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a b s t r a c t

Eu3+-doped SnO2 nanoparticles with high surface area were generated within the template of the cationic
surfactant (cetyltrimethylammonium bromide, CTAB) micelle assembly by surfactant-mediated method
from the hydrous tin chloride (SnCl4·5H2O) and europium chloride (EuCl3·6H2O). The as-synthesized
product was amorphous and transformed into crystalline calcined at 500 ◦C for 2 h. DSC-TGA, X-ray pow-
eywords:
u3+-doped SnO2

anoparticles
urfactant-mediated method
oom temperature photoluminescence

der diffraction (XRD), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS) were used to examine the morphology and microstructure of the final products. The results showed
that the Eu3+-doped SnO2 nanoparticles with diameter of 3–7 nm were obtained. The influences of the
molar ratios of Eu3+ and CTAB on the room temperature photoluminescence (RTPL) properties of Eu3+-
doped SnO2 nanoparticles were investigated. The results showed that the contents of Eu3+ and CTAB had
a great influence on the crystallite sizes and RTPL properties of Eu3+:SnO2 nanoparticles. The maximum

be ob
of the RTPL intensity can

. Introduction

Tin oxide is an n-type semiconductor oxide with a wide-energy-
ap (Eg = 3.62 eV, at 300 K). It is particularly interesting because
t has semiconducting properties and has been widely used as a
atalyst for oxidation of organic compounds, and as gas sensors
1,2], rechargeable Li-batteries, and optical electronic devices [3].
t is a very important technology for the doping to control the
ehavior of materials. Many researchers have begun to explore the
opants influences on semiconductor nanocrystals and the unusual
nd size-specific optical and electronic behaviors [4,5]. Recently,
onsiderable research has been focused on rare-earth (RE) ion
oped semiconductors for novel properties, especially the photo-

uminescent properties [6–11]. The band gap excitation may result
n efficient energy transfer and hence intense luminescence from
he rare-earth ion. The optical property of doped semiconductor
anoparticles has given rise to intriguing science in nanoresearch

n the new millennium. According to its unique fluorescent proper-
ies, stability, and high emission-quantum yield, the Eu3+ ion as an
ctivator has been investigated much frequently. Eu3+-doped SnO2
anoparticle is a typical material, which has been widely studied. It
as found the Eu3+ emission is strongly enhanced by energy trans-
er from the SnO2 nanocrystals in a glass matrix [12,13]. Recently, it
as reported that Eu3+-activated SnO2 nanocrystals showed good

uminescence properties [11,14–17]. It was found that the spon-
aneous emission probability of optical transitions from rare-earth

∗ Corresponding author. Fax: +86-871-5035376.
E-mail address: ydwang@ynu.edu.cn (Y. Wang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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served at the molar ratio 5.0% Eu3+ and 10.0% CTAB.
© 2010 Elsevier B.V. All rights reserved.

ions doped in nanoparticles could be significantly modified by con-
tents of Eu3+, changing the particle size, shape, and surrounding
medium.

Owing to such a large range of applications, various methods
have been applied for the synthesis of tin oxide nanoparticles.
For Eu3+-doped SnO2 nanoparticles, it is difficult for Eu3+ ions to
enter the lattice of SnO2 because of the large difference of the
radius and charge between Eu3+ and Sn4+ [18]. It results in the
poor luminescence of the phosphor. A variety of techniques has
been usually used to synthesize oxides nanoparticles including
hydrothermal, coprecipitation, combustion, sol–gel, solvothermal,
and microemulsions routes [19–25]. However, these methods are
the challenge to prepare SnO2 powders with particle size about
several nanometers, and require very stringent control in vari-
ous processing parameters, together with a low production yield.
Therefore, it is necessary to find a new method for preparing
Eu3+:SnO2 nanoparticles. Herein, we report the room temperature
photoluminescence (RTPL) properties of Eu3+:SnO2 nanoparti-
cles prepared using a simple surfactant-mediated method. The
method is based on the cationic surfactant cetyltrimethylammo-
nium bromide (CTAB) and simple chemical reagents (hydrous
metal chloride (SnCl4·5H2O), europium chloride (EuCl3·6H2O), and
NH3·H2O). The cations (Sn and Eu) are assembled within the
template of surfactant micelle in an aqueous solution. The sur-
factant not only provides a favorable site for the growth of the

particulate assemblies, but also influences the formation process,
including nucleation, growth, coagulation and flocculation [26].
Surfactant and Eu3+ play an important role in the preparation
and the optical properties of Eu3+:SnO2 nanoparticles. Eu3+-doped
SnO2 nanoparticles with a mean particle diameter of 3–7 nm have

