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The three-dimensionally ordered macroporous (3DOM) ZrO2: Er3+, Yb3+ materials were successfully synthesized
by the sol-gel method combined with a polystyrene latex sphere templating technique, and their morphologies,
surface physicochemical properties, and upconversion photoluminescence (UC-PL) properties were studied. The
results indicate that the materials exhibited both porosity and strong UC-PL under the excitation of a 978 nm diode
laser. In comparison with the nonporous samples, the relative intensity of the red (4F9/2-4I15/2) to the green
(4S3/2/2H11/2-4I15/2) emission decreased visibly because of the decreased nonradiative relaxation in the 3DOM materials.
It was also observed that the relative intensity of the green emission to the red emission increased significantly
with the increasing excitation power. An indirect three-photon populating process occurred for the green emission
as the excitation power and Yb3+ concentration was high enough.

1. Introduction

Several attractive features, such as large surface area and
pore volume, tunable pore diameter, chemical inertness of
porousoxidematerialsincludingmicro-,meso-andmacroporous,
have attracted much attention because of their wide potential
in catalytic properties, catalyst supports, and current or
potential applications as adsorbents and hosts.1-7 Further
development of new multifunctional materials with porous
structure is therefore of keen interest to enhance their

application to the desired areas. Among the novel multi-
functional materials presently expected are ones combining
the feature of not only “cavity” structure for the storage/
delivery of specific species but also photoluminescence (PL)
for simultaneous tracking or monitoring the species. Re-
cently, many efforts have been devoted to preparing various
photoluminescent nanostructures as mentioned above con-
taining semiconductor quantum dots (QDs) and rare earth
doped nanophosphors.4-7 Shi et al. reported luminescent
carbon nanotubes by depositing europium-doped Y2O3 nano-
phosphors onto the surfaces of multiwalled carbon nano-
tubes.6 More recently, Yang et al. synthesized a mesoporous
SBA-15 silica based drug delivery system by depositing a
YVO4: Eu3+ nanophosphor layer on its surface, and the extent
of drug release was identified by the change of lumines-
cence.7 In addition, three-dimensionally ordered macroporous
(3DOM) materials, a new class of highly ordered porous
materials, has been stimulating much interest because of their
wide applications in adsorption, separation, catalysts, sensors,
and photonic crystals.8-14 Research on the 3DOM structure
system of the luminescent matrix of semiconductors and rare
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earth doped materials have been reported previously.11-13

Yang et al.12 recently reported the synthesis of LaPO4: Tb
inverse opal and studied the effect of the photonic stop-band
on the spontaneous emission.

For mesoporous systems, although they combined the drug
release with the PL label in one object, the PL nanoparticles
were only grafted into the pore or on the surface by covalent/
noncovalent bonding, even just by physical adsorption. The
incomplete attachment and phase separation could make PL
nanoparticles leach from the porous support during the
process of the drug delivery and thus the changes of the PL
intensity could not be a correct function of the released
amount of the drug. So a porous material, generating PL
itself, would be an ideal carrier for drug release. For a 3DOM
structure, however, previous efforts only focus on the down-
conversion luminescent materials, and few efforts have
focused on the nanoscale upconversion photoluminescence
(UC-PL) 3DOM structure to our knowledge.14 UC-PL from
near-infrared (NIR) to visible wavelength in materials doped
with trivalent rare earth (RE) ions has attracted considerable
interests because of their potential applications in three-
dimensional displays, IR detection, and light emitting
devices, biological labeling, and so on.15-18 On the basis of
the above considerations, in this paper we synthesized UC-
PL ZrO2: Er3+, Yb3+ nanomaterials with 3DOM structure
and studied their luminescence properties. ZrO2, with its
superior hardness, high refractive index, optical transparency,
chemical stability, and photothermal stability, was chosen
as an efficient UC-PL host for a 3DOM structure.19-21

Because of the inherent structural and physical properties
of the 3DOM structure, such as high surface area, 3D ordered
macroporous structure, and the UC-PL properties, the present
3DOM structure of ZrO2: Er3+, Yb3+ materials is expected
to achieve many applications.

