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General Introduction 

 

The first scientific discussion of nanotechnology can be attributed to the lecture “There’s 

Plenty of Room at the Bottom” in 1959 by Richard Feynman who was a Nobel Prize winner in 

physics [1]. Today, almost sixty years later, nanotechnology is constantly advancing and plays 

important roles in a wide range of disciplines, such as chemistry [2], biology [3], architecture 

[4], electronics [5], agriculture [6], energy engineering [7], and environmental engineering [8]. 

Nanomaterials, which are typically defined as materials with sizes on the order of nanometers 

[9], exhibit excellent properties that are significantly different from those of the respective bulk 

materials because of their high surface-to-volume ratio and quantum size effects 

[10].Nanomaterials can be classified into four groups: zero-dimensional (0D), one-dimensional 

(1D), two-dimensional (2D), and three-dimensional (3D) [11] in the viewpoint of its limited 

space. 

In particular, nanofibers, which are representative of 1D nanomaterials, have excellent 

properties such as high mechanical strength [12], high specific surface area [13], desirable 

hydrodynamic characteristics [14], high electrical and thermal conductivities [15, 16], high 

thermal stability [17], and good optical transparency [18]. In general, nanofibers consist of 

organic components (e.g. polymers, supermolecules) and/or inorganic components (e.g. metals, 

ceramics) [19-21]. Inorganic oxide nanofibers are very attractive materials in terms of their 

unique optical, magnetic, and electrical properties in addition to their chemical and physical 

stability [22]. In practice, the use of 1D nanomaterials as the building blocks for 3D structures is 

preferable because such hierarchical sizes can enhance the diffusion of ions or molecules, 

resulting in more efficient devices such as lithium ion storage and photocatalysts [23, 24]. As 
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shown in Table 1, inorganic oxide nanofibers have been applied in various areas [25-41]. 

Although 1D inorganic oxide nanomaterials can be produced using several methods such as 

self-organization [42], laser spinning [43], and the most popular method of electrospinning [44, 

45], it is still difficult to produce nanofibers with diameters of several nanometers. Thinning the 

diameter of nanofibers can result in higher mechanical strength [12], higher surface-to-volume 

ratio [13], higher electrical conductivity [16, 46], and improved quantum size effect [47], 

leading to promising materials for next-generation devices. 

In the 1990s, C. R. Martin et al. pioneered the concept of template synthesis for fabricating 

1D organic and/or inorganic nanomaterials [48-50]. The greatest advantage of this method is 

that the obtained 1D inorganic nanomaterials retain the original fine and unique structures of the 

templates, even though the dimensions are on the order of several nanometers [51, 52]. Recently, 

cellulose nanofibers have gained significant attention because they are sustainable and 

diversified resources with dimensions on the order of several or a dozen nanometers. Cellulose 

nanofibers consist of individual microfibrils or a bundle of microfibrils derived from plant cell 

walls [53] (Fig. 1). It is possible to obtain these nanofibers from refined wood pulp using 

mechanical or chemical methods [54, 55]. In 2005, J. Huang et al. [56] reported the synthesis of 

nanotubular SnO2 templated by cellulose fibers in a filter paper. Their report was followed by 

several other reports on synthesizing 1D organic–inorganic hybrid and inorganic oxide 

nanomaterials using cellulose nanofibers as templates [57–63].  

Among several kinds of cellulose nanofibers, 2,2,6,6-tetramethylpiperidine-1-oxyl 

(TEMPO)-oxidized cellulose nanofibers (TOCN) are attracting much attention [64]. TOCN 

have the thinnest diameters (3 to 5 nm) among various cellulose nanofibers prepared using 

different processes [65, 66]. However, because precursors of inorganic oxide typically react 

with hydroxyl groups on a normal cellulose surface, the presence of carboxyl groups that cover 
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the surfaces of TOCN make it difficult to use surface deposition, resulting in few reports on the 

template synthesis of fibrous inorganic oxide materials with TOCN as templates [67]. There 

have also been no reports on the treatment of TOCN with a silane coupling agent for 1D 

inorganic oxide nanomaterial synthesis. 

Figure 2 shows the concept of the synthesis procedure used in this thesis. Following this 

concept, new approaches to synthesizing and functionalizing inorganic oxide nanofibers were 

carried out. In this thesis, I report the synthesis of inorganic oxide nanofibers via the 

modification of TOCN surfaces, the deposition of inorganic oxide; and the combustion of 

TOCN as templates in air. The surface modification was carried out using a silane coupling 

agent. Silane coupling agents, which are silicon alkoxides with functional groups that are 

different from those of alkoxyl groups, are typically used to facilitate stiff adhesion or bonding 

between polymer matrixes and inorganic fillers owing to their silanol groups [68]. Using a 

silane coupling agent, silanol groups were introduced to facilitate condensation reactions by the 

sol-gel process. Through the deposition of inorganic oxides, sol–gel process was carried out. 

The sol-gel process typically occurs through the following hydrolysis and condensation 

reactions [69]: 

Hydrolysis: M− OR + H2O →  M − OH +  ROH                                  (1) 

Condensation: M − OH +  M − OH (or M − OR) →  M − O − M +  H2O (or ROH)      (2) 

where M is a metal or nonmetal atom (e.g. Si, Ti, Sn in this thesis) and OR is an alkoxyl group. 

After the combustion of TOCN in air, the degraded products, CO2 and H2O, are ejected from the 

reaction system as follows: 
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Combustion:  (C6H10O5)𝑛𝑛  +  6𝑛𝑛 O2 → 6𝑛𝑛 CO2 ↑ +5𝑛𝑛 H2O ↑                    ( 3 ) 

With the concept described above, an attempt was made to synthesize various types of 

nanofibers with core-shell structures. Further deposited oxides were TiO2 or SnO2 which are the 

most popular materials as photocatalyst and gas sensor, respectively [70, 71]. SiO2 acts as good 

substrate by providing stiff covalent Si-O-M bonding [72]. Moreover, it is known that SiO2 

affects the properties and state of supported material by suppressing grain growth and 

modifying coordination [73, 74]. Here, improved properties as photocatalyst and gas sensor 

through the effect of SiO2 toward surface phenomena are reported.  
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Summary of each chapter 

 

Chapter 1:  

SiO2 nanofibers with diameters of approximately 4 nm were successfully synthesized with 

the template of TEMPO-oxidized cellulose nanofibers (TOCN). In the experiment, the 

sequential treatment of two types of Si alkoxides in aqueous suspension was employed, and the 

structural changes that occurred after the treatment of each reagent were investigated. First, the 

surface carboxyl groups were converted into silanol groups by 3-aminopropyltrimethoxysilane 

(APTMS) of a silane coupling agent via electrostatic adsorption. Then, the Si–O–Si networks 

were created by the subsequent treatment of tetramethoxysilane (TMOS). As the result, it was 

revealed that the sequential treatment of APTMS and TMOS was essential for retaining the 

original fine structure of the TOCN template after calcination at 500°C. It should be remarked 

that the obtained structure of the SiO2 nanofibers was not tubular because once introduced pore 

might be sintered immediately because of the extremely thin diameters of the TOCN. 

 

Chapter 2:  

SiO2/TiO2 core-shell nanofibers with diameters of approximately 8 nm were successfully 

synthesized. Moreover, the photocatalytic properties of the obtained nanofibers were estimated. 

In the synthesis process, the TOCN covered with SiO2 were used as starting material. TiO2 was 

deposited onto the TOCN with Ti isopropoxide in ethanol suspension. After calcination at 

500°C, SiO2/TiO2 nanofibers, which were composed of a core of amorphous SiO2 and a shell of 

anatase TiO2, were obtained. The nanofibers exhibited high Brunauer–Emmett–Teller (BET) 

specific surface areas of more than 100 m2/g. The photocatalytic degradation properties of the 

SiO2/TiO2 nanofibers toward the model pollutant of methylene blue (MB) were characterized 
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and compared to those of a reference sample of porous TiO2 particles with a similar specific 

surface area under irradiation by a metal halide lamp. In spite of the lower optical absorbance 

and the lower generation of OH radicals which largely contributes to the photocatalytic 

degradation of MB, the SiO2/TiO2 nanofibers exhibited faster photocatalytic degradation. This 

can be attributed to partially exposed SiO2 on the surfaces of the nanofibers. The SiO2 acted as a 

sorbent for the cationic pollutant of MB, thus bringing the MB into close proximity with the 

photocatalytic site of TiO2, which in turn provided more efficient degradation. The detailed 

degradation kinetics and recyclability were also investigated. 

 

Chapter 3:  

SiO2/SnO2 core-shell nanofibers with diameters of approximately 10 nm were synthesized. 

The gas sensing properties of the SiO2/SnO2 nanofibers toward reductive species, namely 

ethanol, H2, and CO were characterized. Although the synthesis procedure was almost the same 

as that of the SiO2/TiO2 nanofibers, it differed in the use of Sn (IV) isopropoxide and a 

stabilizing agent of acetylacetone. The obtained SiO2/SnO2 nanofibers were composed of 

amorphous SiO2 and rutile phase SnO2. By controlling the amount of acetylacetone, the 

crystallite size of SnO2, which affects its sensitivity as a gas sensor in an inverse relationship 

[75], was suppressed to be 3.2 nm after calcination at 500°C. When the sensitivities toward 

ethanol gas were compared, the SiO2/SnO2 nanofibers with the crystallite size of 3.2 nm 

exhibited a sensitivity that was approximately ten times larger than that of the SiO2/SnO2 

nanofibers with a crystallite size of 11 nm. Furthermore, the gas sensing properties of the 

SiO2/SnO2 nanofibers were compared to those of hydrothermally synthesized SnO2 

nanoparticles. From the results, it was found that the SiO2/SnO2 nanofibers could act as highly 

sensitive gas sensors at higher temperatures whereas the SnO2 nanoparticles showed little 
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sensitivity. This property is suitable for detecting less-reactive species such as methane [76]. 