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ydwang@ynu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.03.107
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een successfully prepared. The properties of the materials were
haracterized by X-ray diffraction (XRD) analysis, thermogravimet-
ic analysis (TGA), transmission electron microscopy (TEM), X-ray
hotoelectron spectroscopy (XPS), and room temperature photo-

uminescence (RTPL) experiments.

. Experimental

.1. Preparation of Eu3+-doped SnO2 nanoparticles

All the chemical reagents used in the experiments were obtained from commer-
ial sources as guaranteed-grade reagents and used without further purification.
he purity of CTAB was 99% and the inorganic precursors were not less than 99%,
espectively. The synthesized method was based on the use of the cationic surfactant
CTAB) and the simple chemical materials (hydrous tin chloride, europium chloride,
nd NH3·H2O) as inorganic precursors at room temperature. In a typical process, the
ynthetic procedures were as follows: the CTAB was mixed with distilled deionized
ater with stirring until a homogenous solution (0.08 M) was obtained. The solution

f diluted NH3·H2O (25 wt.% solution, 10 ml) was then added into the CTAB solution
ith stirring. The initial solutions were prepared by dissolving 350 mg SnCl4·5H2O

nd 5.0% molar ratio Eu3+ in 10 mL distilled deionized water. When the mixing solu-
ion became homogenous, the solution of SnCl4 and EuCl3 was added, respectively,
nder vigorous stirring. After stirring 4 h, the products were aged at ambient tem-
erature for 96 h. The resulting product was filtered, washed with distilled water
o remove surfactant, and then dried at ambient temperature. Complete evolution
f the surfactant from the as-synthesized product to yield the tin oxide nanopar-
icles was achieved through thermal treatment at 250 ◦C with a ramp of 1 ◦C/min
or 2 h and at 500 ◦C for 2 h with a ramp of 2 ◦C/min under flowing air atmosphere.
u3+:SnO2 samples with the different molar ratios Eu3+ (0, 2.5, 5.0, 7.5, and 10.0%)
nd the different molar ratios CTAB (Sn:CTAB = 2.5, 5.0, 7.5, 10.0, and 12.5%) were
tudied, respectively.

.2. Characterization of Eu3+-doped SnO2 nanoparticles

Thermogravimetric analysis (TGA and DSC) curves were obtained in flowing
ir on NETZSCH STA 409 PG/PC with a temperature increasing rate of 10 ◦C/min.
-ray diffraction (XRD, Rigaku D/MAX-3B powder diffractometer) with copper tar-
et and K� radiation (� = 1.54056 Å) was used for the phase identification, where
he diffracted X-ray intensities were recorded as a function of 2�. The sam-
le was scanned from 20◦ to 80◦ (2�) in steps of 0.02◦ . The crystallite domain
izes (D) have been examined from XRD peaks based on the Scherrer’s equation:
= 0.9�/(�W cos �), where � is the wavelength of X-ray, � is the Bragg’s diffrac-

ion angle, and �W is the true half-peak width of the X-ray diffraction lines. The
ransmission electron micrographs (TEM) were made with on a Zeiss EM 912 �
nstrument at an acceleration voltage of 120 kV. The samples for TEM were pre-
ared by dispersing the final powders in ethanol; this dispersing was then dropped
n carbon–copper grids. X-ray photoelectron spectroscopy (XPS) was carried out
t room temperature in ESCALAB 250 system. During XPS analysis, an Al K� X-
ay beam was adopted as the excitation source and the vacuum pressure of the
nstrument chamber was 1 × 10−7 Pa. UV/Vis measurements were made with a UV-
401PC spectrophotometer. Photoluminescence (PL) experiments were measured
n a Hitachi F-4500 FL Spectrophotometer using a xenon lamp as the excitation
ource at room temperature. All experiments were performed at room tempera-
ure. The sample was dispersed in dichloromethane and the excitation wavelength
sed in PL measurement was 395 nm.