2. Experimental Details

2.1. Sample Preparation. 3DOM ZrO2: Er3+ (1 mol%), Yb3+

(2, 4, 8 mol%) were prepared by the sol-gel method combined
with a polystyrene (PS) latex sphere templating technique. A
monodisperse PS latex sphere was synthesized and packed into a

colloidal crystal by centrifugation for 24 h as described by Holland
et al.8 In the preparation of 3DOM ZrO2: Er3+, Yb3+, appropriate
amounts of Er(NO3)3 and Yb(NO3)3 were dissolved in ethanol under
vigorous stirring, then added quickly to an ice-cooled solution of
Zr(n-OC4H9)4, and followed by further stirring for 30 min. Finally,
the resulting mixed ZrO2: Er3+, Yb3+ sol (2 g) was dripped on PS
(1 g) spheres, which were spread on a filter paper placed in a
Büchner funnel while suction was applied. The resulting products
were dried in air at room temperature for 24 h, then were elevated
to 500 °C at a heating rate of 1.5 °C/min, and kept at 500 °C in air
for 7 h. In this paper, three different dilution ratios (the molar ratio
of the reactants Zr(n-OC4H9)4 to C2H5OH) of 1:2, 1:5, and 1:9 were
chosen to prepare the samples of 4 mol %Yb3+. For comparison,
the corresponding nonporous ZrO2: Er3+, Yb3+ materials were
prepared and annealed by the same procedure without the PS
colloidal templates.

2.2. Measurements and Characterization. X-ray diffraction
(XRD) patterns of the samples were obtained with a Rigaku D/max-
rA X-ray diffractometer with Cu KR radiation. Fourier-transform
infrared (FI-IR) spectra were measured by a Nexus 670 FT-IR
spectrophotometer. Field emission scanning electron micrograph
(FESEM) images were taken on a Hitachi S-4800 electron
microscope. Thermogravimetric analysis (TGA) was performed on
Perkin-Elmer Pyris Diamond thermogravimetric analyzer under
nitrogen atmosphere at a heating rate of 10 °C/min. Brunauer-
Emmett-Teller (BET) specific surface area and Barrett-
Joiner-Halenda (BJH) pore size were calculated from nitrogen
adsorption/desorption isotherms determined at -196 °C using an
ASAP 2010 M surface analyzer (the samples were outgassed under
vacuum at 200 °C). In upconversion luminescence (UCL) experi-
ments, a 978 nm diode laser having a power maximum of 2 W
was used to pump the samples. The visible emissions were collected
using a Hitachi F-4500 fluorescence spectrometer.

3. Results and Discussion

3.1. Crystal Structure and Morphology. Figure 1 shows
FESEM images of the PS (Figure 1A), 3DOM ZrO2: Er3+,
Yb3+ (Figure 1B-H), and the nonporous sample (Figure 1I).
As-prepared PS latex spheres are monodisperse, and their
particle sizes are uniform with the average diameter of 400
nm (see Figure 1A). It can be seen from Figure 1 B-H that
the 3DOM materials exhibit close packed and three-
dimensional ordering of pores similar to that of the PS
template and that no residual PS particles and excess
inorganic materials exist. Furthermore, the pores are inter-
connected through windows resulting from the contact
between the template (PS) spheres prior to infiltration of the
precursor solution, and the material exhibits multilayer
structure. The ZrO2: Er3+, Yb3+ nanoparticles aggregate on
their wall with a homogeneous particle size distribution and
constitute a skeleton surrounding the uniform close-packed
round-shaped macropores. Note that the morphology includ-
ing the wall thickness, average pore diameter, and ordering
of the pores of the products was strongly related to the
concentration of the precursors because the viscosity and
hydrolysis/condensation rate of the precursors was affected
by the concentration. The SEM images in the panels B-H
in Figure 1 depict the changes in wall thickness and ordering
of the macropores for products obtained at various dilution
ratios. When the dilution ratio was 1:2, well-ordered
macroporous structures were obtained, and the average pore
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diameter, interconnected window diameter, wall thickness,
and particle size were estimated to be ∼220, 70, 35 and 10
nm, respectively. When further diluting the zirconium
alkoxide precursor with alcohol to the dilution ratios of 1:5
and 1:9, structural defects increased and disordered structures
were formed, as shown in Figure 1 E-H. At the same time,
the wall thickness decreased to 25 and 10 nm, respectively.
Dilution in ethanol resulted in the formation of less ordered
structures and a thinner wall. It has been reported that, at
higher dilution, the ethanol may have partially dispersed the
colloidal latex crystal, causing the decrease in order for the
products.8 In the present work, the well-ordered structures
were obtained at the dilution ratio of 1:2. The decreased pore
diameters of 3DOM materials compared with the PS
templates are due to the shrinkage during the process of
calcinations and the shrinkage decrease as the dilution ratios
increase. The average pore diameter increased from 220 to
260 and 320 nm when the dilution ratio changed to 1:5 and
1:9. From Figure 1I, it can be observed that the nonporous
sample yields nanoparticles with an average size of 10 nm
and the particles tend to aggregate together. From the results
above, we suggest that the fabrication of a 3DOM structure
could make the ZrO2: Er3+, Yb3+ nanocrystals (NCs)
dispersed better, and it is possible to control the average pore
diameter and wall thickness by adjusting the dilution ratios
in a certain range.