The gas sensing reaction can be attributed to the reaction of the chemisorbed oxygen with the 

analyte gas. Hence, it seems that the presence of SiO2 affects the adsorption behavior of oxygen 

and/or the analyte gas. 
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Table.1 Inorganic oxide nanofibers and their potential applications. 

Component  Applications Ref. 

ZrO2  Fuel cell, catalyst [25, 26] 

NiO  Battery cathode, gas sensor [27, 28] 

TiO2  Photocatalyst, solar cell, gas sensor [29, 30] 

ZnO 

PbZrO3-PbTiO3 

Nb2O5 

SiO2 

CuO 

SnO2 

Ca10(PO4)3(OH, F)2 

 

 

 

 

 

 

 

Optelectronic device, gas sensor 

Piezotransducer 

Supercapacitor, battery anode 

Optical device, drug carrier 

Electronic device, battery anode 

Battery anode, gas sensor 

Biomedical implant, artificial bone 

[31, 32] 

[33] 

[34] 

[35, 36] 

[37, 38] 

[29, 40] 

[41] 
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Fig. 1 Schematic of fibrous cellulose derived from wood biomass. 
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Fig. 2 Schematic procedure for synthesis of SiO2 nanofibers and SiO2/inorganic oxide 
core-shell nanofibers. 
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Chapter 1 

Synthesis of SiO2 nanofibers using templates of 

TEMPO-oxidized cellulose nanofibers 

 

1.1 Introduction 

In 2006, Saito et al. reported that the mild chemical oxidation toward natural cellulose fibers 

mediated by catalyst of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) brought dissociated 

cellulose nanofibers with low fibrillation energy [1]. These nanofibers are called 

TEMPO-oxidized cellulose nanofibers (TOCN). Through the catalytic oxidation reaction using 

TEMPO, C6 primary hydroxyl groups on the surface of cellulose microfibrils are selectively 

converted into the sodium salt of the carboxyl groups which cause the electrostatic repulsion 

force between individual microfibrils (Fig. 1) [2]. It should be noted that TOCN have the 

thinnest diameters of around 3 to 5 nm among various cellulose nanofibers prepared by the 

different preparation processes [3, 4]. TOCN have remarkable properties such as high gas 

barrier properties, optical transparency, and biodegradability due to their significantly thin 

diameters [5-9]. 

In terms of the template for the synthesis of inorganic materials, the use of TOCN is still 

favorable because the synthesized inorganic nanofibers will be able to inherit the characteristics 

of TOCN such as the very small dimension and the high dissociated state [10]. These structural 

features would enable wide applications by dispersing them in solvent and matrices (e.g., 

polymer, ceramics, and pulp) on contrast to inorganic nanofibers synthesized from entangled 

cellulose templates [11-17]. However, although there reported the preparation of porous 

inorganic materials using TOCN [18], none on the synthesis of inorganic nanofibers using 
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TOCN as templates have been reported since ever. Since precursors of inorganic oxide typically 

react with hydroxide groups on the normal cellulose surface, it is difficult to deposit such 

precursors on the TOCN surface attached with carboxyl groups. 

To solve the problem of conventional deposition, a silane coupling agent was used for the 

TOCN surface modification. Consequently, it was tried to synthesize SiO2 nanofibers by using 

the TOCN as template. These SiO2 nanofibers have potential applications ranging from optical 

devices [19], tissue engineering [20], lithium ion storage [21], to biosensor [22]. Furthermore, 

SiO2 is widely used as a substrate for the introduction of metal or metal oxide nanoparticles [23]. 

Actually, SiO2 can provide positive effect to properties of supported materials by improving the 

dispersion [24], modifying the coordination of supported material [25, 26], and suppressing the 

grain growth and phase transition. To overcome the difficulty in the deposition of inorganic 

oxide onto TOCN, the following sequential treatments were applied. The TOCN once treated 

with 3-aminopropyltrimethoxysilane (APTMS) of a silane coupling agent were subsequently 

treated with tetramethoxysilane (TMOS), resulting in the condensation reactions between 

preliminarily introduced silanol groups and TMOS. Then after the combustion of the TOCN as 

templates, the structure of obtained SiO2 nanofibers was characterized. 

 

1.2 Experimental Procedure 

1.2.1 Preparation of TEMPO-oxidized cellulose nanofibers (TOCN) 

TOCN were prepared by the previously reported TEMPO mediated oxidation method [27], 

which is the chemical treatment of fibrous cellulose refined from wood cellulose. 4.00 g of 

fibrous cellulose (KY-100G, Daicel FineChem) was suspended in 400 mL distilled water 

(Kishida Chemicals) under magnetic stirring for 30 min, and then 400 mg of NaBr (Kishida 

Chemicals) and 64.0 mg of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, Sigma-Aldrich) 
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were added in the suspension. The oxidation of TOCN was initiated by adding 12.4 mL of 

NaClO solution (Wako Pure Chemicals). The pH value was maintained at 10 by using 0.5 M 

NaOH (Kishida Chemicals) solution under stirring for 2.5 h at room temperature. The obtained 

TOCN were washed with distilled water repeatedly using a suction filtration and stored at 4°C 

as an aqueous dispersion for further experiments.  

 

1.2.2 Synthesis of SiO2 nanofibers via treatment of silicon alkoxides 

To deposit SiO2 on the TOCN surface, the prepared TOCN were reacted by silicon alkoxides 

including a silane coupling agent. After the combustion of the TOCN, SiO2 nanofibers were 

obtained. In the experiments, two types of silicon alkoxides, 3-aminopropyltrimethoxysilane 

(APTMS, Sigma-Aldrich) of a silane coupling agent and tetramethoxysilane (TMOS, 

Sigma-Aldrich), were used. At room temperature, 0.98 mL of APTMS was added to 100 mL of 

1.0 wt% TOCN aqueous suspension and stirred for 45 min. After that, the TOCN treated with 

APTMS were repeatedly washed with distilled water repeatedly using centrifugation at 4000 

rpm. Subsequently, 0.10 mL of TMOS was added to 1.0 wt% TOCN aqueous suspension and 

stirred for 45 min at room temperature. The TOCN treated with APTMS and TMOS were 

washed with distilled water repeatedly and then the solvent was substituted with 2-propanol 

(Kishida Chemicals) using centrifugation at 4000 rpm. The treatment only with APTMS or 

TMOS was also performed as a reference sample. In the treatment only with APTMS, the longer 

reaction time of 12 h was also conducted. Especially for the treatment only with TMOS, the 

longer reaction times of 6 h or 12 h were conducted. The same washing and solvent substitution 

conditions were applied. After the solvent substitution, the TOCN treated with silicon alkoxides 

were dried with a super critical dryer (SCRD 4, Rexxam) using CO2. To combust of the TOCN 

as templates, the TOCN treated with silicon alkoxides were calcined at 500°C for 4 h in air.  
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1.2.3 Characterization 

FT-IR spectra were measured by an FT-IR spectrometer equipped with an ATR accessory 

(Spectrum Two, Perkin Elmer). Microscopic structures were observed by a field-emission 

scanning electron microscope (FE-SEM; JSM-6700F, JEOL) with an Energy-dispersive X-ray 

spectrometer (EDS; JEOL) and a transmission electron microscope (TEM; JEM-2200FS, 

JEOL). 

 

1.3 Results and discussion 

Figure 2 shows the synthesis procedures of the SiO2 nanofibers. Figure 3 shows FE-SEM 

images of the initial mechanically prepared commercial cellulose nanofibers (Fma-1002, Sugino 

Machine), the TOCN prepared by the TEMPO mediated oxidation method, and the TOCN 

treated with various silicon alkoxides. Figure 4 also shows FE-SEM and TEM image of the 

TOCN treated with various silicon alkoxides and the successive calcination at 500°C. It should 

be noted that the chemically prepared TOCN have much finer structures than the mechanically 

prepared commercial cellulose nanofibers (Fig. 3a, b). After the treatment with silicon alkoxides, 

there were few obvious differences in structure (Fig. 3c, e, f) except for the TOCN treated with 

TMOS for 12 h which contained many spherical nanoparticles (Fig. 3d). On the other hand, 

after calcination at 500°C the large structural differences were observed depending on reagents 

and times thorough the treatment (Fig. 4). In the calcined TOCN treated only with TMOS, there 

were no fibrous structures both in 6 h and 12 h (Fig. 4a, b). The shorter one had the micron-size 

particles and the longer one had the spherical nanoparticles. In the meanwhile, it was revealed 

that the treatment of APTMS is effective to retain fibrous structures after the calcination (Fig. 4c, 

d). In the cases of the TOCN treated only with APTMS, the coarsened fibers were obtained, 
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while in the case of the TOCN treated with both APTMS and TMOS, the fine structures derived 

from TOCN remained after calcination. 

