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Abstract
SiO2/SnO2 nanofibers were synthesized using templates of TEMPO-oxidized cellulose nanofibers (TOCN). SiO2 and SnO2 were sequentially deposited onto the 
TOCN via sol-gel reactions. Acetylacetone (acac) and NH3 were used to stabilize the precursor of SnO2 through the formation of tin acetylacetonate. After the 
combustion of TOCN templates, SiO2/SnO2 nanofibers which were composed of amorphous SiO2 and rutile phase SnO2 nanocrystals were obtained. Especially with 
the acac/Sn molar ratio of 500 under the use of NH3, the SiO2/SnO2 nanofibers with the fine structure derived from TOCN templates were formed. They showed a 
very small diameter of around 8 nm and a high specific surface area of 322 m2/g. The SnO2 crystallite size was kept to be 3.2 nm by suppressing the coarsening. We 
have also evaluated the gas-sensitivity to 1000 ppm ethanol of the synthesized SiO2/SnO2 nanofibers. By adding acac under the use of NH3 leading to the suppression 
of the growth of the SnO2 crystallite size, this sensitivity was enhanced 10 times larger. 

Introduction
Nanofibers have remarkable properties of high mechanical 

strength, high specific surface area, hydrodynamic characteristics, and 
electrical conductivities [1-4]. Especially, semiconducting metal oxide 
nanofibers, such as SnO2 nanofibers, are expected to be one of key 
materials for gas sensing devices due to their unique electrical features 
[5]. Although nanofibers are conventionally produced by several ways, 
such as electrospinning, it is difficult to synthesize nanofibers with a 
diameter of ten nanometers or less [6-8]. According to the various 
reports on the fabricating inorganic nanofibers using the templates 
of cellulose nanofibers [9-12], the advantages of these procedures are 
basically to obtain inorganic nanofibers maintaining the fine structure 
corresponding to the original cellulose. More recently, we developed 
the method to synthesize very thin SiO2/TiO2 core-shell nanofibers 
with a diameter below ten nanometers [13] using the special cellulose 
nanofibers which are called (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 
(TEMPO) oxidized cellulose nanofibers (TOCN) [14]. In this synthesis 
method, initially deposited SiO2 helps TiO2 to attach onto the cellulose 
nanofiber via a covalent bonding. Here, we report the synthesis of 
SiO2/SnO2 composite nanofibers by using TOCN. In the synthesis 
procedure, SiO2 and SnO2 were sequentially deposited onto the surface 
of TOCN. And then, the templates TOCN were combusted to obtain 
SiO2/SnO2 nanofibers. Firstly, the deposition of SiO2 was performed via 
the series treatment of 3-aminopropyltrimethoxysilane (APTMS) and 
tetramethoxysilane (TMOS). Subsequently, SnO2 was deposited using 
tin (IV) tetraisopropoxide with acac as stabilizing agent [15,16]. It is 
well-known that the smaller crystallite size of SnO2 enhances its gas 
sensitivity [17]. In order to obtain the SiO2/SnO2 nanofibers with the 
enhanced sensitivity, the optimization of the acac/Sn molar ratio for 
the suppression of SnO2 crystallites size was investigated.

Materials and methods
Preparation of TEMPO-oxidized cellulose nanofibers 
(TOCN)

TOCN were prepared by the conventional method [18]. 4.00 g of 
fibrous cellulose (KY-100G, Daicel Fine Chem) was suspended in 400 
mL of distilled water. 400 mg of NaBr (Kishida Chemicals), 64.0 mg of 
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, Sigma-Aldrich), and 
12.4 mL of NaClO solution (Wako Pure Chemicals), were added and 
stirred for 2.5 hours at room temperature maintaing pH value of 10. 
The obtained TOCN were repeatedly washed with distilled water and 
stored as an aqueous dispersion for further experiments. 

SiO2 deposition on TOCN

The series treatments of two types of silicon alkoxide were used 
[13]. Firstly, 0.98 mL of 3-aminopropyltrimethoxysilane (APTMS, 
Sigma-Aldrich) was added to 100 mL of 1.0wt% aqueous suspension of 
TOCN and stirred for 45 min at room temperature. After the stirring, 
the TOCN treated with APTMS were repeatedly washed with distilled 
water using centrifugation and were prepared to be 1.0wt% aqueous 
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suspension. Subsequently, 0.10 mL of tetramethoxysilane (TMOS, 
Sigma-Aldrich) was added to the suspension and stirred for 45 min at 
room temperature. The TOCN sequentially treated with APTMS and 
TMOS (in the following, TOCN/SiO2) were repeatedly washed with 
distilled water. After that, the solvent was substituted with ethanol 
(Kishida Chemicals).