Figure 2 displays the XRD patterns of the 3DOM ZrO2

and ZrO2: Er3+, Yb3+ with different doping concentrations
of Yb3+ ions. According to the JCPDS standard cards, all

the samples exhibit tetragonal phase with the characteristic
2θ values at 30.1° (111), 35.2° (200), 50.4° (220), and 59.9°
(311), respectively (JCPDS file 17-0923). On the basis of
the Scherrer equation, the average crystalline size is estimated
to be 9 nm, which is nearly identical with that observed by
SEM images. In comparison with the pure ZrO2, the XRD
peaks in the ZrO2: Er3+, Yb3+ 3DOM materials shift a little
to the large diffraction angle, implying that the lattice
constants become smaller.

Figure 3 shows the FTIR spectra of the 3DOM ZrO2: Yb3+,
Er3+, the corresponding nonporous materials, and the PS
samples. There is no mode related to PS appearing in the
3DOM sample, further implying that the PS template was

Figure 1. FESEM images of as-prepared (A) PS; (B-D) 3DOM ZrO2: Er3+,Yb3+ with dilution ratios of 1:2; (E, F) 3DOM ZrO2: Er3+, Yb3+ with the
dilution ratios of 1:5; (G, H) 3DOM ZrO2: Er3+, Yb3+ with the dilution ratios of 1:9; (I) SEM image of the nonporous ZrO2: Er3+, Yb3+.

Figure 2. XRD patterns of 3DOM ZrO2 and ZrO2: Er3+, Yb3+ composites.

Qu et al.

9656 Inorganic Chemistry, Vol. 47, No. 20, 2008

http://pubs.acs.org/action/showImage?doi=10.1021/ic800575f&iName=master.img-000.jpg&w=399&h=318
http://pubs.acs.org/action/showImage?doi=10.1021/ic800575f&iName=master.img-001.png&w=165&h=153


removed completely after calcination at 500 °C. The 3DOM
and nonporous samples both exhibit four peaks in the
measured range, locating at 470, 1380, 1635, and 3450 cm-1,
respectively. The 470 cm-1 band is assigned to the Zr-O
vibration, and the 1380 cm-1 band can be attributed to very
small amounts of n-BuOH originating from the resource of
Zr.22 The bands located at 1635 and 3450 cm-1 are assigned
to the -OH bending and stretching modes, respectively,
corresponding to the surface contamination with water. It is
obvious that the surface adsorption of water in the 3DOM
sample becomes much less in contrast to that in the
nonporous sample. To further determine the amount of
surface adsorption water in these two samples, a TGA
experiment was performed. As displayed in Figure 4, there
was about 2.3% weight loss assigned to the desorption of
water and residual solvent from room temperature to 750
°C and little weight loss after that in the nonporous sample.
However, 1.9% weight loss was observed for the 3DOM
sample, and the temperature at which weight losses es-
sentially ended shifted to lower values (590 °C) compared
with 750 °C in the nonporous sample. It indicated that the
3DOM structure was benefited by the removal of the surface
adsorption, and the result also confirmed that adsoption water
in the 3DOM sample was less (0.4 wt %) in contrast to that
in the nonporous sample. The 3DOM sample was obtained
by permeating ZrO2: Er3+, Yb3+ sol into the interstices
between PS latex spheres and removing the PS template by

