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Abstract

Through self-assembly approach, tin oxide with an ordered hexagonal mesostructured tin oxide/surfactant composite (Sn–H) was synthesized
in the presence of cationic surfactant (cetyltrimethylammonium bromide, CTAB: CH3(CH2)15N+(CH3)3Br−) at room temperature. Powder X-
ray diffraction (XRD) and transmission electron microscopy (TEM) results clearly showed the existence of ordered hexagonal mesostructure
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n the composite. According to the X-ray photoelectron spectroscopy (XPS) spectrum, the red-shift in the 3d5/2 peak position from th
rystalline SnO2 to the Sn–H composite indicates a change of microenvironments for tin, and this change is attributed to the inter
urfactant CTAB with SnO2. In comparison with SnO2 bulk, the red-shift of the adsorption band of Sn–H composite can be clearly see
mission band of room temperature photoluminescence (RTPL) in the green spectral range was observed. The results obtained

he interfacial effect between the tin oxide and the surfactants plays an important role in the optical properties.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Tin oxide is an n-type semiconductor oxide with a wide-
nergy-gap (Eg = 3.6 eV, at 300 K). It is particularly interest-

ng because it has semiconducting properties and has been
idely used as a catalyst for oxidation of organic com-
ounds, and as gas sensors[1,2], rechargeable Li-batteries

3,4], and optical electronic devices[5]. Owing to such a
arge range of applications, various methods have been ap-
lied for the synthesis of tin oxide. Beyond sample inorganic
rystals, organic–inorganic composites are of further interest,
ince mesoscopic structures can be generated in the compos-

te by replicating self-organized supramolecular assemblies
f organic molecules[6]. In the past few years, mesostruc-

ured organic–inorganic composites arouse great recent inter-
st from the viewpoints of both applications and fundamen-

al research[7,8]. The primary goal is to combine the best
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properties of the inorganic phase with the best properti
the organic phase. Recent developments in the synthe
self-assembled inorganic/organic surfactant composites
opened up a new field in the study of composite materials[9].
A novel chemical synthetic approach based on self-asse
between inorganic species and surfactant was presen
inorganic species and organic surfactant into two- and th
dimensional superlattice structures[10,11], and was succes
fully extended to numerous ordered inorganic–organic c
posites with nanometer scale periodicities[12,13]. The or-
dered tin oxide/surfactants mesostructure is a novel na
tructured semiconductor-surfactant superlattic materials
some novel properties could be thereby expected. How
among mesoporous materials, metal oxides/surfactant m
porous composites with stability structure are relatively
ficult to synthesize because of their multitude of differ
coordination numbers and oxidation states[14]. In this re-
spect, several synthetic approaches utilizing the supram
ular templating mechanism had been reported for the p
ration of mesoporous tin oxide[5,15–19]and some optica
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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properties based on SnO2 have been reported[20,21]. How-
ever, its room temperature photoluminescence feature, espe-
cially relative to the ordered mesoporous tin oxide, has rarely
been mentioned and studied.

In this paper, an ordered hexagonal mesoporous tin
oxide/surfactant composite (Sn–H) was synthesized, in
which a cationic surfactant cetyltrimethylammonium bro-
mide (CTAB) and simple chemical materials SnCl4·5H2O
and tetramethylammonium hydroxide (TMAOH) at room
temperature with self-assembly method, and unusual adsorp-
tion spectrum and novel room temperature photolumines-
cence (RTPL) of the resulted composite was observed.

2. Experimental

All the chemical reagents used in the experiments were
obtained from commercial sources as guaranteed-grade
reagents and used without further purification. The purities
of SnCl4·5H2O and CTAB were 98 and 99%, respectively.

The synthesis method was based on the use of a cationic
surfactant (CTAB) as structure directing agent, and hy-
drous tin chloride (SnCl4·5H2O) as inorganic precursor and
TMAOH as counterions, respectively. Reaction was per-
formed at room temperature. The synthetic procedure was
as follows: (1) 2.5 g CTAB were mixed with 26 ml distilled
d tion
w as
t the
m
S as
i the
p sult-
i ried
a sized
p 1 h
t ove
t

wder
X er
w n
m ron
m ed
i GX
i ere
p ated
b PS,
P ere
o CHI
8 r as
t

3

ns
f are

Fig. 1. Powder X-ray diffraction patterns for mesoporous Sn–H composite
in low-angle and wide-angle range.

shown inFig. 1. The as-synthesized mesostructured tin oxide
shows three diffraction peaks with lattice spacingsd= 42, 24
and 21Å. The diffraction peaks can be indexed as the (1 0 0),
(1 1 0) and (2 0 0) reflections from two-dimensional hexag-
onal mesostructure with lattice constantsa= 48.5Å, as ob-
served in typical XRD patterns of the hexagonal mesostruc-
tured silica MCM-41[22,23]. The composite exhibits reflec-
tions of comparable integral intensity in the region 2θ 20–80◦
that are characteristic of cassiterite (inset ofFig. 1). The
XRD patterns of sample as-synthesized and of the treated
with ethanol are similar in intensity and position of peak. So
the removal of the template by solvent extraction tends to
preserve the mesostructure.