.3. Detail of the simulating XRD powder pattern

The recorded XRD powder patterns were processed with the Rietveld method
sing the program FULLPROF. The details were performed as previously reported
27,28].

. Results and discussion

Thermogravimetric analysis (TGA) of the as-synthesized sam-
le (with 5.0% molar ratio Eu3+) under air shows three apparent
ecreases in specimen weight (Fig. 1). The first is over the temper-
ture range from room temperature to ca. 170 ◦C, the second is over
he temperature range from 170 to ca. 300 ◦C, and the third is from
00 to 500 ◦C. The loss of water is below 170 ◦C and of the surfac-
ant starts at 170 ◦C. At about 500 ◦C, the surfactant is completely

emoved. The analysis of the as-synthesized sample reveals ∼39%
otal weight loss on heating to 500 ◦C. Presumably, the first effect
s attributed to the release of residual solvent and adsorbed water,
he second to desorption and decomposition of the surfactant tem-
late, and the third to dehydroxylation of the surface and removal
Fig. 1. DSC and TGA curves of as-synthesized sample (with 5.0% molar ratio Eu3+).

of little residual surfactant [29–31]. No weight loss can be observed
at above 500 ◦C, indicating the completion of any reaction involv-
ing a weight change. From these results, it is clear that most of
the surfactant CTAB in the as-synthesized powder is eliminated at
about 500 ◦C. The same results can be found for the other samples.
The organic CTAB can be completely removed in the calcination
step because a low heating rate was used in the preparation. (TGA
measurements were performed with 10 ◦C/min, in contrast to only
1 ◦C/min and 2 ◦C/min heating in the calcination program. In addi-
tion, it contained 2 h holding steps at 250 ◦C and 500 ◦C.) Therefore,
the calcining of the sample in air has been performed at 500 ◦C.

Fig. 2 shows the X-ray diffraction patterns of the samples, which
are prepared with different molar ratios Eu3+ (Eu3+:Sn = 0, 2.5, 5.0,
7.5, and 10.0%) and different molar ratios CTAB (CTAB:Sn = 2.5, 5.0,
7.5, 10.0, and 12.5%) after the final heat treatment at 500 ◦C for 2 h,
respectively. The effects of the different molar ratios of Eu3+ and
CTAB on the crystallographic structure for samples did not reveal
from Fig. 2. The XRD patterns revealed well-developed reflections
of cassiterite SnO2 (ICDD PDF No. 41-1445), without any indications
of the by-products such as Eu2O3 or Eu2Sn2O7. This finding implies
that the europium doping most probably occurs by substituting
tin atoms in the crystal structure. The mean grain size (D) of the
Eu3+-doped SnO2 nanoparticles was calculated by using the Scher-
rer equation to the (1 1 0) plane diffraction peak (2� = 26.6◦). The
crystalline grain sizes of Eu3+-doped SnO2 nanoparticles decreased
from 6.7 to 3.6 nm when the Eu3+ content increased from 0.0 to
10%. The Eu-doping makes effects on the size of the nanoparti-
cles. Fig. 2(a) showed a decrease of crystallinity in the Eu3+-doped
SnO2 nanoparticles in comparison with the undoped sample by
the decrease in the intensity of SnO2 peaks when the Eu3+ con-
tent increased from 0.0 to 10.0%. Because of the interference of
Eu3+ with SnO2 lattice, the crystallinity of the Eu3+-doped SnO2
nanoparticles was worse than that of pure SnO2. This implies that
a portion of Eu3+ formed stable solid solutions with SnO2, it could
occur by substituting tin atoms in the crystal structure and that may
cause the introduction of point defects and change in stoichiome-
try due to charge imbalance. The effect leads to a distortion of the
crystal structure of the host compound. The crystalline grain sizes
of Eu3+-doped SnO2 nanoparticles decreased from 18.8 to 3.6 nm
when the CTAB content increased from 0.0 to 12.5%. The surfactant

not only provides a favorable site for the growth of the particu-
late assemblies, it also influences the formation process, including
nucleation, growth, coagulation and flocculation [26,32,33]. It is
clear that surfactant CTAB plays a role in the prevention of the
growth of crystalline grains of Eu3+-doped SnO2 nanoparticles.
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Table 1
Structural data and refinement parameters for Eu3+:SnO2 nanoparticles (with 2.5
and 7.5% molar ratio) calculated by Rietveld refinement of the experimental XRD
powder pattern.

