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Abstract Eu3?-doped boehmite nanofiber materials with

different Eu3? concentrations were synthesized without

any surfactant, and followed by a series of characteriza-

tions. It was found that the boehmite nanofibers became

coarser with the increase of Eu3? concentration, which

resulted in a gradual decrease of their specific surface

areas. Moreover, the thermal stability of the boehmite

nanofibers was studied by thermogravimetry–differential

scanning calorimetry. All materials showed the phase

transition from c-Al2O3 to other forms. Yet the transition

temperature was increased with the increase of Eu3? con-

centration. The Eu3?-doped boehmite nanofibers with the

maximum Eu3? concentrations showed the best thermal

stability. Photoluminescence spectra showed that the

2 mol% of doping concentration of Eu3? ions in Eu3?:-

Al2O3 nanofiber was optimum.
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Introduction

Rare earth (RE) ion doped in different host materials have

drawn great attention for the applications of these materials

in phosphors, optical amplifiers, medical labeling, imaging,

radiation detection, etc. [1–3]. The macroscopic properties

of phosphors, such as the emission spectrum or the lumi-

nous efficiency, rely on their composition, crystal structure,

and microstructure [4–9]. It was reported that the shape of

nanoscale materials had a pronounced influence on their

physicochemical properties [10–12]. Hence, it is necessary

and important to control morphology of the materials.

Among the host materials, alumina (Al2O3) has been

investigated as a suitable host for RE ions, due to its high

optical transparency in the spectral range from ultraviolet

to near-infrared (IR), excellent mechanical properties, and

good chemical stability [13–15]. Boehmite (AlO(OH)) as a

raw material is widely applied for producing c-Al2O3 and

a-Al2O3 [16–18]. To date, well-defined AlOOH nano-

structures with various morphologies such as nanofibers

[19, 20], nanorods and nanoflakes [21], nanotubes [22],

nanobelts [23] and their assemblies have been prepared by

a variety of methods, including direct solution precipitation

[24], sol–gel synthesis [25], spray pyrolysis, and hydro-

thermal treatment [26, 27]. In particular, the synthesis

methodology of the nanofibrous boehmite is especially

important for preparing nanofibrous alumina because of its

large specific surface area and large pore volume [28, 29].

The specific surface area and the pore volume of Al2O3

obtained after 1,200 �C calcination can attain certain val-

ues due to the high retention of its fibrous shape. There are

several studies reported in Eu:Al2O3 materials. However,

the variations in the morphology and the thermal stability

of Eu3?-doped alumina nanofibers have not been reported.
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Peng et al. [30] and Li and colleagues [31] reported that

boehmite nanofibers were successfully prepared via a soft

chemical hydrothermal treatment without using any sur-

factant, solvent, or hard templates. Based on Peng’s and

Li’s work, Xu et al. [32] reported the variations in the

morphology and the thermal stability of fibrous crystallites

of boehmites prepared at different hydrothermal tempera-

tures. Europium is one of lanthanides which are widely

used for fabrication of red-emitting materials [33]. In this

paper, Eu3?-doped alumina nanofibers were synthesized

with different europium concentrations, and their thermal

stabilities and luminescence properties were studied.

Experimental

Preparation of the Eu3?-doped alumina nanofibers

Different concentrations of europium-doped boehmites

nanofibers were synthesized by hydrothermal conditions.

Different amounts of Eu(NO3)3�6H2O (the molar ratio of

Eu3? to Al2O3 is 0, 1, 2, and 3 mol%) were added into

0.5 mol kg-1 Al2(SO4)3�18H2O solution and mixed homo-

geneous to form solution A. NaAlO2 solution, which was

prepared by aluminum hydroxide and sodium hydroxide

with the molar ratio of 5.2 for Na?:Al3?, was added dropwise

to solution A with stirring, and the stirring was maintained

until the pH reached 9.0. The suspension was transferred into

a Teflon-lined stainless autoclave, then kept in oven sta-

tionary at 150 �C for 24 h. The resulting precipitate was

recovered by centrifugation, washed with pure water several

times to remove sodium sulfate and then dried in air at 80 �C

to obtain the Eu3?-doped boehmite nanofibers. In order to

obtain the Eu3?-doped alumina nanofibers, calcination was

conducted in muffle furnace.