The appearance of low-angle diffraction peaks indicates
that mesoscopic order is obtained in the Sn–H compos-
ite. This is confirmed by transmission electron microscopy
(TEM) images.Fig. 2 shows TEM image of mesoporous
Sn–H composite recorded along the [1 1 0] and [0 0 1] zone
axes of the mesostructures. The mesoscopically ordered
channels are readily observed to be arranged in hexagonal
arrays by TEM. It is clear that the pore sizes are in the
range of 24–26̊A and are uniform throughout the particles.
The pore/channel walls are continuous and have thicknesses
∼2.2 nm. It is also consistent with the observed XRD pat-
terns as discussed above.Fig. 2a shows characteristic im-
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c xed
eionized water with stirring until a homogenous solu
as obtained; (2) 36.45 g TMAOH (25 wt.% solution) w

hen added into the CTAB solution with stirring; (3) when
ixing solution became homogenous, a Sn4+ solution of 3.0 g
nCl4·5H2O diluted with 26 ml distilled deionized water w

ntroduced, producing a white slurry; (4) after stirring 4 h,
roduct was aged at room temperature for 96 h; (5) the re

ng product was filtered, washed with distilled water, d
t ambient temperature. For comparison, the as-synthe
roduct was extraction-treated with 100 ml ethanol for

wice, and then filtered and washed with ethanol to rem
he surfactant. This product was air-dried for 72 h.

As-synthesized product was characterized using Po
-ray diffraction (XRD, Rigaku D/max-RB diffractomet
ith Cu K� radiationλ = 1.5418Å), transmission electro
icrographs (TEM, Hitachi-800 transmission elect
icroscope operated at 200 KV), Fourier transform

nfrared (FTIR) spectra (Perkin-Elmer Spectrum
nfrared spectrophotometer, the samples for FTIR w
repared using the KBr technology which were calibr
y polystyrene), X-ray photoelectron spectroscopy (X
erkin-Elmer PHI 5300 ESCA). The optical properties w
btained with a UV2100 spectrophotometer and a HITA
50 type visible-ultraviolet spectrometer with a Xe lase

he excitation source.

. Results and discussion

The typical low-angle X-ray diffraction (XRD) patter
or mesostructured tin inorganic/surfactant composite
ge of Sn–H composite parallel to the pore channel ax
he [0 0 1] direction) where the hexagonal mesostructu
learly visible.Fig. 2b shows a view of Sn–H compos
erpendicular to the pore axis in the [1 1 0] direction. Lo
traight parallel tunnels are apparent in the image and th
erved inter-pore distances are in good agreement with
btained from the XRD patterns,Fig. 1.

The surface/near surface chemical composition of
ample analyzed by XPS is shown inFig. 3a. The XPS
pectrum of Sn–H composite shows two peaks of 3d5/2 and
d3/2 at 486.6 and 494.9 eV with a better symmetry, and
re assigned to the lattice tin in tin oxide. They have p
eparations of 8.3 eV between these two peaks. The v
orrespond to a 3d5 binding energy of Sn(IV) ion (inde
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Fig. 2. TEM image of mesoporous Sn–H composite, (a) is recorded along
the [1 1 0] zone axis and (b) alone the [0 0 1] zone axis, respectively. Inset in
upper right, optical Fourier transform of the part image.

Standard ESCA Spectra of the Elements and Line Energy
Information,� Co., USA). The red-shift in the 3d5/2 peak
position from the crystalline SnO2 (Sn–H composite cal-
cined at 500◦C for 2 h) to the Sn–H composite (from 487.5
to 486.6 eV) indicates a change of microenvironments for
tin. This shift (0.9 eV) is due to the interaction of surfactant
CTAB with SnO2. This red-shift results have been observed
in mesoporous titania by the Ozin[24] and Zaban groups[25].
In Fig. 3b, it can be seen that the O1s XPS is asymmetric (the
left side is little wider than that of the right), indicating that
at least two kinds of oxygen species were present in the near
surface region. The peak at about 531.6 eV is due to the SnO2
crystal lattice oxygen, while the peak at about 533 eV is due
to chemisorded oxygen.

UV–vis spectroscopy was used to characterize the optical
absorbance of Sn–H composite. The absorption and corre-
sponding band gap energy of SnO2 bulk areλ = 350 nm and
Eg = 3.6 eV.Fig. 4shows the UV–vis absorption spectrum of
Sn–H composite. It can be seen that there is a strong band
edge absorption in the spectrum region of longer than 350 nm
in wavelength. It is well known that the absorption coefficient
of an amorphous semiconductor has a characteristic relation
[26]: [αηω]1/2 = A[ηω − Eg], in whichηω is the photon en-
ergy,Eg the apparent optical band gap,A the constant charac-
teristic of the amorphous semiconductor, andα the absorption

Fig. 3. XPS spectrum of Sn–H composite: (a) Sn 3d and (b) O 1s.

coefficient. Therefore, theEg of Sn–H composite can be ob-
tained by the extrapolation of the above relation to be 2.24 eV
(seeFig. 4 inset). A red-shift of approximately 1.36 eV rela-
tive to bulk SnO2 is evident for the Sn–H composite. This is
contrary to the quantum size effect which leads to the blue-
shift of Eg with decrease of particle size, which has been
observed in many nanometer-sized semiconductor materials
[27]. The red-shift of absorption spectrum or appeared optical

Fig. 4. The absorbance spectra and the apparent energy gap (inset) of Sn–H
composite from the extrapolation of Urbach’s equation.
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Fig. 5. Photoluminescence spectrum of Sn–H composite recorded at room
temperature by excitation 310 nm.

band gap is worthy to point out that this different would arise
from the interface between tin oxide and surfactant. However,
the sample of these treated with ethanol does not show the
red-shift.