Lattice parameters Eu:Sn = 2.5% Eu:Sn = 7.5%

a (Å) 4.739(2) 4.739(2)
c (Å) 3.191(1) 3.196(1)
Unit cell volume (Å3) 71.672(6) 71.787(6)

Sn/Eu
x 0 0
y 0 0
z 0 0

O
x 0.303(4) 0.307(4)
y 0.303(4) 0.307(4)
z 0 0

Average apparent size (nm) 4.1 3.4
Average maximum strain (10−4) 4.2311 4.2311
Discrepancy factor

(profile-weighted residual
error) (RWP (%))

17.7 19.2

Bragg discrepancy factor (RB (%)) 3.64 3.58
Goodness-of-fit indicator

(GoF-index)
2.3 2.3
ig. 2. XRD patters of the samples with different molar ratios Eu3+ at CTAB:Sn = 10%
a), and the samples with different molar ratios CTAB at Eu:Sn = 5.0% (b).

The assignment is further confirmed by the refinement of the
iffraction patterns with the Rietveld method [34] using the pro-
ram FULLPROF [35]. For the samples with the different molar ratios
u3+ of 2.5 and 7.5%, the structural parameters calculated from
he Rietveld profile refinement are presented in Table 1. The dif-
erence curves (Fig. 3) show that the calculated and experimental
RD patterns are in satisfactory agreement, although the significant

ine broadening due to the small crystallite sizes and microstrain
rought in by the heterosubstitution influenced the final agreement
etween experimental and calculated patterns.

The TEM images of Eu3+-doped SnO2 nanoparticles prepared
nder the different Eu3+ and CTAB contents are shown in Fig. 4. It
ould be seen that all SnO2 nanoparticles are not larger than 7 nm in
iameter. The particle sizes agree with the results calculated from
RD patterns. Fig. 4 insets display the corresponding selected-area
lectron diffraction (SAED) patterns of an ensemble of particles. The
potted diffraction rings from inside to outside can be indexed to
he (1 1 0), (1 0 1), (2 0 0), (2 1 1), and (3 0 1) planes of rutile SnO2,
espectively. These indexed patterns are in good accordance with
he XRD reflections described above. Moreover, there are no extra
olycrystalline rings from Eu or europium oxides. Thus, the Eu3+
ons are believed to be dissolved in the SnO2 structure.
The composition of the Eu3+-doped SnO2 nanoparticles was

urther analyzed by XPS. Apart from the C1s peak positioned
t 284.0 eV, which originated from spurious amounts of surface

Fig. 3. X-ray diffraction analysis of Eu3+-doped SnO2 nanoparticles with Eu3+ molar
ratios at 2.5% (a) and 7.5% (b). The experimental data is shown in red, the calculated
patterns in black, and the difference curves in blue. The short vertical bars in green
represent the positions of the Bragg reflections. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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ig. 4. TEM micrographs of the Eu3+-doped SnO2 nanoparticles with the differen
TAB:Sn = 10%; (c) Eu3+:Sn = 5.0% and CTAB:Sn = 5.0%; (d) Eu3+:Sn = 5.0% and CTAB:S