Figure 5 shows FT-IR spectra of the initial TOCN and the TOCN treated with silicon 

alkoxides. Figure 6 shows FT-IR spectra of these TOCNs after calcination at 500°C. In the 

initial TOCN spectrum, a broad carboxylate peak typically ranging from 1610 to 1560 cm-1 was 

observed. In particular, the peak positioned at 1605 cm-1 is assigned to the -COONa [28]. This 

carboxylate peak can be attributed to the introduced surface groups by the TEMPO mediated 

oxidation. After the treatment only with TMOS, the carboxylate peak did not shift. Especially 

for longer time of 12 h, there was the new peak of Si–O–Si rocking mode at 457 cm-1 before 

calcination and there were the new peaks of typical amorphous SiO2 after calcination [29]. The 

observed spherical particles in Fig. 3d, 4b were assumed to be amorphous SiO2 nanoparticles. In 

this case, the fibrous structures did not remain. It can be interpreted in terms of non-existence of 

the bondings between the surface carboxylate groups and the silicon alkoxides or generated 

SiO2 nanoparticles. Meanwhile, after the treatment with APTMS, the carboxylate peak was 

shifted to 1596 cm-1, indicating the substitution of Na with the amino group of APTMS. This 

change can be supported by the result that Na was not detected in the elemental analysis of EDS 

(Fig. 7). No further peak shift was observed, even if such treatment was performed for longer 

time. The IR peak of amide bonds is typically observed around 1660 cm-1 [30]. Although the 

formation of amide bonds between the carboxyl groups of chemically oxidized carbon 

nanotubes and the amino groups of aminopropylsilanes in an aprotic polar solvent has been 

reported [31], in this study, the amide bond was not formed because the formation of amide 

bond does not take place in water between unactivated carboxylic acid and amine without 

catalyst [32]. After treatment with TMOS and subsequent to APTMS, more SiO2 deposition 

occurred, as indicated by the increasing peak of Si–O–Si rocking mode at 457 cm-1 (Fig. 5). It 
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can be interpreted that silanol groups introduced by TMOS made it possible to occur deposition 

of SiO2 via condensations. The presence of Si–O–Si network provided enough robustness, 

which results in keeping the original fine structure of TOCN through calcination. These clearly 

indicate that the sequential treatment with APTMS and TMOS was essential. 

The SiO2 nanofibers after calcination of the TOCN treated with APTMS and TMOS 

exhibited the very thin diameters of approximately 4 nm (Fig. 4e) which is corresponding to that 

of initial TOCN. From the typical peaks of amorphous SiO2 (Fig. 6), it was revealed that the 

obtained SiO2 nanofibers composed of amorphous SiO2 same as SiO2 nanoparticles in Fig. 4b. 

According to former reports [11, 14-17], the structures of the obtained SiO2 nanofibers were 

predicted to be tubular, but no apparent tubular structures were observed. Due to the extremely 

thin diameters of TOCN [3], such tubular nanostructures derived from the combustion of the 

TOCN could immediately shrink. In the case that calcination was carried out in inert 

atmosphere, it is expected that the core-shell nanofibers composed of the core of carbon and 

shell of SiO2 will be obtained. 

 

1.4 Conclusion 

It was demonstrated that SiO2 nanofibers could be successfully synthesized by using 

TEMPO-oxidized cellulose nanofibers (TOCN) as templates. It should be noted that sequential 

treatments of APTMS and TMOS is effective way to cover the surface of TOCN with sufficient 

SiO2 enough to retain the original fine structure after calcination. As the result, the SiO2 

nanofibers, which composed of amorphous SiO2, were obtained and they showed diameters of 

approximatel 4 nm. The synthesized SiO2 nanofibers can be applied as adsorbent, catalyst, 

electrode, and substrate for other materials.  
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Fig. 1 Schematic of oxidation of C6 primary hydroxyl on cellulose microfibril 
surfaces by TEMPO-mediated oxidation. 
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Fig. 2 Schematic procedure for synthesis of SiO2 nanofibers. 
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Fig. 3 FE-SEM images of a mechanically dissociated cellulose nanofibers, b 
chemically prepared TOCN, c TOCN treated TMOS for 6 h, d TOCN treated TMOS 
for 12 h, e TOCN treated APTMS for 45 min, and f TOCN sequentially treated with 
APTMS and TMOS for 45 min respectively. 
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Fig. 4 FE-SEM image of a TOCN treated with TMOS for 6 h calcined at 500°C, b 
TOCN treated with TMOS for 12 h calcined at 500°C, c TOCN treated with 
APTMS for 45 min calcined at 500°C, and d TOCN sequentially treated with 
APTMS and TMOS for 45 min respectively calcined at 500°C. e TEM image of 
TOCN sequentially treated with APTMS and TMOS for 45 min respectively 
calcined at 500°C. 
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Fig. 5 IR spectra of as-prepared TOCN, and TOCN treated with silicon alkoxides by 
different conditions. 
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Fig. 6 IR spectra of as-prepared TOCN, and TOCN treated with silicon alkoxides by 
different conditions after calcination. 
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Fig. 7 EDS spectra of TOCN and TOCN treated with APTMS for 45 min. 
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Chapter 2 

Synthesis and photocatalytic properties of SiO2/TiO2 

nanofibers using TOCN as templates 

 

2.1 Synthesis of SiO2/TiO2 nanofibers using TOCN as templates 

2.1.1 Introduction 

TiO2 has prominent properties such as chemical stability, non-toxicity, semiconductivity and 

unique photo-activity, which enable the many promising applications in areas ranging from 

pigment, sunscreen, anode of dye sensitized solar cell, chemical sensor, to photocatalyst [1]. The 

first use of TiO2 as photocatalyst was carried out to bleach dyes by C. F. Goodeve et al. in 1938 

[2], and the research of photocatalytic use of TiO2 was accelerated after the discovery of the 

electrochemical photolysis of water by A. Fujishima et al. in 1972 [3]. At the present day, in 

order to broaden the active wavelength region (TiO2 is generally active at UV region) and to 

enhance the efficiency of photocatalytic degradations, several material design are employed, for 

example the doping of anion or cation and the complexing TiO2 with other metals or inorganic 

oxides [4]. 

Compared to the TiO2 nanoparticle, TiO2 nanofibers are promising because of good 

recyclability, high transportation of carriers, and ease of complexing materials [5, 6]. 

Furthermore, the 3D structures formed with a number of entwined nanofibers are suitable for 

practical applications because the pores derived from hierarchical structure are good pathways 

for molecules and ions, resulting in efficient separation, energy storage, and purification. Hence, 

the almost photocatalytic purifiers are composed of porous ceramics coated with TiO2 particles, 

however, there is the problem that TiO2 particles may be stripped off from the surface [7]. To 
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avoid the stripping, it is acceptable way to fabricate the composite nanofibers that TiO2 attached 

to the substrate through a stable bonding. 

Here, the SiO2/TiO2 core-shell type nanofibers with diameters of approximately 8 nm using 

the TOCN as template were synthesized. In the experiments, the starting materials are TOCN 

covered with SiO2 (in the following, TOCN/SiO2) after the sequential treatments of APTMS and 

TMOS as described in the previous chapter. The additional deposition of TiO2 to TOCN/SiO2 

was carried out by the hydrolysis and condensation reactions of titanium tetraisopropoxide 

(TTIP) via making the covalent bond between SiO2 and TiO2. After calcination, the template of 

TOCN were burned out and as-deposited TiO2 is crystallized, resulting in SiO2/TiO2 nanofibers 

composed of the core of amorphous SiO2 and the shell of anatase phase TiO2. The structural 

changes depending on the fabrication conditions were investigated.  

 

2.1.2 Experimental procedure 

2.1.2.1 Synthesis of SiO2/TiO2 nanofibers 

To deposit TiO2 onto the TOCN/SiO2 surface, the sol-gel reaction of titanium 

tetraisopropoxide (TTIP) were performed [8]. After the dispersion medium of the TOCN/SiO2 

was changed to ethanol (Kishida Chemicals), the suspension was diluted to be 75 mL of 0.10 

wt% suspension. Then 1.1 mL of 28 % NH3 aqueous solution (Kishida Chemicals) in 6.4 mL of 

ethanol and 35 μL of TTIP (Kishida Chemicals) in 21 mL of ethanol were added and stirred for 

12 h at room temperature. After repeated washing by ethanol using centrifugation, the solvent 

was substituted with 2-propanol (Kishida Chemicals). The TOCN/SiO2 treated with TTIP (in the 

following, TOCN/SiO2/TiO2) were dried with a super critical dryer (SCRD 4, Rexxam) using 

CO2. To obtain SiO2/TiO2 nanofibers through the combustion of the TOCN templates, the dried 

TOCN/SiO2/TiO2 were calcined at temperatures between 300°C and 1000 °C for 4 h in air.  
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2.1.2.2 Characterization 

FT-IR spectra were measured by an FT-IR spectrometer equipped with an ATR accessory 

(Spectrum Two, Perkin Elmer). Microscopic structures were observed by a field-emission 

scanning electron microscope (FE-SEM; JSM-6700F, JEOL) and a transmission electron 

microscope (TEM; JEM-2200FS, JEOL) attached with an electron energy loss spectroscope 

(EELS). X-Ray diffraction (XRD) patterns were measured by an X-Ray diffractometer 

(RINT-2500HFK, Rigaku) using CuKα radiation. Thermogravimetry measurements were 

carried out in air using a thermogravimetric thermal analyzer (TG8120, Rigaku). 