In our investigation, room temperature photolumines-
cence spectra were performed with an excitation wavelength
(λex = 310 nm). The RTPL spectrum of tin oxide/surfactant
mesophase is shown inFig. 5. The RTPL spectrum exhibits
a broad emission band between 440 and 580 nm, centered a
534 nm. When compared to the SnO2 nanoribbons, the pho-
toluminescence from the tin oxide/surfactant mesostructure
is red-shifted. However, for the sample of these treated with
ethanol, any spectrum of room temperature photolumines-
cence was not observed.

Charge density matching between the surfactant and the
inorganic species was important for the formation of the
organic–inorganic mesophases[28]. Huo and co-workers
proposed a generalized mechanism of formation based on
the specific type of electrostatic interaction between a given
inorganic precursorI and surfactant head groupS [29]. By
extension, another charge-interaction pathway wasS+ X− I+,
whereS+ was the structure director,I+ was the inorganic
precursor andX− was a counterion. We suggested that this
pathway could explain the formation of the mesostructure tin
oxide. Under acidic conditions, through theS+ X− I+ path-
w + t-
i ruc-
t
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i
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addition of the Sn4+ solution so that the Sn4+ ions can be
attracted by the assembled OH− to form the mesostructured
tin oxide.

It was reported recently that SnO2 nanocrystalline thin
films has only a broad dorminant photoemission peak at
396 nm (3.13 eV) at 300 K[30]. For the SnO2 nanoribbons,
there are two strong peaks at 392 (3.2 eV) and 439 nm and two
weak peaks at 489 and 496 nm at the room temperature[31].
The photoluminescence was attributed to the donor–acceptor
pair transitions or to the luminescent center, such as nanocrys-
tals and defects caused by impurities during the growth, but
that is not yet clear[18,19]. To the best of our knowledge,
it is difficult to observe any photoluminescence phenomenon
at room temperature for bulk SnO2 [32]. The mesostructured
tin oxide/surfactant composites show well-defined ordered
structure to form tin oxide/surfactant superlattices. This pe-
culiar structure might have a profound effect on the chemical
and physical properties of tin oxide. Some SnO2 nanoparti-
cles capped with stearic acid has been reported to exhibit un-
usual room temperature photoluminescence[27]. We think
that the interfacial effect of tin oxide/surfactants compos-
ite between tin oxide and the organic surfactants might be
similar to the nanoparticles coated with stearic acid reported
by Wu et al.[27]. A great lot of oxygen vacancies mainly
located on the interface of inorganic framework have inter-
a tants
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ay the cationic tin species (I ) and the surfactant templa
ng agent CTA+ (S+) could be used to synthesize mesost
ured tin oxide. TheX− (halide anions such as Cl− and
r−, and OH−) became involved through this pathway

t served to buffer the repulsion between theS+ and I+ by
eans of weak hydrogen-bonding forces. The interac
etween the surfactant molecules (CTA+) and the inorgani
ounterions (OH−) can postpone the combination of the
rganic ions, and the self-assembling of inorganic mate
nd surfactant molecules will prefer to happen so as to
mesophase through hydrogen-bonding interactions

ording to our mechanism, OH− should might self-assemb
round the cationic surfactant (CTAB) molecules before
t
ctions with interfacial capping surfactants, and surfac
ight stabilizeF-center-like oxygen vacancies. These in
ctions will lead to form the trapped state that might for
eries of metastable energy levels within the band gap
etastable energy levels are relatively long lifetime and
ptical transitions are dipole allowed. So, the room temp

ure photoluminescence can be observed. Therefore, it
e inferred that the room temperature photoluminescen

in oxide/surfactants mesophase might be induced by th
erfacial effects between the inorganic framework and
urfactants.

. Conclusions

SnO2/surfactant inorganic–organic nanocomposites
rdered hexagonal mesostructure were synthesized
n self-assembly between a cations surfactant (CTAB)
sample inorganic precursor (SnCl4·5H2O). The prepare

anocomposites were characterized by X-ray diffrac
XRD), transmission electron micrographs (TEM) and
ay photoelectron spectroscopy (XPS). The optical abs
ion and photoluminescence spectra have been measu
as been found that SnO2/surfactant composites have a s
ificant red-shift of the optical absorption band edge and
eared optical band gap in contrast to that bulk SnO2, and an
nusual room temperature photoluminescence (RTPL)
esults obtained indicate that the interfacial effect betw
he tin oxide and the surfactant plays an important role in
ptical properties.
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