Synthesis of SiO2/ SnO2 nanofibers

To deposit SnO2 onto the TOCN/SiO2 surface, the hydrolysis 
and condensation reactions of tin alkoxide were employed. Certain 
amount of acetylacetone (acac, Kishida Chemicals), 3.06 mL of 28% 
NH3 aqueous solution (Kishida Chemicals) were added to ethanol 
dispersion containing 0.128 g of TOCN/SiO2. After the further dilution 
with ethanol and addition of 0.928 mL of 10w/v% tin (IV) isopropoxide 
in isopropanol (Alfa Aesar), the mixture was stirred for 12 h at 
room temperature under an argon atmosphere. In the exceptional 
cases, distilled water was used instead of NH3 aqueous solution with 
maintaining the total amount of water. The amount of ethanol for the 
dilution was modified to make the total weight of the mixture 128 g. 
Acac/Sn molar ratios were changed from 0 to 1000. After washing 
repeatedly by isopropanol (Kishida Chemicals) using centrifugation 
at 4000 rpm, TOCN/SiO2 covered with SnO2 were dried with a super 
critical dryer (SCRD 4, Rexxam) using CO2. SiO2/SnO2 nanofibers were 
obtained after the calcination of the dried sample at 500°C for 4 h in air 
via the combustion of the templates TOCN.

Characterization

Measurements of X-Ray diffraction (XRD) patterns were carried 
out by an X-Ray diffractometer (RINT-2500HFK, Rigaku). The 
crystallite size of SnO2 was calculated by Scherrer’s equation with 
rutile SnO2 (101) peak. Observations of microscopic structures were 
conducted by a field-emission scanning electron microscope (FE-
SEM; JSM-6700F, JEOL) and a transmission electron microscope 
(TEM; JEM-2200FS, JEOL). FT-IR spectra were measured by an FT-
IR spectrometer equipped with an ATR accessory (Spectrum Two, 
Perkin Elmer). Specific surface areas were determined by using an 
N2 adsorption-desorption apparatus (Tristar 3000, Shimadzu) after 
degassing at 150°C. 

Evaluation of gas sensitivity 

The gas sensitivity of the synthesized SiO2/SnO2 nanofibers was 
evaluated by monitoring changes of an electrical resistance of the 
nanofibers during repeated exposure to the analyte gas containing 
ethanol. SiO2/SnO2 nanofibers were formed to be a sheet with a size 
and a thickness of about 8 mm × 13 mm and 1 mm, respectively. The 
gold electrode was deposited on the sheet by sputtering. The nanofibers 
sheet was placed on a ceramic heater inside a silica glass tube and the 
measurements were conducted at 400°C. The analyte gas containing 
1000 ppm ethanol with the flow rate of 300 sccm was prepared by using 
the mass flow controllers (SEC-E40, Horiba Stec).

Results and discussion
Figure 1 shows the synthesis procedure of the SiO2/SnO2 nanofibers 

schematically. 

Figure 2 shows XRD patterns of SiO2 and SiO2/SnO2 nanofibers 
synthesized with various acac/Sn molar ratios. All SiO2/SnO2 
nanofibers had rutile phase SnO2 (JCPDS card no. 41-1445), in contrast 
to no crystalline peaks in SiO2. Inset denotes the relationship between 
acac/Sn ratios and crystallite sizes. It should be noted that SiO2/SnO2 

nanofibers obtained by the acac/Sn ratio of 500 showed the smallest 
crystallite size of 3.2 nm. In the exceptional cases without NH3, the 
crystallite sizes remained still high. Therefore, in the following, we 
focused on the results with the use of NH3.

Figure 3 shows FE-SEM images of TOCN, SiO2 nanofibers, and 
SiO2/SnO2 nanofibers with various acac/Sn ratios. The SiO2/SnO2 
nanofibers with the acac/Sn ratio of 500 maintained the fine structure 
derived from TOCN, however, the others possessed considerably coarse 
grains. These coarsening are corresponding to the large crystallite sizes 
in the inset of Figure 2. From these results, it was revealed that the use 
of NH3 and appropriate amount of acac can suppress the undesirable 
large grains. The generation of such coarse grains would be interpreted 
as follows; since a homogeneous nucleation via a self-condensation of 
tin isopropoxide occurred, these nuclei grew and then attached onto 
the surface of the nanofibers. Here the effect of acac can be explained 
by the formation of tin acetylacetonate. Such tin acetylacetonate, which 
is less reactive than tin alkoxide [15,16], suppressed self-condensation 
and finally caused the selective deposition on the nanofibers surface. 
In this study, since the formation of acetylacetonate occurred at the 
same time as the hydrolysis of tin isopropoxide, much more amount 
of acac compared to the stoichiometric acac/Sn molar ratio, which is 
up to 2, was required. It is assumed that the basicity of NH3 helped 
the formation of tin acetylacetonate through the deprotonation of acac 

Figure 1. Schematic procedure for synthesis of SiO2/SnO2 nanofibers.