 

2.1.3 Results and discussion 

Figure 1 shows the synthesis procedure of the SiO2/TiO2 nanofibers schematically. Figure 2 

shows the thermogravimetric (TG) curve of the TOCN/SiO2/TiO2 sample. Excluding moisture 

and solvent weight, the fraction of inorganic component was 23 wt%. In contrast, in the case of 

the TOCN/SiO2 sample before TiO2 deposition, the fraction of inorganic component was 6.0 

wt%. The weight ratio of SiO2 and TiO2 in SiO2/TiO2 nanofibers was calculated as following 

equations derived from the result of the TG analyses.  

𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2
1+𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2

= 0.06                                                              (1) 

𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2+ 𝑊𝑊𝑇𝑇𝑆𝑆𝑂𝑂2
1+𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2+ 𝑊𝑊𝑇𝑇𝑆𝑆𝑂𝑂2

= 0.23                                                        (2) 

where 𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2 and 𝑊𝑊𝑇𝑇𝑆𝑆𝑂𝑂2 is weight ratio of SiO2 and TiO2 to 1 g of TOCN, respectively. It was 

assumed that 𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2 did not change through the deposition of TiO2. From the relation above, 
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𝑊𝑊𝑆𝑆𝑆𝑆𝑂𝑂2  and 𝑊𝑊𝑇𝑇𝑆𝑆𝑂𝑂2  were calculated to be 0.064 and 0.23. Therefore, the amount of TiO2 

deposition was about 4 times larger than that of SiO2 in the SiO2/TiO2 nanofibers. 

Figure 3 shows the XRD patterns of the SiO2 and the SiO2/ TiO2 nanofibers obtained after 

calcination at various temperatures. Although no apparent crystalline peaks were observed in the 

SiO2 nanofibers after calcination at 500°C and in the SiO2/TiO2 nanofibers after calcination up 

to 400°C, the crystalline peaks assigned to anatase TiO2 (JCPDS card no. 71-1167) were 

observed in the SiO2/TiO2 nanofibers obtained after calcination of the temperature between 

450°C and 800°C. The peak widths of anatase were decreasing with increasing temperature, 

which indicated the growth of crystallites. It is well known that the transition from the anatase 

to the rutile phase in TiO2 (JCPDS card no. 73-2224) typically occurs at less than 700°C [9]. 

The requirement of a higher temperature (about 1000°C) for this phase transition during 

calcination of the TOCN/SiO2/TiO2 could be associated with the suppression by Si–O–Ti bond 

in the SiO2/TiO2 nanofibers [10]. Indeed, in the case of the SiO2/TiO2 nanofibers at 1000°C, the 

XRD peaks of cristobalite SiO2 (JCPDS card no. 82-0512) were also observed. 

Figure 4 shows FT-IR spectra of TOCN/SiO2/TiO2 and spectra of SiO2 and SiO2/TiO2 

nanofibers obtained after calcination at various temperatures. Typical peaks of amorphous SiO2 

were observed in the sample of the SiO2 nanofibers obtained after calcination at 500°C [11]. The 

peaks at 1250 and 1080 cm-1 are attributed to Si–O–Si asymmetric stretching modes. In addition, 

the peaks at 800 and 457 cm-1 are assigned to Si–O stretching mode and Si–O–Si rocking mode, 

respectively. In contrast, in the case of the SiO2/TiO2 nanofibers, two distinct absorption peaks 

between 500 and 950 cm-1 can be observed. The peak at around 950 cm-1 and the broad peak 

between 500 and 800 cm-1 are assigned to Si–O–Ti stretching mode and Ti–O stretching modes, 

respectively [12, 13]. The presence of the Si–O–Ti peak indicates that the condensation reaction 

of TTIP proceeded on SiO2. The absorption peaks of Si–O–Si and Si–O–Ti stretching modes 
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were blue-shifted with increasing calcination temperature. The intensity ratios of the peak of Si–

O–Ti to that of Si–O–Si were also decreasing with increasing temperature. These results 

indicate that the fraction of Ti that forms the Si–O–Ti linkage was decreased [14], leading to the 

growth of TiO2 grain [15]. The SiO2/TiO2 nanofibers calcined at 1000°C had new peaks at 797 

and 615 cm-1. They are attributed to Si–O–Si symmetric modes of cristobalite phase [16], which 

is the result corresponding to the presence of cristobalite peaks in XRD. The SiO2/TiO2 

nanofibers calcined at the temperature up to 400°C showed C-H stretching peaks of –CH3 or –

CH2– between 3000 and 2850 cm-1 [17], which indicated that organic compounds still remained 

in the bodies. In the following, the discussion was focused on the SiO2/TiO2 nanofibers after 

calcination at the temperature higher than or equal to 500°C which is high enough to burn out 

the template of TOCN. 

Figure 5 shows SEM images of the TOCN, the SiO2 nanofibers after calcination at 500°C, 

and the SiO2/TiO2 nanofibers after calcination at the temperature between 500°C and 800°C. 

Similar to SiO2 nanofibers, the SiO2/TiO2 nanofibers calcined at 500°C retained the original 

structures of the TOCN (Fig. 5a-c). However, the coarsening of the structure was observed with 

increasing temperature (Fig. 5c-e). It is seem that this coarsening was derived from the growth 

of crystallites of anatase TiO2 observed in XRD and resulted in the decrease of Si–O–Ti bond 

observed in FT-IR. 

The TEM image of the SiO2 and SiO2/TiO2 nanofibers obtained through calcination at 

500°C are shown in Fig. 6. In the case of the SiO2/TiO2 nanofibers, the diameter is 

approximately 8 nm, which is thicker than that of the SiO2 nanofibers. Furthermore, the 

structures of the SiO2/TiO2 nanofibers seem to be nanocrystals linked with a chain shape (Fig. 

6b). Figure 6c shows a high-magnification TEM image of a nanocrystal in a SiO2/TiO2 

nanofiber, with the Fast Fourier-transformed (FFT) image of Fig. 6c shown in Fig. 6d. These 
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results indicate that the nanocrystal has a periodicity of 0.35 nm, corresponding to the lattice 

spacing of anatase (101). These results are in good agreement with the results of XRD. We also 

have observed an element distribution map by EELS of Ti L2,3 and Si L2,3 peaks (Fig. 6e). The 

observation area corresponds to Fig. 6b, and the distribution of Ti and Si is shown by blue and 

red colors, respectively. This map reveals that the SiO2/TiO2 nanofibers have core/shell 

structures. We also found that the structures of the core and shell are amorphous SiO2 and TiO2 

nanocrystals, respectively. These results suggest that such heterostructures could be formed by 

the sequential deposition of TiO2 and SiO2 (Fig. 1); evidently, complex mixtures of TiO2 and 

SiO2 were not formed. Due to the shell structure of nanocrystalline anatase, the SiO2/TiO2 

nanofibers are expected to have high photocatalytic activity [18].  

 

2.1.4 Conclusion 

It was demonstrated that SiO2/TiO2 nanofibers can be successfully synthesized by using 

TEMPO-oxidized cellulose nanofibers as templates. After the combustion of the TOCN through 

calcination in air, the SiO2/TiO2 nanofibers with diameters of approximately 8 nm were obtained. 

The structures of the SiO2/TiO2 nanofibers calcined at 500°C were core/shell structures 

composed of amorphous SiO2 and anatase phase TiO2 nanocrystals. In particular, the core of 

SiO2 was irregularly covered with TiO2 nanocrystals. With increasing the calcination 

temperature, TiO2 crystalline size increased. Because the SiO2/TiO2 nanofibers have the 

extremely small dimension around several nanometers, it can be expected that these nanofibers 

perform as highly active photocatalyst due to their high surface-to-volume ratio. 
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Fig. 1 Schematic procedure for synthesis of SiO2/TiO2 nanofibers. 
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Fig. 2 Thermogravimetry curve of TOCN/SiO2/TiO2. 
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Fig. 3 XRD patterns of SiO2 nanofibers and SiO2/TiO2 nanofibers. 
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Fig. 4 FT-IR spectra of TOCN/SiO2/TiO2 and FT-IR spectra of SiO2 nanofibers 
and SiO2/TiO2 nanofibers. 
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Fig. 5 FE-SEM images of a TOCN, b SiO2 nanofibers after calcination of 
TOCN/SiO2 at 500°C, c-e SiO2/TiO2 nanofibers after calcination of 
TOCN/SiO2/TiO2 at 500, 650, and 800°C, respectively. 
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Fig. 6 TEM images of a SiO2 nanofibers after calcination of TOCN/SiO2 at 500°C, b SiO2/TiO2 
nanofiber after calcination of TOCN/SiO2/TiO2 at 500°C, c high magnified image of dotted area 
in b. FFT image of c is also shown in d. e EELS elementary map corresponding to b. Blue and 
red colors indicate presence of Ti and Si elements, respectively. 
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2.2 Photocatalytic properties of SiO2/TiO2 nanofibers toward model 

organic pollutant of methylene blue 

2.2.1 Introduction 

The shortage of clean water is an important issue worldwide. In order to overcome this large 

problem, water purification technologies with high efficiency and low cost is been studying 

eagerly over several decades. One of the most promising methods is “Advanced Oxidation 

Processes (AOPs)” as the innovative water treatment technologies. During the treatment water 

with AOPs, once generated highly reactive radicals such as OH radical (OH･) degrade organic 

pollutants in water. Among AOPs, photocatalytic degradation with semiconductor catalysts 