arbon of the decomposed CTAB adsorbed onto the inorganic
ramework of Eu3+-doped SnO2 nanoparticles, XPS spectra (no
hown data) confirmed the high chemical purity of the Eu3+-doped
nO2 nanoparticles, consisting solely of Sn, Eu and O. Fig. 5(a) shows
he high-resolution XPS spectra of the Eu3+-doped SnO2 nanopar-
icles with 5.0% molar ratio Eu3+, revealing two peaks of Sn3d5/2
nd Sn3d3/2 at 486.7 and 495.3 eV with a better symmetry, and
hey were assigned to the lattice tin in SnO2. The distance between
hese two peaks was 8.6 eV, being in good agreement with the
nergy splitting reported for SnO2. The values correspond to the
d binding energy of Sn(IV) ions (indexed Standard ESCA Spec-
ra of the Elements and Line Energy Information, ˚ Co., USA). The
orresponding Eu3d5/2 spectrum was assigned to binding energy
135.9 eV (Fig. 5(b)). The evaluation of the areas of the Sn3d5/2 and
u3d5/2 emission lines using suitable sensitivity factors (4.89 for
n3d5/2 and 5.0 for Eu3d5/2) resulted in an atomic Eu-to-Sn ratio
f 4.45%, which is only slightly smaller as compared to the starting
ecipe. Fig. 5(c) shows that the O1s XPS is asymmetric (the left-hand
ide is wider), indicating that there are at least two kinds of oxygen
pecies in the near surface region. The peak at about 530.4 eV is due
o the SnO2 crystal lattice oxygen, while that at about 532.4 eV is

ue to chemisorbed oxygen [36].

The Eu3+-doped SnO2 nanoparticles display interesting opti-
al properties. UV/Vis spectroscopy was used to characterize the
ptical absorbance of the Eu3+:SnO2 nanoparticles. The absorp-
ion spectra of Eu3+-doped SnO2 nanoparticles were carried out
and CTAB contents: (a) Eu3+:Sn = 2.5% and CTAB:Sn = 10%; (b) Eu3+:Sn = 5.0% and
.5%. Insets are selected-area electron diffraction.

to resolve the excitonic or interband (valence-conduction band)
transition of Eu3+-doped SnO2 nanoparticles, which allows us to
calculate the bandgap. The UV/Vis absorption spectra of Eu3+:SnO2
nanoparticles show a strong band edge absorption in the region
under 250 nm (Fig. 6). The absorption edge of Eu3+-doped SnO2
nanoparticles is largely blue-shifted from the absorption edge of
SnO2 bulk. The absorption and corresponding band gap energy of
SnO2 bulk are � = 350 nm and Eg = 3.6 eV. It is well known that the
absorption coefficient of an amorphous semiconductor has a char-
acteristic relation [37]:

(˛h�)1/2 = B(h� − Eg)

in which hω is the photon energy, Eg is the apparent optical band
gap, B is a constant characteristic of the semiconductor, and ˛ is
the absorption coefficient. Therefore, the Eg of the resulted Eu3+-
doped SnO2 nanoparticles can be obtained by the extrapolation of
the above relation to be 3.72–3.80 eV (see Fig. 6 inset).

It was reported recently that SnO2 nanocrystalline thin film has
only a broad dominant photoemission peak at 3.13 eV at 300 K
[38,39]. For the SnO2 nanoribbons, there are two strong peaks

at 392 nm (3.2 eV) and 439 nm and two weak peaks at 489 and
496 nm at the room temperature [40]. The photoluminescence was
attributed to the donor–acceptor pair transitions or to the lumines-
cent center, such as nanocrystals and defects caused by impurities
during the growth, but that is not yet clear [38–40]. In our investi-
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Fig. 6. Absorption spectra of Eu3+-doped SnO2 nanoparticles with different molar
ig. 5. XPS spectra of Eu3+-doped SnO2 nanoparticles with 5.0% molar ratio Eu3+:
a) Sn3d, (b) Eu3d5/2, and (c) O1s.

ation, room temperature photoluminescence (RTPL) spectra were
erformed with the excitation wavelength �ex = 395 nm and the

esults are shown in Fig. 7. In the Eu3+ fluorescence, the excita-
ion using 394 nm is direct excitation [11]. Fig. 7(a) shows the PL
pectra of the Eu3+:SnO2 nanoparticles with various contents of
u3+ ranging from 0.0 to 10 mol%. The PL intensity reaches the
aximum at 5.0% Eu3+ and then decreases with further increase
ratios Eu3+ (a) and CTAB (b). Inset: apparent energy gap of Eu3+:SnO2 nanoparticles
from the extrapolation of Urbach’s equation.

