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a b s t r a c t

The assemblies of nano-SnO2/SiO2 and Sb- or Pd-doped nano-SnO2/SiO2, in which the nano-SnO2 particles
are located in the pores of mesoporous SiO2 dry gels, were synthesized. Only for the Sb-doped nano-
SnO2/SiO2 assemblies, a broad near-infrared absorption step occurs in the optical absorption spectrum
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of the wavelength range from 300 to 1500 nm. The near-infrared absorption phenomenon is attributed
to electronic transitions from the ground states to the excitation states of the impurity energy levels,
which are formed by Sb doping in SnO2. With increasing the weight ratio of SnO2:SiO2 or the annealing
temperature, the near-infrared absorption step slope side exhibits “red shift”, which is caused by the
quantum confinement effect weakening due to the increased SnO2 crystalline diameter.

Published by Elsevier B.V.
anostructured materials
ed shift

. Introduction

How to apply thermal energy is one of the significant research
opic due to its wide applications, such as heaters and heat absorp-
ion coatings, etc. [1–6]. One of the key topics of thermal energy
pplications is to study and prepare new materials with high
olar energy absorption and storing ability [7]. As we know, the
esoporous solids possess very high absorption ability to heat.

n order to improve or modulate the thermal absorption ability of
esoporous solids, the assemblies of nano-particles with the meso-

orous solids were designed [8–11]. The near-infrared absorption
tudy of the assemblies of nano-particles with the mesoporous
olids has been reported [12]. But the studies on the near-infrared
bsorption of Sb- and Pd-doped assemblies are very rare. As we
now, the electrical, optical and magnetic properties of nano-
aterials can be modified by doping [13,14–19]. For example,

o modulate the optical properties, different rare earth elements
ere used as dopant in materials [20–23]. Heo [24] observed

hat after Er or Tm doping in sulphide glasses, strong absorption
eaks appeared in the visible and near-infrared wavelength range.
owever, the effect of non-rare earth element doping on the near-

nfrared absorption is scarcely reported. In this paper, we try to

esign Sb- and Pd-doped SnO2/SiO2 assemblies. The aim is to obtain
he nano-SnO2/SiO2 assemblies with high near-infrared thermal
bsorption ability.

∗ Corresponding author. Tel.: +86 027 67885098; fax: +86 027 67885098.
E-mail address: chjyan2005@126.com (C. Yan).

925-8388/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jallcom.2009.08.137
2. Experiments

2.1. Sample preparation

The nano-SnO2/SiO2 mesoporous assemblies were prepared by the following
three steps. SiO2 sol preparation: tetraethoxysilane (TEOS) was firstly mixed with
ethyl alcohol (EtOH) and distilled water. The molar ratio of TEOS:EtOH:H2O was
1:4:18. With constant stirring of the mixture, a dilute aqueous solution of HNO3

(the concentration is 30 wt.%) was slowly added in the mixture until pH reached 2.
After stirring for 100 min, the mixture solution became a uniform SiO2 sol. SnO2 sol
preparation: SnCl4·5H2O was dissolved in the aqueous solution of EtOH by stirring,
the molar ratio of SnCl4:EtOH:H2O was 1:2:8. Under stirring, aqueous ammonia
was added in the mixed solution until pH 4–5, resulting in forming the SnO2 sol.
Nano-SnO2/SiO2 assemblies’ preparation: the SnO2 sol with different weights was
mixed with a certain weight of SiO2 sol by stirring for 30 min. Then, the mixed sol
was sealed in a glassware and gelled within 3 days at 50 ◦C. After that, the wet
gel was aged at 120 ◦C for 5 days. Finally, the wet gel was slowly heated from
50 to 120 ◦C, resulting in the dry gel forming. This gel was annealed in a 50% O2

atmosphere at 300 ◦C for 2 h. The gel then was divided into several parts, and
annealed at 400, 650, 800 and 900 ◦C for 1.5 h, respectively. Each part gel corre-
sponds to annealed temperature. Through changing the weight ratio of SnO2/SiO2

during the assembly synthesis process, the nano-SnO2/SiO2 assemblies with differ-
ent weight ratios of SnO2/SiO2 (1:10, 3:10, 7:10, 13:10, 17:10, 10:20 and 30:10) were
obtained.