(TiO2, ZnO, Fe2O3, CdS, and ZnS) is powerful one. In particular, most of the attention focuses 

on TiO2 which is most active under the UV irradiation ranging from 300 to 390 nm and is 

non-toxic, cost effective, mechanically and chemically stable [2]. In general, it can be explained 

that photocatalytic degradation in aqueous condition proceeds by oxidizing adsorbed 

contaminants under the presence of dissolved oxygen. Overall reactions can be written as 

follows [3]: 

 

Photoexcitation: 

TiO2
ℎ𝜈𝜈
��TiO2(𝑒𝑒− + ℎ+)                                                       (1) 

 

Degradation from oxygen and electron: 

O2 + 2e− + 2H+ → H2O2                                                     (2) 

O2 + e− → O2
･ −                                                             (3) 

O2
･ − + H+ → HO2

･                                                             (4) 
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HO2
･ + e− → HO2

−                                                            (5) 

HO2
− + H+ → H2O2                                                          (6) 

H2O2 + e− → OH･ + OH−                                                     (7) 

H2O2 + O2
･ − → OH･ + OH− + O2                                               (8) 

R − H +  OH･ →  R′･ + H2O → degradation product                               (9) 

 

Degradation from hole: 

H2O + e− →  OH･                                                           (10) 

R − H +  OH･ →  R′･ + H2O → degradation products                             (11) 

R +  h+  →  R′′･ → degradation products                                       (12)  

 

The schematic of photocatalytic degradation is shown in Fig. 1. As noted above, the 

photocatalytic degradation of organic pollutants is largely attributed to hydroxyl radicals and 

holes. As reported in the previous section, SiO2/TiO2 core-shell nanofibers, which had diameters 

of approximately 8 nm, were composed of the core of amorphous SiO2 and the shell of anatase 

TiO2 nanocrystals. Because of a highly loose state and extremely small dimension, it was 

expected that the SiO2/TiO2 nanofibers are expected to perform as highly active photocatalyst 

for the water purification. To estimate the photocatalytic properties of the SiO2/TiO2 nanofibers, 

the photocatalytic degradation of methylene blue (MB) as a model pollutant was carried out in 

aqueous condition. The reference materials of porous TiO2 particle with a similar specific 

surface area were used for the comparison to the synthesized SiO2/TiO2 nanofibers. In terms of 

optical, structural, and electrostatic properties, the photocatalytic properties in each sample were 
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researched. Furthermore, the detailed kinetics of degradation and the recyclability were also 

investigated  

 

2.2.2 Experimental procedure 

2.2.2.1 Reference sample of porous TiO2 particles 

For the comparison to SiO2/TiO2 nanofibers in the latter photocatalytic degradation test, a 

reference sample of porous TiO2 particles with similar specific surface area was prepared by 

solvothermal synthesis [4]. A mixture of 1.0 mL TTIP and 30 mL acetone (Kishida Chemicals) 

was stirred for 30 min and poured into a Teflon-lined autoclave. After heating the mixture at 

170°C for 12 h under autogenous pressure, the obtained precipitate was repeatedly washed with 

acetone using centrifugation and dried at 70°C for 12 h in air. The dried precipitate was calcined 

at 400°C for 4 h in air to remove organic residue.  

 

2.2.2.2 Characterization 

FT-IR spectra were measured by an FT-IR spectrometer equipped with an ATR accessory 

(Spectrum Two, Perkin Elmer). Microscopic structures were observed by a field-emission 

scanning electron microscope (FE-SEM; JSM-6700F, JEOL). X-Ray diffraction (XRD) patterns 

were measured by an X-Ray diffractometer (RINT-2500HFK, Rigaku) using CuKα radiation. 

Crystallite sizes are also estimated by Scherrer equation [5]. BET specific surface area [6] was 

characterized by using an N2 adsorption-desorption apparatus (Tristar 3000, Shimadzu). Before 

the measurements of specific surface area, the sample was degassed at 150°C for 24 h under 

vacuum. UV-Vis absorbance spectra were obtained by the Kubelka-Munk transformation from 

diffuse reflectance spectra on a spectrophotometer (V-570, JASCO) with an integrating sphere. 
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Zeta potential was analyzed by a zeta potential analyzer (ELSZ-2Plus, Otsuka Electronics) with 

a pH titrator system. 

 

2.2.2.3 Estimation of photocatalytic activity 

The photocatalytic activity of the synthesized SiO2/TiO2 nanofibers and the reference 

sample of the porous TiO2 particles were estimated by the degradation of methylene blue (MB, 

Wako Pure Chemicals). 1.0 mg of the SiO2/TiO2 nanofibers calcined at the various temperature 

or the porous TiO2 particles was dispersed in 4.0 mL of 15 mg/L MB aqueous solution by 

sonication, and then stirred in the dark for 1 h which was sufficient time for adsorption 

equilibrium. After the suspension was transferred to a quartz glass cell, in order to avoid the 

intrinsic absorption of MB, light with a wavelength ranging from 300 to 500 nm through the 

short path filter (B390, HOYA) was irradiated by using a metal halide lamp. The light intensity 

and the irradiation time were 200 W/cm2 and 360 min respectively. After irradiation for a certain 

time, 1 mL of the suspension was sampled and centrifuged. The absorbance spectrum of the 

supernatant was measured by a spectrometer (USB2000, Ocean optics) and the concentration of 

MB was then determined by the absorbance at 664 nm. After the measurement, for successive 

UV irradiation, the supernatant and precipitation were mixed again by sonication, and then the 

suspension was brought back to the quartz glass cell. 

The formation of OH radicals in the suspension was detected by the photoluminescence 

method using terephthalic acid as probe molecule [7]. 1.0 mg of the SiO2/TiO2 nanofibers or the 

porous TiO2 particles was dispersed in 4.0 mL of the mixture of 0.1 M terephthalic acid and 

0.01 M NaOH aqueous solution and then stirred in the dark for 1 hour. After that, light 

irradiation was carried out by using a metal halide lamp with the same irradiation conditions in 

the photocatalytic degradation of MB. After irradiation for a certain time, 1 mL of the 
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suspension was sampled and centrifuged. The photoluminescence intensity of the reaction 

product, 2-hydroxy-terephtalic acid, was measured at 426 nm by a fluorescence spectrometer 

(Fluoromax-3, Horiba Jobin Yvon) with 312 nm excitation. To characterize more detailed 

photocatalytic activity, the relationship between the degradation rate and the concentration of 

MB was investigated for a certain sample. 

The recyclability was also characterized. When the certain cycle of photocatalytic 

degradation of MB was finished, a sample was repeatedly washed with distilled water several 

times and dispersed again in 15 mg/mL of MB aqueous solution. Light was irradiated after the 

adsorption equilibrium of MB. 

 

2.2.3 Results and discussion 

Figure 2 shows the XRD, FT-IR and FE-SEM results of the synthesized reference porous 

TiO2 sample. These porous nanoparticles were composed of anatase TiO2 phase (Fig. 2a, b) 

(JCPDS card no. 71-1167) [8]. It was revealed that these particles had spherical shape which 

was constructed with a lot of anatase TiO2 nanocrystals with many pores (Fig. 2c, d). The 

crystallite size of anatase TiO2 of the SiO2/TiO2 nanofibers and porous the TiO2 particles was 

estimated by Scherrer equation using the (101) peaks (Table 1). As described in the previous 

section, the adequate calcination temperature of the SiO2/TiO2 nanofibers to burn out the 

template of TOCN and to bring enough crystallinity of TiO2 for photocatalytic activity is equal 

to or higher than 500°C. 

Figure 3a shows the UV-Vis absorbance spectra of the SiO2/TiO2 nanofibers and reference 

sample of porous TiO2 particles. The SiO2/TiO2 nanofibers had the absorption edge shorter in 

wavelength than the reference sample of porous TiO2 particles. Furthermore, apparent 

differences in the slope of the curves ranging from 320 to 360 nm were observed. It is known 
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that the composite material of SiO2 and TiO2 shows relatively smaller absorbance than the 

simple body of TiO2 [9]. With increasing calcination temperature, the absorption edge of the 

SiO2/TiO2 nanofibers was slightly red-shifted. Since the crystallite sizes of the anatase phase in 

the SiO2/TiO2 nanofibers are small, this result could be interpreted in terms of the quantum size 

effect [10]. The anatase phase with a smaller crystallite size formed through lower calcination 

temperature indicated a wider band gap leading to a shorter optical absorption edge. The band 

gap energy of anatase TiO2, which is an indirect semiconductor, was estimated from absorbance 

spectra (Fig. 3b) [10]: 

𝛼𝛼 = 𝐵𝐵𝑆𝑆�ℎ𝜈𝜈−𝐸𝐸𝑔𝑔�
2

ℎ𝜈𝜈
                                                                (13) 

(𝛼𝛼ℎ𝜈𝜈)
1
2 ∝ (ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                                               (14) 

where 𝛼𝛼 is the optical absorbance, ℎ𝜈𝜈 is photon energy, 𝐵𝐵𝑆𝑆 is a absorption constant, and 𝐸𝐸𝑔𝑔 

is the indirect band gap energy (Table 1). The measured values of BET specific surface areas 

were also listed in Table 1. The value of the reference porous TiO2 particles was similar to those 

of the SiO2/TiO2 nanofibers. When the calcination temperature was increased, the crystallite 

sizes increased from 3.9 to 8.0 nm and the specific surface area decreased from 158 to 103 m2/g. 

The changes in these values indicate the growth of the TiO2 grain corresponding to the blue shift 

of Si–O–Ti peaks as shown in the previous section. 