Analysis and characterization

X-ray powder diffraction (XRD) patterns were recorded on

a Rigaku D/MAX 2500 X-ray diffractometer with a

graphite monochromator and Cu Ka radiation

(k = 1.54178 Å). The Fourier transform IR spectroscopy

(FT-IR) was performed at room temperature by means of

VECTOR 22 spectrometer in the frequency range of

400–4,000 cm-1. Scanning electron microscopy (SEM)

images were obtained using a ZEISS SUPER 55 scanning

electron microscope. Transmission electron microscopy

(TEM) images were obtained on a JEM-2100 electron

microscopy. A small amount of samples was first dispersed

ultrasonically in alcohol and then dropped onto the lacey

support films prior to the observation. The specific surface

area was measured using the N2 sorption method with a

Micromeritics ASAP 202 instrument. Thermal gravimetric

analysis and differential scanning calorimetry (TG–DSC)

of the products were recorded using a METTLER

TOLEDO TGA/DSC1/1100SF. Samples were heated in a

flowing air from room temperature to 1,000 �C with a

heating rate at 10 �C min-1. Photoluminescence (PL)

spectra are measured with a Hitachi F7000 fluorescence

spectrophotometer. The light from a 450 W xenon lamp

through the monochromator is used for the optical

excitation.

Results and discussions

The powder XRD patterns of the Eu3?-doped boehmite

nanofibers with different europium concentrations are

shown in Fig. 1. It could be seen that all patterns exhibited

typical reflections of boehmite phase (Ref: JCPDS no.

74-1895) without any impurity peak. The strong sharp

reflections indicate that the Eu3?-doped boehmite nanofi-

bers have a well-formed crystalline structure. It was

implied that the Eu3?-doped boehmite nanofibers with

different europium concentrations had been prepared suc-

cessfully. Obvious differences among the samples with

different europium concentrations were not observed. The

powder XRD patterns of the Eu3?-doped boehmite

nanofibers (2 mol%) and samples obtained at 400, 600,

800, 1,000, and 1,200 �C are shown in Fig. 2. It could be

seen that the patterns of the sample obtained at 400 �C

were the same as that of the Eu3?-doped boehmite, which

indicating that the Eu3?-doped boehmite nanofibers were

stable at 400 �C. When the calcination temperature was

raised to 600 �C, the boehmite structure changed to

c-Al2O3 (Ref: JCPDS no. 10-0425), which could be well

maintained with the calcination temperature up to 800 �C,
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Fig. 1 XRD patterns of the Eu3?-doped boehmite nanofibers with

different europium concentrations. (A) 0 mol%, (B) 1 mol%,

(C) 2 mol%, and (D) 3 mol%
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as shown in Fig. 2; d-Al2O3 emerged when the calcinations

temperature reached 1,000 �C. With a further increase of

the calcination temperature from 1,000 to 1,200 �C, the

mixture of h-Al2O3 (Ref: JCPDS no. 35-0121) and a-Al2O3

(Ref: JCPDS no. 10-173) was confirmed.

Figure 3 presents the XRD patterns of Al2O3 and

europium-doped Al2O3 containing different amounts of

europium calcined at 1,200 �C for 3 h. It could be seen that

all four samples with different amounts of europium

exhibited similar reflections of mixed phases with h-Al2O3

(Ref: JCPDS no. 35-0121) and a-Al2O3 (Ref: JCPDS no.

10-173). No Eu2O3 phase was found, because the

concentration of Eu3? was low, and furthermore, Eu3? ions

could incorporate into Al2O3 lattice and formed substituted

solid solution [4].

The FT-IR spectra of the Eu3?-doped boehmite nanofi-

bers (2 mol%) and samples obtained at different calcination

temperatures are shown in Fig. 4. The wide band at

3,000–3,500 cm-1 and the sharp band at 1,642 cm-1 in the

FT-IR spectrum for the Eu3?-doped boehmite nanofibers

sample (Fig. 4, curve 30 �C) were due to the existence of

adsorbed water and structural water in boehmite [34]. The

band at 1,066 cm-1 and the shoulder at 1,168 cm-1 could be

assigned to the ds Al–O–H and das Al–O–H mode of

boehmite [35]. The three bands at 742, 618 and 480 cm-1

represented the vibration mode of AlO6 [36]. In the case of

sample obtained at 400 �C (Fig. 4, curve 400 �C), it could be

seen that there was almost same as that of the Eu3?-doped

boehmite nanofibers. This indicated that the Eu3?-doped

boehmite nanofibers were stable at 400 �C, which was in

agreement with the XRD results, as shown in Fig. 2. When

the calcination temperature was raised to 600 �C, the band at

3,000–3,500 cm-1 of adsorbed water and structural water

became narrower and the peak at 1,642 cm-1 got weaker,

which suggested the loss of water.