Sb-doped nano-SnO2/SiO2 mesoporous assemblies were synthesized as follows.
SbCl3·5H2O and SnCl4·5H2O were dissolved in acetylacetono with the molar ratio of
8:100. And then, EtOH was added into the solution by stirring to get the precursor
solution. The molar concentrations of SnCl4 in the precursor solutions are 0.1, 0.5
and 2 M, respectively. Finally, these solutions were, respectively, mixed with the

SiO2 sols to prepare the dry gels containing Sb element, SnO2 and SiO2. The dry gel
preparation route is the same as the above-mentioned step. Several parts of the
dry gel were annealed at 300 ◦C in O2 atmosphere (50% O2 volume) for 2 h. Then,
these dry gels were annealed at 500, 650, 800 and 950 ◦C for 1.5 h, respectively, by
which the Sb-doped nano-SnO2/SiO2 mesoporous assemblies were finally obtained.
During annealing, each part of dry gel corresponds to one temperature.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chjyan2005@126.com
dx.doi.org/10.1016/j.jallcom.2009.08.137
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Fig. 3. XRD spectra of nano-SnO2/SiO2 assemblies annealed at 600 ◦C. The weight
ratios of SnO2:SiO2 are 1:10, 3:10, 7:10, 13:10, 17:10, 20:10 and 30:10, respectively.
ig. 1. N2 adsorption–desorption isotherms of 3:10- and 13:10-nano-SnO2/SiO2

ssemblies.

The Pd-doped nano-SnO2/SiO2 assemblies were synthesized as follows:
nCl4·5H2O and PdCl2 were dissolved in the EtOH aqueous solution by stirring. The
olar ratio of PdCl2:SnCl4:EtOH:H2O is 0.1:1:2:8. Then, this solution with a certain
eight of the SnO2 sol was mixed under stirring for 30 min. After that, the mixed sol
as put in a glassware to prepare the dry gels. The preparation route is the same as

he above-mentioned step of the synthesis of dry SiO2 gels. Finally, the dry gels were
nnealed at 300 ◦C in O2 atmosphere (50% O2 volume) for 2 h, followed by annealing
t 650 ◦C for 1.5 h. As a result, Pd-doped nano-SnO2/SiO2 assemblies were obtained,
n which the molar ratio of Pd:Sn is 1:10 and the weight ratio of SnO2:SiO2 is 3:10.

.2. Characterization

The nitrogen adsorption–desorption isotherms were measured on an Omnisorp-
00cx analyzer. The XRD patterns for nano-SnO2/SiO2 mesoporous assemblies were
ecorded on a (Philips X’Pert Pro MPD) X-ray diffractometer with Cu K� radiation.
he XPS spectra measurement was carried out on an X-ray photoelectronic energy
pectrometer (type thermo ESCALAB 250). The optical absorption in the wavelength
ange of ultraviolet to near-infrared was measured on a (type Cary 5 E UV–vis)
pectrometer.
. Results and discussion

Fig. 1 shows N2 adsorption–desorption isotherms of nano-
nO2/SiO2 assemblies. For nano-SnO2/SiO2 assemblies with the
eight ratios of 3:10 and 13:10, respectively (3:10-nano-SnO2/SiO2

ig. 2. XRD spectra of 5:10-nano-SnO2/SiO2 assemblies annealed at 400, 600, 800
nd 900 ◦C, respectively.