Figure 4 shows the experimental schematic of photocatalytic degradation of methylene blue 

(MB). The concentration of MB was calculated by the measured optical coefficient of MB at 

664 nm using the linear relation (Fig. 5). Curves of the attenuation of MB concentration versus 

light irradiation time are plotted in Fig. 6. The MB concentration was normalized by the 



 

51 
 

concentration after adsorption equilibrium in dark. The SiO2/TiO2 nanofibers calcined at the 

temperature below 500°C exhibited relative slow attenuation because of lower crystallinities 

(Fig. 6a) [11]. As mentioned above, the discussion will be focused on the SiO2/TiO2 nanofibers 

calcined at the temperature higher than or equal to 500°C. The adsorbed amount of MB after 

equilibrium was listed in Table 1. The photocatalytic degradation of an organic pollutant can be 

commonly described by the Langmuir-Hinshelwood model [12, 13]. A pollutant, which is 

adsorbed following Langmuir isotherm, is degraded on the surface of a photocatalyst. The 

degradation rate equation can be expressed as follows: 

𝑟𝑟 = −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑟𝑟𝐾𝐾𝑑𝑑
1+𝐾𝐾𝑑𝑑

≈ 𝑘𝑘𝑟𝑟𝐾𝐾𝐾𝐾 = 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎C                                             (15) 

𝑑𝑑
𝑑𝑑𝑒𝑒𝑒𝑒

= 𝑒𝑒−𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑                                                               (16) 

where 𝑟𝑟 is the rate of the degradation of MB, 𝑘𝑘𝑟𝑟 is the true constant of reaction rate, 𝐾𝐾 is the 

adsorption constant of MB, 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎  is the apparent first-order degradation rate, 𝐾𝐾  is the 

concentration of MB, and 𝐾𝐾𝑒𝑒𝑒𝑒 is the concentration of MB after adsorption equilibrium. 𝑟𝑟 is 

approximated by 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝐾𝐾 in the case that 𝐾𝐾 is low. In our report, the attenuation curves of MB 

concentration decreased exponentially (Fig. 6b), which enable us to deal the degradation 

reaction as an apparent first order reaction and compare the photocatalytic abilities of each 

sample by their 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎, simply. Hence, although the adsorbed amount of MB is different in each 

sample, the intrinsic kinetics must be little affected by the concentration of MB after the 

adsorption equilibrium. The values of 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 were calculated by the attenuation curves and were 

also listed in Table 1. Compared to the degradation of MB without any sample, those of every 

sample were higher. Furthermore, the 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 for the SiO2/TiO2 nanofibers were higher than that 
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for the reference porous TiO2 particles, in spite of the lower optical absorbance of the SiO2/TiO2 

nanofibers (Fig. 3). The higher photocatalytic activities for the SiO2/TiO2 nanofibers calcined at 

each temperature could be caused by the high adsorbability of MB (Table 1). 

In experiments, the pH value of the MB aqueous solution became 5.2 in the applied 

concentration. Around this pH value, the zeta potential of the SiO2/TiO2 nanofibers calcined at 

various temperatures was largely negative and similar to amorphous SiO2 nanoparticles 

(Sigma-Aldrich), however that of the reference sample of porous TiO2 particles was positive 

(Fig. 7) owing to the lower pH value than the isoelectric point of anatase phase TiO2 

nanoparticles [14]. This result reveals the difference in the adsorption abilities between the 

SiO2/TiO2 nanofibers and the porous TiO2 particles, implying a contradiction with the zeta 

potential of SiO2 covered with TiO2 [15]. Indeed, in the case of the SiO2/TiO2 nanofiber calcined 

at 500°C, the core of SiO2 was irregularly covered with TiO2 nanocrystals as shown in the 

previous section. Accordingly, SiO2 was partially exposed to the surface of the SiO2/TiO2 

nanofibers and played an important role in the photocatalytic degradation. It is supposed that the 

same goes for the SiO2/TiO2 nanofibers calcined at 650°C and 800°C. 

It is known that MB is degraded by active oxygen species such as OH radicals produced on 

the surface of photoexcited TiO2 [12, 16]. The production of OH radicals by the SiO2/TiO2 

nanofibers was lower than that by the porous TiO2 particles (Fig. 8), because of the less surface 

of TiO2 due to the exposure of SiO2 and less optical absorbance. In spite of lower production of 

OH radicals in the SiO2/TiO2 nanofibers, active oxygen species could easily attack on MB 

adsorbed on SiO2 because of the closeness to SiO2 from TiO2, leading to the efficient 

degradation [17-20]. As a result, the SiO2/TiO2 nanofibers showed high photocatalytic activity 

for cationic pollutants such as MB. It should be noted that the lower specific surface area caused 

by the higher calcination temperature of the SiO2/TiO2 nanofibers can realize the lower 
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photocatalytic activity. Furthermore, the dramatic decrease of kapp in the SiO2/TiO2 nanofibers 

calcined at the temperature from 650°C to 800°C could also reflect the huge grain growth of 

TiO2 as shown in the previous section. That grain growth brought the large distance between 

activated oxygen species on TiO2 and adsorbed MB on SiO2, which reduced the efficiency of 

the degradation. 

The recycling test was conducted and the SiO2/TiO2 nanofibers calcined at 500°C showed 

the good recyclability (Fig. 9). Slight deteriorations seem to be caused by material loss through 

the washing using centrifugation. As mentioned above, the photocatalytic degradation follows 

the Langmuir-Hinshelwood model. The linear form of Langmuir-Hinshelwood gives following 

equation: 

1
𝑟𝑟0

= 1
𝑘𝑘𝑟𝑟

+ 1
𝑘𝑘𝑟𝑟𝐾𝐾

 1
𝑑𝑑𝑒𝑒𝑒𝑒

                                                     (17) 

where 𝑟𝑟0 is the initial rate of the degradation of MB. The plot of 1/𝑟𝑟0 on the 1/𝐾𝐾𝑒𝑒𝑒𝑒 after the 

results of photocatalytic degradation of different initial MB concentration was linearly 

represented for the SiO2/TiO2 nanofibers calcined at 500°C (Fig. 10). The 𝑘𝑘𝑟𝑟 and 𝐾𝐾 was 

calculated from the slope and the intercept were 0.085 mgL-1min-1 and 0.94 mg-1L, respectively. 

 

2.2.4 Conclusion 

In this chapter, by using methylene blue (MB) as a model pollutant, the photocatalytic 

degradation properties of SiO2/TiO2 nanofibers are reported. The reference samples of porous 

TiO2 particles with similar specific surface area were used for comparison. In spite of lower 

optical absorption and lower generation of OH radicals, SiO2/TiO2 nanofibers performed much 

faster degradation than porous TiO2 particles. This result could be attributed to partially exposed 
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SiO2. In applied aqueous solution, SiO2 possesses negative charge and adsorb the MB as a 

cationic pollutant electrostatically. The adsorbed MB became spatially close photocatalytic site 

of TiO2, leading to efficient degradation. It was found out that the material system of 

complexing SiO2 with functional oxides is promising and can be diverted into wider range of 

disciplines relevant to surface phenomena.  
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Crystallite 
size [nm] 

Band gap 
[eV] 

BET specific 
surface area [m2/g] 

MB adsorbed 
in dark [mg/g] 

kapp 
[1/min] 

SiO2/TiO2 
800°C 8.0 3.31 103 27 5.4 × 10-3 

SiO2/TiO2 
650°C 4.4 3.35 107 36 1.1 × 10-2 

SiO2/TiO2 
500°C 3.9 3.36 158 37 1.2 × 10-2 

porous TiO2 
particles 9.4 3.29 138 1.3 1.9 × 10-3 

Table 1 Crystallite size, indirect band gap, BET specific surface area, adsorbed amount of MB in 
dark, and apparent first order rate constant of MB degradation (kapp) of SiO2/TiO2 nanofibers and 
reference sample of porous TiO2 particles. 
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Fig. 1 Schematic diagram of photocatalytic degradation of organic pollutants. 
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Fig. 2 a XRD pattern, b FT-IR spectrum, and c FE-SEM image of porous TiO2 particles. d is 
high-magnified image of dotted area in c. 
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Fig. 3 a UV-Vis absorbance spectra of porous TiO2 particles and SiO2/TiO2 nanofibers. 
b Plots of (𝜶𝜶𝜶𝜶𝜶𝜶)1/2 versus 𝜶𝜶𝜶𝜶 for determination of band gap 
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Fig. 4 Schematic of experimental setup for photocatalytic degradation of MB. 
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Fig. 5 Linear relationship between concentration of methylene blue (MB) and optical 
absorption coefficient at 664 nm (R2 = 0.9984). 
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Fig. 6 Degradation of methylene blue (MB) under irradiation of a metal halide lamp a 
with SiO2/TiO2 nanofibers calcined at temperature between 300°C and 500°C, b with 
SiO2/TiO2 nanofibers calcined at temperature between 500°C and 800°C or porous TiO2 
particles. Degradation of MB without any photocatalytic sample is also shown in b. 
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Fig. 7 Zeta potential of porous TiO2 particles, amorphous SiO2 nanoparticles, and 
SiO2/TiO2 nanofibers calcined at temperature between 500 °C and 800°C at various pH 
values. 