calcinations. PS templates combusted and decomposed with
the increasing temperature, and the process was exothermic.
Thus, the surface contamination was easily removed com-
pared with the nonporous sample. Meanwhile, the macroporous
structure makes the calcinations more effective because of
the void volume available to exhale. The decrease of surface
adsorption of water can lead to the decrease of nonradiative
relaxation of Er3+ and the increase of UC efficiency.16,23

3.2. Surface Physicochemical Properties. The surface
physicochemical properties of the as-prepared macroporous
ZrO2: Er3+ (1%), Yb3+ (4%) obtained at the dilution ratio
of 1:5 (as a typical example) was characterized by N2

adsorption/desorption analyses, as shown in Figure 5. It is
obvious that the isotherms exhibit hysteresis behaviors,
indicating that the walls of macroporosity are mainly
mesoporous. The average pore size calculated by the BJH
method is 9.1 nm, which is consistent with the result of the
SEM images. Formation of the mesopores among the wall
of the composites was due to the aggregation of the particles
during the hydrolysis process of the precursor solution, which
was also observed in the alkoxide-based sol-gel products.9,24

The calculated BET specific surface area and pore volume
are 69.30 m2/g and 0.1891 cm3/g, respectively. Because of
the existence of macroporous morphology with a hollow
structure with inner diameters of the order of 200 nm and a
mesoporous wall, anticipated applications may be achieved
in this system.

3.3. UCL Spectra of ZrO2: Er3+, Yb3+. Figure 6 shows
the UC-PL spectra of 3DOM ZrO2: Er3+, Yb3+ with various
concentrations of Yb3+ ions and the corresponding nonporous
samples under the 978 nm excitation. In the spectra the green
emissions in the range of 500-580 nm correspond to the
2H11/2, 4S3/2-4I15/2 transitions, while the red lines between
640 and 690 nm correspond to the 4F9/2-4I15/2 transitions in
both the 3DOM and the nonporous samples. The blue
emissions of 2H9/2-4I15/2 can be also observed as the
Yb3+concentration and the excitation power is high enough.
It can be observed that the ratio of the red emissions 4F9/

2-4I15/2 to the green emissions 4S3/2/2H11/2-4I15/2 increases
with the increasing Yb3+ concentration. Similar results have
also been observed in the Er3+ and Yb3+ co-doped Y2O3 and
Gd2O3 NCs, and they have been well explained according
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Figure 3. FTIR spectra of as-prepared PS, 3DOM ZrO2: Er3+ (1%), Yb3+

(4%), and the corresponding nonporous materials.

Figure 4. TGA trace obtained at 10 °C/min under flowing N2 of as-prepared
3DOM ZrO2: Er3+ (1%), Yb3+ (4%), and the corresponding nonporous
materials.

Figure 5. N2 adsorption/desorption isotherms and pore size distribution
curves (inset) of as-prepared 3DOM ZrO2: Er3+ (1%), Yb3+ (4%).
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to the phenomenon of cross relaxation.25,26 In contrast to
the nonporous samples, the green emissions in the 3DOM
sample increase relative to the red emissions. On the basis
of the FTIR spectra and TGA, the 3DOM sample adsorbed
less water in comparison to the nonporous one. This led the
nonradiative relaxation of 4I11/2-4I13/2 for Er3+ to decrease,
and as a result, the population of the red level decreased
and that of the green level increased. The UC mechanism in
the oxide NCs has been studied previously.27