Figure 5 shows the TEM images of the Eu3?-doped

boehmite nanofibers (2 mol%) and the samples calcined at

400, 600, 800, 1,000, and 1,200 �C, respectively. The

corresponding particle sizes are shown in Table 1. It could

be seen that the starting Eu3?-doped boehmite nanofibers

had a length over 150 nm and an average diameter of about

14 nm (Fig. 5a). All the samples obtained at different

temperatures showed similar fibrous morphology, even at

1,200 �C. It implied that the fibrous structure had a certain

resistance to sintering even if they were calcined at high
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Fig. 2 XRD patterns of the Eu3?-doped boehmite nanofibers (2 mol%)

and samples obtained at different calcination temperatures
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Fig. 3 XRD patterns of Al2O3:Eu3? calcined at 1,200 �C for 3 h

with different europium concentrations. (A) 0 mol%, (B) 1 mol%,

(C) 2 mol%, (D) 3 mol%, and (E) Eu2O3
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Fig. 4 FT-IR spectra of the Eu3?-doped boehmite nanofibers

(2 mol%) and samples obtained at different calcination temperatures

Thermal study in Eu3?-doped boehmite nanofibers 1587

123



temperatures. When the sample was calcined at 400 �C for

2 h, the nanofibers were about 17 nm in diameter and

100 nm in length. The diameter of nanofibers was about

14 nm after calcined at 600 �C. This was related to the

combined effect of dehydration and condensation. The

phase transition was accompanied by a decrease in the size

of the crystallites [30]. With the increase of the calcination

temperature, the average diameter of the Al2O3 nanofibers

was enlarged from 14 nm at 600 �C to 30 nm at 1,200 �C

while the length was reduced simultaneously.

The specific surface areas of the Eu3?-doped boehmite

nanofibers (2 mol%) and samples obtained at different

calcination temperatures are shown in Table 1. It could be

seen that there was an increase of specific surface area with

the increase of calcination temperature from 30 to 600 �C.

This was related to the phase conversion, which was fol-

lowed by a decrease in the size of the crystallites and a

corresponding increase in the specific surface area. It could

be seen that there was a descending trend for the specific

surface area as the calcination temperature increased from

600 to 1,200 �C. The first event in the temperature range

600–800 �C was attributed to the coarsening and shorten-

ing of c-Al2O3 nanofibers. The second event from 800 to

1,200 �C is due to the transition of c–a-Al2O3 and the

coarsening of Al2O3 nanofibers. The transition of c–a-

Al2O3 involves a reconstructive recrystallization process,

which leads to the minor sinter of the fibrous structure.

The TEM images of the Eu3?-doped boehmite nanofi-

bers with different doping concentrations are shown in

Fig. 6. Table 2 shows the corresponding particle sizes and

the BET surface areas. As could be seen in Table 2, there

was an ascending trend for the particle sizes and a

descending trend for the specific surface area with the

increase of Eu3?-doped concentrations from 0 to 3 %. The

decrease of the specific surface area was related to the

increase of particle sizes of the nanofibers.

The mass losses of the Eu3?-doped boehmite nanofibers

with different europium concentrations were measured by

TG–DSC method to investigate their thermal behavior. The

measured TG–DSC–DTG curves of the four nanofibers are

Fig. 5 TEM images of a the AlOOH:Eu3? (2 mol%) boehmite nanofibers and calcined at b 400 �C, c 600 �C, d 800 �C, e 1,000 �C, and

f 1,200 �C

Table 1 Properties of the Eu3?-doped boehmite nanofibers (2 mol%)

and samples obtained at different calcination temperatures

T/�C SBET/m2 g-1 D/nm

(Average figures)

30 161.6 13.6

400 170.7 16.7

600 198.5 14.3

800 149.3 20.2

1,000 86.4 21.5

1,200 43.7 30.6
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shown in Fig. 7. As shown in Fig. 7, curve a exhibited

three mass losses steps according to the TG curve with the

total mass losses of 27.5 % and corresponding endothermic

peaks in the DSC curve. The endothermic peak centered at

110 �C with the associated mass loss of 3.65 % was cor-

responded to the removal of surface adsorbed water. A

second mass loss at 230–639 �C with an endothermic peak

centered at 468 �C could be attributed to the removal of the

hydroxyl group, which corresponded to the lattice changes

coinciding with the transformation of boehmite to c-Al2O3

[37, 38]. This was in agreement with the XRD results, as

shown in Fig. 2. The last event was ascribed to the further

dehydroxylation of the c-Al2O3 and the formation of d-

Al2O3 [39–42].