Figure 2. XRD patterns of SiO2 and SiO2/SnO2 nanofibers synthesized with various acac/
Sn molar ratios. Inset plot indicate relationship between acac/Sn molar ratios and crystallite 
size of SnO2. Red-colored plots indicate results of SiO2/SnO2 nanofibers without use of NH3 
as exceptional cases.
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[19]. On the other hand, it is expected that NH3 also acted as base for the 
dissolution of small nuclei derived from the self-condensation. Since 
acac is weak acid, the too much amount as acac/Sn ratio of 1000 caused 
the insufficiency of basicity for the dissolution of nuclei derived from 
the self-condensation, leading to the coarsening of SnO2 crystallites. 
It should be emphasized that a smaller crystallite size is desirable for 
a more sensitive gas sensor [17]. By TEM observation (Figure 3F-H), 
SiO2/SnO2 nanofibers with the acac/Sn ratio of 500 had the diameter of 
around 8 nm. They were covered with rutile SnO2 nanocrystals (Figure 
3G, H). It can be interpreted that SiO2/SnO2 nanofibers have the core/
shell structure reflecting the sequential deposition of SiO2 and SnO2 
[13].

Furthermore, they exhibited an enormously high specific surface 
area of 322 m2/g (Table 1). The IR spectrum of SiO2/SnO2 nanofibers 
with the acac/Sn ratio of 500 was compared to that of the SiO2 nanofibers 
(Figure 4). Typical amorphous SiO2 peaks, such as Si-O-Si asymmetric 
stretching modes peaks around 1250 cm-1 and 1080 cm-1 [20], were 
observed in both samples. In the case of the SiO2/SnO2 nanofibers, the 
peak at around 970 cm-1 and the broad peak between 700 and 400 cm-1 
are assigned to Si-O-Sn stretching mode and typical SnO2 absorption, 
respectively [21,22]. Due to the presence of Si-O-Sn peak, this result 
can be interpreted by the existence of the covalent bonding between 
SnO2 and SiO2.

Figure 5 shows the resistance changes of the SiO2/SnO2 nanofibers 
with the different synthesis conditions under the cyclic exposure to the 
analyte gas containing 1000 ppm ethanol. The gas sensitivity is defined 
as the ratio of the resistance before and after the exposure to an analyte 
gas [17]. The relationships between the crystallite sizes and sensitivities 
for the synthesized SiO2/SnO2 nanofibers were shown in Table 1. The 
SiO2/SnO2 nanofibers with the acac/Sn ratio of 500 exhibited the simply 
high sensitivity value of 228 which is about 10 times as high as that 
with the acac/Sn of 0. It can be interpreted in terms of their smaller 
crystallite size [17].

Conclusion
We successfully synthesized SiO2/SnO2 nanofibers using TEMPO-

oxidized cellulose nanofibers (TOCN) as templates. To obtain SiO2/
SnO2 nanofibers, the templates of TOCN were combusted after the 
sequential deposition of SiO2 and SnO2 onto the surface of TOCN. 
SiO2/SnO2 were composed of amorphous SiO2 and rutile phase SnO2 
nanocrystals. The detailed crystalline and microscopic structures were 
investigated in relation to the deposition condition of SnO2. The key 
factor was the molar ratio of acac/Sn and the presence of NH3. The 
optimal molar ratio of acac/Sn was 500 under the use of NH3. Since 
such optimized SiO2/SnO2 nanofibers keep the fine structure derived 
from TOCN, it can be expected that the crystallite size is controllable. 
Indeed, the synthesized nanofibers had a very thin diameter of around 
8 nm and the smallest crystallite size of rutile SnO2 of 3.2 nm. We 
have also demonstrated that these nanofibers exhibited the high gas 
sensitivity of 228 to 1000 ppm ethanol, which is derived from the small 
crystallite size of SnO2. The synthesized SiO2/SnO2 nanofibers are 
also expected to exhibit high gas sensitivity to other volatile organic 
compounds (VOC). More detailed investigations are required.
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Figure 3. FE-SEM images of (A) TOCN, (B) SiO2 nanofibers, (C)-(E) SiO2/SnO2 nanofibers 
synthesized with acac/Sn molar ratio of 0, 500, 1000, respectively. TEM image of (F) SiO2/
SnO2 nanofibers synthesized with acac/Sn molar ratio of 500, (G) high magnified image of 
selected area in (F). FFT image of (F) is shown in (H).

Figure 4. FT-IR spectra of SiO2 nanofibers and SiO2/SnO2 nanofibers synthesized with 
acac/Sn molar ratio of 500.

Figure 5. Repetitive responses to 1000 ppm ethanol gas at 400°C.
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