of the Eu3+ ions content. The two strong lines at 590 and 615 nm
are attributed, respectively, to the 5D0–7F1 magnetic-dipolar tran-
sition and 5D0–7F2 electric-dipolar transition of the Eu3+ ions [18].
It was known that only magnetic-dipolar transitions could occur
if Eu3+ is centrosymmetric in the lattice. Without this inversion
symmetry, the electric-dipolar transitions are no longer strictly for-
bidden and appear in the luminescence spectra [41]. The 5D0–7F2
band at 615 nm is sensitive to chemical bonds in the vicinity of the
Eu3+ ion, while the 5D0–7F1 transition band at 590 nm hardly varies
with the crystal field strength around the Eu3+ ion. Therefore, the
5D0–7F2 and 5D0–7F1 emission intensity ratio indicates the distor-
tion degree of the local environment of the Eu3+ ions in the matrix,
i.e., the higher the ratio, the lower the site symmetry [42]. From
Fig. 7(a), the calculated asymmetry ratios I(5D0–7F2)/I(5D0–7F1) are
1.44, 1.38, 1.11, and 0.95 for the samples with the different molar
ratios Eu3+ (10.0, 5.0, 7.5, and 2.5%), respectively. It reveals that
the Eu3+ ion occupies low symmetry sites [11]. The samples with
the contents of Eu3+ ion of 10.0, 7.5, and 2.5 mol% show an 13, 63,
and 75% decrease of the 5D0–7F2 integrated intensity, respectively.

Here, the PL intensity is about 4.0 times higher in the 5.0 mol%
content than the intensity in the 2.5 mol% content sample. The PL
spectra show a reddish orange emission, and gradually increased
with the contents of Eu ions.
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ig. 7. Emission (�ex = 395 nm) spectra of Eu3+-doped SnO2 nanoparticles with dif-
erent molar ratios Eu3+ (a) and CTAB (b).

It is well known that the Sn4+ ions in the SnO2 crystal have a
4h symmetry. If the Eu3+ ions correspond to the substitution of
u3+ to the Sn4+ ions in the sites of SnO2, the Eu3+ ions should
ave the same symmetry to that of the Sn4+ ions [12]. Fig. 7(b)
learly shows that the emissions intensity changes with increas-
ng the content of surfactant CTAB at 5.0 mol% Eu3+-doped SnO2
amples. In the present study, we have seen that the PL intensity
hanges with the variational content of surfactant CTAB, which is a
ew and interesting result in Eu3+:SnO2 nanoparticles. In the calci-
ation of as-prepared materials, a lot of the structural defect can be

ormed because of the decomposition and the removal of the surfac-
ant template. The structural defect has an important influence on
hotoemission. The maximum PL intensity was observed at 10.0%
TAB, which reveals that structural defect has a profound effect on
he emission intensity of the Eu3+:SnO2 nanoparticles. However,
he PL intensity decreases at the 12.5% CTAB content. Our further
ork is being done to get a definite understanding. In Fig. 7(b), the

alculated asymmetry ratios are 1.01, 0.99, 1.01, 1.01, and 0.98% for
he samples with the different molar ratios CTAB (12.5, 7.5, 5.0, 2.5,
nd 0.0%), respectively. It is interesting to note that the symmetry

f the substitutional octahedral site is not significantly distorted at
arious CTAB contents (except the molar ratios CTAB of 10.0%). It
eveals that the Eu3+ ions occupy the sites of Sn4+ ions in the SnO2
rystal.

[

[
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4. Conclusions

In summary, Eu3+:SnO2 nanoparticles with various contents of
Eu3+ and CTAB ranging from 0.0 to 12.5% were successfully syn-
thesized by a chemical coprecipitation process with the assistance
of CTAB. X-ray diffraction, transmission electron micrographs, and
photoluminescence are well correlated with the structural char-
acteristics of the Eu3+-doped SnO2 nanoparticles. The emission
intensity of the peak at 614 nm (5D0–7F2) for PL exhibits two bands
at 590 and 615 nm, respectively. On the basis of a careful investiga-
tion of the structure, this study discussed the effect of Eu3+ ions and
CTAB concentration on the photoluminescence of SnO2 nanoparti-
cles. It was found that PL properties of Eu3+:SnO2 nanoparticles
are sensitive to the contents of the Eu3+ ions and surfactant
CTAB.
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