity point of BaMoO4 : Pr
3+ is in the deep

red region and rather close to the edge of the CIE diagram,

indicating its high color purity.
Fig. 6 PL spectra of as-obtained Ba0.995MoO4:0.005Pr
3+ sample under

450 nm excitation and the commercial red phosphor Y2O2S : Eu3+ under

395 nm excitation. Inset is the CIE chromaticity coordinate diagram of

red-emitting BaMoO4 : Pr
3+ microspheres compared with some tradi-

tional red phosphors.

9012 | J. Mater. Chem., 2011, 21, 9009–9013
Conclusions

In summary, the hollow porous microspheres made of

BaMoO4 : Pr
3+ nanocrystals were synthesized by a template-free

solution chemistry method. High temperature annealing is not

needed for the superstructures to exhibit excellent luminescence

properties with high red spectral purity. Meanwhile, the combi-

nation of excellent luminescent properties of these materials and

their special nanostructure may have versatile and promising

applications in biomedicine. In addition, this self-assembly

concept is also applicable to other compounds for the design and

fabrication of novel functional architectures.
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