Fig. 4. (a) Si 2p XPS spectra of 13:10-nano-SnO2/SiO2 assemblies annealed at 600
and 800 ◦C, respectively; (b) Sn 3d XPS spectra of 13:10-nano-SnO2/SiO2 assemblies
annealed at 600 and 800 ◦C, respectively.
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Fig. 5. (a) TEM photographs of 3:10-nano-SnO2/SiO2;

ssembly and 13:10-nano-SnO2/SiO2 assembly), both the N2
dsorption–desorption isotherms exhibit the type IV characteris-
ic, which is the direct evidence of the presence of mesopores. The
ysteresis loop of the N2 adsorption–desorption isotherm of the
amples is type H2. It indicates that there is a uniform pore diame-
er distribution. For Sb- and Pd-doped nano-SnO2/SiO2 assemblies,
he N2 adsorption–desorption isotherms are the same as that of the
ano-SnO2/SiO2 assembly. Therefore, in this paper, the isotherms
re not presented.

Fig. 2 displays X-ray diffraction spectra of 5:10-nano-SnO2/SiO2
ssemblies annealed at 400, 600, 800 and 900 ◦C, respectively.
ll diffraction peaks belong to the diffraction peaks of SnO2. The
iO2 gives an amorphous background. It can be seen that with the
ncrease of the annealed temperature, the peak width narrows.
nd as the annealed temperature increases from 800 to 900 ◦C, the
eak height decreases. These results demonstrate that larger SnO2
rystallines form and the crystalline number decreases with the
ncrease of the annealed temperature due to SnO2 particle aggre-
ation formation. Fig. 3 gives the XRD spectra of nano-SnO2/SiO2
nnealed at 600 ◦C. The weight ratios of SnO2:SiO2 are 1:10, 3:10,
:10, 13:10, 17:10, 20:10 and 30:10, respectively. Clearly, with

ncreasing the weight ratio of SnO2:SiO2, the diffraction peaks of
nO2 become high and narrow. This is because under high SnO2
oncentration, the SnO2 particles are easy to agglomerate to form
arge and more crystallines, but under the low SnO2 concentration,
he SnO2 particles present good dispersion, so that the probability
f SnO2 particles forming larger crystallines decreases, resulting in
orming wider and low X-ray diffraction peaks.

Si 2p and Sn 3d XPS spectra of 13:10-nano-SnO2/SiO2 assem-
lies after annealing at 600 and 800 ◦C are shown in Fig. 4(a) and
b), respectively. After annealing at 600 ◦C, the Si 2p XPS spectrum
xhibits the double peaks in Fig. 4(a). By using Gauss simulating, the
wo peak positions correspond to the 2p electron binding energy of
iO4 and SiOx (x < 4), respectively. When the annealed temperature

ncreases to 800 ◦C, the peak correspond to SiOx (x < 4) disappeared
nd only the peak corresponding to the SiO4 can be observed.
his implies that SiOx converted to SiO4. The Sn 3d XPS spectra
f 13:10-nano-SnO2/SiO2 assemblies obtained by annealing at 600
nd 800 ◦C, respectively, are displayed in Fig. 4(b). It is clear that for
M photographs of 13:10-nano-SnO2/SiO2 assemblies.

different annealing temperatures the difference of two Sn 3d XPS
spectra is very small. The Sn 3d5/2 and Sn 3d3/2 electron binding
energy at the two peak positions for the assembly after annealing
at 600 ◦C is lower than that after annealing at 800 ◦C. And the for-
mer peak symmetry is lower. This indicates that the Sn match in
the assembly after annealing at 600 ◦C is not saturated, and unstable
SnO and Sn3O4 exist in the assembly.

The TEM photographs of 3:10- and 13:10-nano-SnO2/SiO2
assemblies are given in Fig. 5(a) and (b), respectively. It can be seen
that the black SnO2 particles distribute in the pores of grey SiO2
mesoporous solids. For 3:10-nano-SnO2/SiO2 assemblies the diam-
eters of SnO2 particles are 4–10 nm. For 13:10-nano-SnO2/SiO2
assemblies large numbers of SnO2 particles connect each other to
form a network structure in the mesoporous SiO2 solid, as shown
in Fig. 5(b) and the diameters of SnO2 particles are 20–30 nm. The
above result demonstrates that with increasing SnO2 amount the
diameter of the SnO2 crystalline increases. And especially, when the
SnO2 network forms, these assemblies possess good heat transfer
ability.