3.4. Power-Dependence of UCL and Population
Processes. Figure 7 shows the UC-PL spectra of ZrO2: Er3+

(1%), Yb3+ (4%) under the excitation with different powers.
It is apparent that the intensity ratio of the green emission
to the red emission increased with the increasing excitation
power. As shown in the Figure 7, the red emission is stronger
than the green one when the excitation power is lower, and
the green emission surpassed the red one when the excitation
power is higher. A similar phenomenon was observed in the
other Er3+ and Yb3+ co-doped oxide NCs such as Y2O3

23

and Gd2O3
24 and was also theoretically described by Pollnau

et al.28 This behavior fundamentally derives from the
competitive mechanisms of UC and linear decay for the
depletion of the intermediate excited state. The intermediate
excited state of the green emission is 4I11/2, while that of the
red emission is 4I13/2. With increasing pump power and the
resulting increasing importance of UC, UC (4I11/2 f4F7/2)
dominates over linear decay (4I11/2f4I13/2) for the depletion
of the 4I11/2 level; hence, the ratio of the green emission to
the red emission increases with the increase of excitation
power.

Panels A and B of Figure 8 show, respectively, the ln-ln
plots of the emission intensity as a function of excitation
power for the red and green emissions. As is well-known,
for any UC mechanism the visible output power intensity
(IV) will be proportional to some power (n) of the infrared
excitation (IIR) power if the saturation effect can be neglected:
28,29 IPL ∝ Iex

n, where n is the number of IR phonons absorbed
per visible phonon emitted. In the ln-ln plots, the values of
n for the red emissions were determined to be 1.75, 1.61,
and 1.45, respectively, in the samples of 2, 4, and 8 mol %
Yb3+. Two-photons are involved for populating the red
emission levels and the value of n decreased with increasing
Yb3+ concentration in the range of 1-2. This can be
attributed to the competition between linear decay and UC
processes.25 For the green emissions, the values of n were
determined to be 2.29 and 2.18 in the samples of 2 and 4
mol % Yb3+, and in the sample of 8 mol % Yb3+, the slope
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Figure 6. UC-PL spectra of 3DOM ZrO2: Er3+, Yb3+and the corresponding
nonporous materials under 980 nm excitation (Iex ) 0.989 W/mm2).

Figure 7. UC-PL spectra of various ZrO2: Er3+ (1%), Yb3+ (4%) under
980 nm excitation with different powers density (the red emissions at 651
nm were normalized).

Figure 8. ln-ln plot of the emission intensity as a function of the excitation
power density for (A) the red emission and (B) the green emission.
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n was found to be 2.07 under the lower excitation power
and 3.49 under the higher power. This indicates that the green
emissions usually originate from a two-photon populating
process; however, as the excitation power and Yb3+ con-
centration is high enough, they come from an indirect three-
photon populating process. The three-photon populating
process for the green emissions was also observed in Er3+/
Yb3+ co-doped Y2O3 NCs, as well as from the phosphate
glasses.27,30 The existence of large vibration modes in the
host is a key factor for generating the three-photon populating

process for the green level. Because the UC-PL and
relaxation processes are very complicated, we could not
provide the mechanism according to the presented results.
In accordance with previous studies,27,28,30 the mechanisms
shown in Figure 9 would be consistent with the experimental
observations.

4. Conclusions

In summary, UC-PL ZrO2: Er3+, Yb3+ materials exhibiting
macro-mesoporous structure were successfully designed and
prepared. By adjusting the viscosity of the reactants and the
pore diameter, we controlled the wall thickness and the
window sizes of this material. Moreover, in contrast to the
nonporous materials, the UC-PL properties were improved
because of less surface adsorption of water. Because of the
competitive mechanisms of UC and linear decay for the
depletion of the intermediate excited state, the relative
intensity of the green emission to the red emission increased
significantly with the increasing excitation power. A three-
photon excitation was involved in the UC mechanism
responsible for populating the green level as the Yb3+

concentration and the pumping power were high enough. The
materials not only provide macro-mesoporosity but also
exhibit attractive UC-PL properties, which confer on them
multifunctional application in several fields.
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Figure 9. Energy-level diagram of Yb3+, Er3+ co-doped samples and
possible UC-PL processes under 980 nm excitation. ESA and ETU are the
representations of excited-state absorption and energy-transfer UC, respec-
tively.
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