 

65 
 

  

Fig. 8 Hydroxyl radical production monitored by photoluminescence 
intensity of 2-hydroxy-terephthalic acid. 
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Fig. 9 Initial photocatalytic degradation rate as function of MB equilibrium 
concentration with SiO2/TiO2 nanofibers calcined at 500°C. 
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Fig. 10 Recyclability of SiO2/TiO2 nanofibers calcined at 500°C for MB photocatalytic 
degradation. 
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Chapter 3 

Synthesis and gas sensing properties of SiO2/SnO2 

nanofibers using TOCN as templates 

 

3.1 Synthesis of SiO2/SnO2 nanofibers using TOCN as templates and 

effect of acetylacetone to stabilize Sn precursor 

3.1.1 Introduction 

SnO2, which is an n-type wide band gap semiconductor, is attractive material because of its 

transparency, catalytic property, semiconductivity as reviewed before [1, 2]. Therefore, they 

applied for many uses, for examples, transparent electrodes [3], Li-ion batteries [4], oxidative 

catalysts [5], and gas sensors [6, 7]. The unique surface phenomenon of SnO2, which is utilized 

for the catalyst and gas sensor, is derived from its dual valency which means the reversible 

transformation between Sn4+ and Sn2+ at the surface [1, 2]. 

From a perspective of the application for gas sensor, 1D nanostructures can indicate 

beneficial effects such as good gas diffusivities [8] and long-term durabilities [9], resulting in 

superior gas sensing materials. Moreover, it is well known that SnO2 with a lower crystallite 

size brings a higher sensitivity as a gas sensor [10, 11]. Thus, the controlling the dimension is 

one of the most effective ways for designing SnO2 nanomaterials. 

Generally in sol-gel process, the reactivity of metal alkoxides is suppressed by stabilizing 

agents such as carboxyl acid, polyalcohol, and -diketone [12-14]. Particularly in terms of the 

synthesis of SnO2 nanoparticles, it was reported that several stabilizers (e.g. tetraethylene glycol, 

benzoylacetone, acetylacetone) were effective to avoid coarsened structures and to obtain small 

crystallites [15-17]. 
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Here, the synthesis of SiO2/SnO2 nanofibers was reported with diameters of approximately 

10 nm using TOCN as template. In the experiment, the TOCN covered with SiO2 (in the 

following, TOCN/SiO2) was used as starting materials. The additional deposition of SnO2 was 

carried out by sol-gel reactions using tin (IV) isopropoxide via the formation of covalent 

Si-O-Sn bond. In some synthesis conditions, acetylacetone, which is one of -diketone, was 

used as a stabilizer to form less reactive tin acetylacetonate in the deposition process. After the 

deposition, TOCN/SiO2 coated with SnO2 were calcined in air to burn out the TOCN and then 

as-deposited SnO2 was simultaneously crystallized, leading to SiO2/SnO2 core-shell nanofibers 

composed of the core of amorphous SiO2 and the shell of rutile SnO2 nanocrystals. The 

structural differences which reflected the synthesis procedures were investigated. 

 

3.1.2 Experimental procedure 

3.1.2.1 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 
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calcination of the dried sample at temperatures between 500°C and 800°C for 4 h in air via the 

combustion of the templates TOCN. 

 

3.1.2.2 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 [18] with rutile SnO2 (101) peak. Observations of microscopic structures 

were conducted by a field-emission scanning electron microscope (FE-SEM; JSM-6700F, 

JEOL), a transmission electron microscope (TEM; JEM-2200FS, JEOL), and a scanning 

transmission electron microscope (STEM; JEM-ARM200F, JEOL) with an energy-dispersive 

X-ray spectrometer (EDS; JED-2300T, JEOL). FT-IR spectra were measured by an FT-IR 

spectrometer equipped with an ATR accessory (Spectrum Two, Perkin Elmer). 

Thermogravimetry measurements were carried out in air using a thermogravimetric thermal 

analyzer (TG8120, Rigaku). BET specific surface areas [19] were determined by using an N2 

adsorption-desorption apparatus (Tristar 3000, Shimadzu) after degassing at 150°C. X-ray 

photoelectron spectroscopy (XPS) measurements were performed on XPS microprobe 

spectrometer (PHI 5000 Versa Probe II, Ulvac-Phi). All XPS spectra were calibrated using a C 

1s peak which is assumed at 284.8 eV [20]. In some cases, the commercial nanoparticles such as 

SnO2 nanoparticles (Sigma-Aldrich) and SiO2 nanoparticles (Sigma-Aldrich) were also analyzed 

for comparison. 

 

3.1.3 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 
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ratios and successively calcined at 500°C. 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 the SiO2/SnO2 

nanofibers obtained by the acac/Sn ratio of 500 shows the smallest crystallite size of 3.2 nm. In 

the exceptional cases without NH3, the crystallite sizes remained still high. 

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 considerably coarse grains were obtained in 

other conditions. These coarsening are corresponding to the large crystallite sizes in the inset of 

Fig. 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 [16, 17], 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 [21]. 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. 
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The effect of acac also could be estimated by the relationship between acac/Sn molar ratio 

and SnO2/SiO2 weight ratio (Fig. 4). When the acac/Sn ratio was 100, the deposited amount of 

SnO2 was maximum value. This result can be explained by the stabilizing effect of acac due to 

the washing process with centrifugation. In the centrifugation with applied condition, although 

the nanofibers and the SnO2 deposited on the nanofibers could be precipitated, SnO2 

nanoparticles without deposition on the nanofibers, which were originated from the 

homogenous nucleation, could not be precipitated. Due to the formation of stable tin 

acetylacetonate, the amount of the heterogeneous nuclei of SnO2 was increased, resulting in the 

higher SnO2/SiO2 weight ratio. In the case that acac/Sn ratio was more than 100, both 

homogenous and heterogeneous nucleation sites were decreased, leading to the lower weight 

ratio of SnO2/SiO2. 

To control the crystallite size of the deposited SnO2, the effects of the calcination 

temperature were also investigated. Figure 5, 6 shows the XRD patterns and the FT-IR spectra 

of the SiO2/SnO2 nanofibers with acac/molar ratio of 500 after calcination at various 

temperatures. The results of the SiO2 nanofibers calcined at 500°C were also shown. In the 

XRD patterns, the peaks of rutile SnO2 in the SiO2/SnO2 nanofibers were sharpen according to 

the increase of the calcination temperature. It should be noted that no phase transition was 

observed in these calcination conditions (Fig. 5). The crystallite sizes calculated from peak 

widths were listed in Table.1. The higher temperature brought the larger crystallites sizes 

because of the grain growth. 

In the FT-IR spectra (Fig. 6), the peaks at 1250 and 1080 cm-1 are attributed to Si–O–Si 

asymmetric stretching modes. In addition, the peaks at 800 and 457 cm-1 are assigned to Si–O 

stretching mode and Si–O–Si rocking mode, respectively [22]. 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 
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assigned to Si–O–Sn stretching mode and typical SnO2 absorption, respectively [23, 24]. The 

presence of Si–O–Sn peak can be interpreted by the existence of the covalent bonding between 

SiO2 and SnO2. This Si–O–Sn peak was decreased with increasing in the calcination 

temperature. 

In the XPS spectra of the SiO2/SnO2 nanofibers, the chemical shifts in binding energy of Sn 

3d were observed depending on the presence of SiO2 and the calcination temperatures (Fig. 7). 

It is speculated that these shifts were derived from the Si–O–Sn bond as reported in the system 

of SnO2 thin film deposited on SiO2 substrate [25]. The chemical shifts got weaker with the 

increasing calcination temperature, because of the decrease of Si–O–Sn bond (Fig. 6). The BET 

specific surface areas are shown in Table. 1. The SiO2/SnO2 nanofiber calcined at 500°C 

exhibited very high value of 322 m2/g, though those calcined at higher temperature exhibited 

lower value. 

The FE-SEM images of the SiO2 and the SiO2/SnO2 nanofibers calcined at various 

temperatures are shown in Fig. 8a-8d. The coarsening of the structure was observed with 

increasing temperature. In particular, the SiO2/SnO2 nanofibers calcined at 800°C indicated the 

large grains in the dimension of several microns. These coarsening were corresponding to the 

increment in the crystallite sizes of SnO2 calculated from the XRD peaks (Fig. 5), the decrease 

in Si–O–Sn bond observed in the FT-IR spectra (Fig. 6), and the decrease of the BET specific 

surface area (Table 1). The TEM image of the SiO2/SnO2 nanofibers calcined at 500°C is also 

shown in Fig. 8e. The diameter of the SiO2/SnO2 nanofibers was approximately 8 nm. Figure 8f 

shows a high-magnification TEM image of a nanocrystal in a SiO2/SnO2 nanofiber, with the 

Fast Fourier-transformed (FFT) image of Fig. 8f shown in Fig. 8g. These results indicate that 

the nanocrystals have a periodicity of 0.33 nm, corresponding to the lattice spacing of (110) in 

rutile SnO2. These results are also in good agreement with the results of XRD. The result of 
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STEM observation and its EDS element distribution map are shown in Fig. 8h and i. The 

observed diameter was approximately 10 nm, which was almost same as that in the TEM image. 

The distributions of Si and Sn are shown by red and green colors, where overlapped area is 

shown by yellow color. From element distribution map (Fig. 8i) and previous characterizations 

(Fig. 5, 6), it was revealed that the SiO2/SnO2 nanofibers have the core-shell structure which is 

composed of the amorphous SiO2 core and the rutile SnO2 nanocrystals shell. 