It could be seen from Fig. 7, curves b–d, that all three

Eu3?-doped boehmite nanofibers exhibited similar TG–

DSC curve as that of boehmite nanofibers. However, in the

DSC curves of the three Eu3?-doped boehmite nanofibers,

the first endothermic peaks were not clearly observed as

that of curve a, which were ascribed to the losses of surface

adsorbed water. The associated mass losses were 3.65,

3.11, 2.92, and 2.85 %, respectively, with the increase of

europium concentrations from 0 to 3. As shown in Fig. 7,

with the increase of europium concentrations from 0 to 3,

the endothermic peaks which corresponded to the trans-

formation of boehmite to c-Al2O3 in DSC curve centered at

about 468, 505, 507, and 509 �C, respectively, and the total

mass losses were 27.5, 20, 18.1, and 17.4 %, respectively.

The variation of phase transition temperature was due to

high surface energy, which caused by large surface area

results in instability of the boehmite nanofibers. The dif-

ferent total loss was proposed as follows: the Eu3? entered

into the interstitial positions of the lattice of boehmite

nanofibers and decreased the oxygen vacancies, which

would decrease the amount of hydroxyl group and surface

adsorbed water.

In short, the increase of europium concentrations

brought about the increase of particle size, which caused

Fig. 6 TEM images of the AlOOH:Eu3? boehmite nanofibers with different europium concentrations. a 0 mol%, b 1 mol%, c 2 mol%, and

d 3 mol%

Table 2 Properties of the AlOOH: Eu3? boehmite nanofibers with

different europium concentrations

Eu3? concentrations/mol %-1 SBET/m2 g-1 D/nm

(Average figures)

0 241.5 11.6

1 210.4 12.4

2 161.6 13.6

3 147.2 15.4
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the decrease of the surface area and brought about the

increase in the transition temperatures. This indicated that

the europium concentrations of the nanofibers played an

important role on thermal stability.

Due to the similarities in PLE spectra of the samples

with different Eu3? concentrations, typical spectrum of

Al2O3 nanofibers with 2 mol% Eu3? content is shown in

Fig. 8a. The PLE spectrum monitored at 615 nm presented

a series of intra-configurational transitions of Eu3?. It

could be seen that the peak centered at 254 nm was the

most intensive, so 254 nm was chosen as the excitation

wavelength. Figure 8b shows the PL spectra of Al2O3:Eu3?

nanofibers synthesized at 800 �C for 3 h with different

Eu3?:Al2O3 ratio (Eu3?:Al2O3 = 1, 2, 3, 4 mol%). As

shown in Fig. 8b, upon excitation at 254 nm, the charac-

teristic emission spectrum of 5D0 ? 7FJ transitions for the

Eu3? ion [43] could be clearly observed. They could be
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related to the transitions from the 5D0 state to 7FJ (J = 0, 1,

2, 3, 4) states at 579, 592, 615, 633, and 700 nm. Fur-

thermore, for all samples, the 5D0 ? 7F2 (615 nm) band

was the most intensive. It could be seen that the emission

intensity strongly depended on the doping concentration.

The best optimum concentration was found to be 2 mol%.

Below this concentration, the emission intensity was weak

because no sufficient luminescent centers were applied. For

higher doping, the intensity was also reduced due to the

quenching. The emission band at 592 nm, which corre-

sponds to the 5D0 ? 7F1, was a magnetic dipole one and

hardly varies with the crystal filed strength around Eu3?

ion. However, the transition 5D0 ? 7F2 at 615 nm was

electric dipole transition limited by the symmetry con-

straint. The (5D0 ? 7F2)/(5D0 ? 7F1) intensity ratio sug-

gested that europium ion occupied low symmetry sites.

Conclusions

In this study, the variations in the thermal stability of Eu3?-

doped boehmite nanofibers prepared with different Eu3?

concentrations and the luminescence of the corresponding

Eu3?:Al2O3 were investigated. With the increase of the

Eu3? concentrations from 0 to 3, the average diameter of

the boehmite nanofibers increased from 11.6 to 15.4 nm,

inducing a gradual decrease of the specific surface area

from 241.5 to 147.2 m2 g-1. This brought about the

increase of the phase transition temperature. PL spectra

showed that upon excitation at 254 nm, the asymmetry

ratio of (5D0 ? 7F2)/(5D0 ? 7F1) intensity suggested that

europium ion occupied low symmetry sites. It was shown

that the 2 mol% of doping concentration of Eu3? ions in

Eu3?:Al2O3 nanofiber was optimum.
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