The Pd- and Sb-doped SnO2 have been reported [25,26], how-
ever, most of the study are focused on the effect of the dopants
on its conductivity. In this paper, we studied the optical absorp-
tion properties. Fig. 6 shows the optical absorption spectra of
the Sb-doped 3:10-nano-SnO2/SiO2 assembly, the Pd-doped 1:10-
nano-SnO2/SiO2 assembly and the 1:10-nano-SnO2/SiO2 assembly,
respectively, after annealing at 650 ◦C for 1.5 h. It is clear that
only Sb-doped sample exhibits a strong near-infrared absorption
step and other two samples almost do not absorb near-infrared
light in the wavelength range from 300 to 1500 nm. This implies
that enhanced near-infrared absorption can be attributed to Sb
doping.

Fig. 7 displays the optical absorption spectra of the Sb-doped
3:10-nano-SnO2/SiO2 assemblies annealed at 500, 650, 800, and
950 ◦C for 1.5 h, respectively, in the wavelength range from 300 to

1500 nm. It can be observed that with the increase of annealing
temperature, the slope sides of near-infrared absorption step shift
to longer wavelength (red shift). With increasing the weight ratio of
SnO2/SiO2 from 1:10 to 3:10 to 8:10, the slope side of near-infrared
absorption step presents a “red shift”, which has been shown in
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Fig. 6. Optical absorption spectra of Sb-doped 3:10-nano-SnO2/SiO2, Pd-doped
1:10-nano-SnO2/SiO2 and 1:10-nano-SnO2/SiO2 assemblies annealed at 650 ◦C for
1.5 h.
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ig. 7. Optical absorption spectra of Sb-doped 3:10-nano-SnO2/SiO2 assemblies
nnealed at 500, 650, 800 and 950 ◦C for 1.5 h, respectively.

ig. 8. The “red shift” is caused by the size increase of SnO2 leading
o SnO2 energy gap narrowing.
From Fig. 6, the near-infrared absorption band can be associ-
ted with deep level centers originated by the Sb introduced into
he SnO2 lattice, and a similar effect originated in CdTe:Ni in the
resence of the transition metal impurities. For Sb-doped SnO2

ig. 8. Optical absorption spectra of Sb-doped 8:10-, 3:10-, 1:10-nano-SnO2/SiO2

ssemblies annealed at 800 ◦C.

[
[
[

[

[

[

[

[
[

[

[

[

[

[
[

[

[

[

mpounds 488 (2009) 370–373 373

the Sb impurity energy levels form in the energy gap of SnO2. Heo
[24] demonstrated that the near-infrared absorption is attributed to
impurity electron transition from the ground state to the excitation
state. Therefore, it can be supposed that the near-infrared absorp-
tion originating from the electron transitions from the s orbit to the
sp orbit in Sb3± ions [27,28].

With increasing the annealing temperature or SnO2 amount
(increasing the weight ratio of SnO2:SiO2), as shown in Figs. 7 and 8,
respectively, the slope side of the near-infrared absorption step
presents “red shift”. This phenomenon is caused by the SnO2 crys-
talline growth, so that the quantum confinement effect decreases
and thus the energy gap of SnO2 become narrow. This makes the
distances among the impurity energy levels become narrow. There-
fore, the near-infrared absorption step slope exhibits “red shift”.

4. Conclusions

In summary, the assemblies of nano-SnO2/SiO2 and Sb- or Pd-
doped nano-SnO2/SiO2 were synthesized by a sol–gel route. The
nano-SnO2 particles are located in the pores of SiO2 dry gels.
Experimental results indicate that only Sb-doped nano-SnO2/SiO2
assemblies display a near-infrared absorption step in the optical
absorption spectrum of the wavelength range of 300–1500 nm. The
near-infrared absorption step appearance mechanism and the red
shift reason of the near-infrared absorption step slope side in the
optical absorption spectra with increasing SnO2 crystalline diame-
ters annealing temperature were discussed.
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