Figure 9 shows the zeta potential of amorphous SiO2 nanoparticles, SnO2 nanoparticles, and 

the SiO2/SnO2 nanofibers calcined at 500°C. Although the SnO2 nanoparticles showed the 

isoelectric between 4 and 5, the SiO2/SnO2 nanofibers showed the behavior as same as the SiO2 

nanoparticles. Hence, it seemed that SiO2 in the SiO2/SnO2 nanofibers partially exposed at the 

surface in analogy with the SiO2/TiO2 nanofibers reported in previous chapter. 

 

3.1.4 Conclusion 

It was demonstrated that SiO2/SnO2 nanofibers were synthesized successfully using 

TEMPO-oxidized cellulose nanofibers (TOCN) as templates. After the combustion of the 

TOCN through calcination, the SiO2/SnO2 nanofibers composed of the amorphous SiO2 core 

and the rutile SnO2 shell were obtained. The detailed microscopic and crystalline 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 is expected that the crystallite size is controllable. Indeed, the synthesized nanofibers 

had very thin diameters of approximately 10 nm and the smallest crystallite size of rutile SnO2 

was to be 3.2 nm. As a result, it can be expected that the SiO2/SnO2 nanofibers exhibit high 

sensitivity to several gaseous species because of the very small crystallites.  
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Calcination 
temperature [°C] 

Crystallite 
size [nm] 

BET specific 
surface area [m2/g] 

800°C 22 139 

650°C 12 174 

500°C 3.2 322 

Table 1 Crystallite size and BET specific surface area of 
SiO2/SnO2 nanofibers with acac/Sn molar ratio of 500 and calcined 
at various temperatures. 
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Fig. 1 Schematic procedure for synthesis of SiO2/SnO2 nanofibers. 
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Fig. 2 XRD patterns of SiO2 and SiO2/SnO2 nanofibers synthesized with various acac/Sn 
molar ratios. All samples were calcined at 500°C. 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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Fig. 3 FE-SEM images of a TOCN, b SiO2 nanofibers, c-e SiO2/SnO2 nanofibers 
synthesized with acac/Sn molar ratio of 0, 500, and 1000, respectively. All samples 
except for TOCN were calcined at 500°C. 



 

81 
 

  

Fig. 4 Plots of weight ratios of SnO2 to SiO2 in SiO2/SnO2 nanofibers 
synthesized with various acac/Sn molar ratios. 
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Fig. 6 XRD patterns of SiO2 nanofibers calcined at 500°C and SiO2/SnO2 
nanofibers synthesized with acac/Sn ratio of 500 and calcined at various 
temperatures. 
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Fig. 5 FT-IR spectra of SiO2 nanofibers calcined at 500°C and SiO2/SnO2 
nanofibers synthesized with acac/Sn ratio of 500 and calcined at various 
temperatures. 
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Fig. 7 XPS patterns of SnO2 nanoparticles, SiO2 nanofibers calcined at 500°C, 
and SiO2/SnO2 nanofibers synthesized with acac/Sn ratio of 500 and calcined at 
various temperatures. (a) Survey spectra and (b) high resolution spectra for Sn 3d. 
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Fig. 8 FE-SEM images of a SiO2 nanofibers calcined at 500°C, b-d SiO2/SnO2 
nanofibers synthesized with acac/Sn molar ratio of 500 and calcined at 500, 650, and 
800°C, respectively. e TEM image of b and f high magnified image of dotted area in e. 
FFT image of f is shown in g. h STEM image of b. i EDS elementary map corresponding 
to h. Red, green, and yellow colors indicate presence of Si, Sn, and both, respectively. 
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Fig. 9 Zeta potential of SiO2 nanoparticles, SnO2 nanoparticles, and SiO2/SnO2 
nanofibers synthesized with acac/Sn molar ratio of 500 after calcination at 
500°C. 
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3.2 Effect of synthesis condition of SiO2/SnO2 nanofibers on gas sensing 

properties toward ethanol 

3.2.1 Introduction 

Gas sensors are devices to detect certain gaseous molecules. Nowadays, the demand for gas 

sensors is increasing over a wide range of fields including chemical and petrochemical industry, 

environmental field, medical institution and hospital, food and drink industry, semiconductor 

manufacturing, agriculture, and power generation [1]. In the past, several types of gas sensor 

have been developed such as electrochemical type, optical type, and chemiresistive type. These 

three types of gas sensors have different advantages and disadvantages (Table 1) [2-4]. Among 

them, although the selectivity is not high, chemiresistive gas sensors have gained widespread 

use because of its durability, cost-effectiveness, fabrication simplicity, and high sensitivity [4]. 

Metal oxides or conductive polymers are generally used for chemiresistive sensors. In 

particular, metal oxides are superior in terms of their high thermal and temporal stability, ability 

to function in harsh environment, and high operation temperature ruling out the effect of 

environmental changes [1]. Therefore, metal oxides are accepted as suitable materials for 

chemiresistive sensors. 

In 1962, Seyama et al. reported that the gas detection was possible with a ZnO thin film [5], 

which was the first report on a metal oxide chemiresistive sensor. After that, Taguchi fabricated 

the first metal oxide chemiresistive sensor device for a practical application using SnO2 [6]. 

After the several decades passed, there have been many researches for gas sensor by using 

various metal oxides such as SnO2, ZnO, TiO2, WO3, In2O3, Fe2O3, CuO, NiO, Co3O4, Cr2O3, 

and Mn3O4 [4]. 

They can be divided into two groups into bulk-sensitive materials and surface-sensitive 

materials by their sensing principles [7]. Under the introduction of a reducing analyte gas, 
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bulk-sensitive materials such as TiO2 decrease their resistance via the formation of bulk oxygen 

vacancies, however, surface-sensitive materials such as SnO2 decrease their resistance via the 

elimination of chemisorbed oxygens after the oxidation reaction with the analyte, despite of the 

existence of the bulk oxygen defects. In all metal oxides, SnO2 is most investigated material due 

to its chemical inertness, low cost, non-toxicity, and high sensitivity [4, 8]. The formation of O−, 

which is representative chemisorbed oxygen at the surface of several metal oxides, can be 

expressed as follows [9]: 

O2 + 2e− → 2O−                                                           (1) 

The conduction electrons are transferred to the surface and are trapped by chemisorbed oxygens, 

leading to the formation of an electron-depleted layer as shown in Fig. 1. The electric resistance 

can be expressed by following equation [9]: 

R/R0 =  exp (qVs/kT)                                                         (2) 

where R0 is resistance without any chemisorbed oxygen, qVs is potential energy barrier, k is 

Boltzmann constant, and T is temperature. When a reducing gas is introduced, following 

reaction occurs.  

A + O−  → A′(oxidized) + e−                                                  (3) 

After the reaction, the barrier height decreases due to the consumption of O− as shown in Fig. 

2a, resulting in the decrease of the electrical resistance. On the other hand, when crystallites 

become so small that the depleted layer prevails over the whole crystallite, the energy level at 

the center of the crystallite shifts as shown in Fig. 2b [10, 11]. It is known that the latter case 
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brings a large resistance change. Therefore, smaller crystallite size is preferable to achieve a 

higher sensitivity [12]. 

Here, the properties of SiO2/SnO2 nanofibers as chemiresistive gas sensors were evaluated 

by using ethanol as analyte gas. Ethanol is one of volatile organic compounds (VOCs). The 

sensing of ethanol in breath is applicable in the monitoring the blood alcohol concentration [13] 

and in the detection of laryngeal cancer [14]. The sensor element was fabricated by forming 

SiO2/SnO2 nanofibers to be a sheet. The nanofiber sheet was placed on a ceramic heater and 

resistance change under the repetitive exposure to ethanol gas which was prepared by saturated 

vapor ethanol diluted with dry air. Furthermore, here we have investigated the effect of 

synthesis procedure in SiO2/SnO2 nanofibers on the gas sensing properties. 

 

3.2.2 Experimental procedure 

3.2.2.1 Preparation of SiO2/SnO2 nanofibers sheet as sensor element 

The properties as a chemiresistive gas sensor were evaluated about SiO2/SnO2 nanofibers 

synthesized with or without the use of acetylacetone (acac). The calcination temperature was to 

be 500°C. The SiO2/SnO2 nanofibers were pressed to be 1 mm thick with zirconia plates and 

then cut to be a size of 8 mm × 13 mm. The weight of resulted sheets was about 10 mg.  

 

3.2.2.2 Evaluation of gas sensing properties 

Figure 3 shows the schematics of an evaluation system of gas sensing properties. The gas 

sensing properties of the SiO2/SnO2 nanofibers were roughly estimated by the resistance change 

of the nanofibers sheet during repeated exposure to the atmosphere containing ethanol. The gold 

electrode was deposited on the nanofibers sheet by a magnetron sputtering (MSP-30T, Vacuum 

Devices) with a glass mask. In order to measure the resistance, the electrode of the nanofibers 
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sheet was connected to a digital multimeter (model 2000, Keithley) with silver wires. The 

nanofibers sheet was placed on a ceramic heater with a size of 10 mm × 20 mm inside a silica 

glass tube and the measurements were carried out at the operation temperatures between 150°C 

and 450°C. The synthetic air as a carrier gas was passed through ethanol solution (Kishida 

Chemicals) iced at 0°C, mixed by the saturated ethanol vapor with partial pressure of about 

0.015 atm [15]. To obtain the ethanol gas concentration ranging from 250 ppm to 1000 ppm, the 

synthetic air including ethanol gas of 15000 ppm was diluted with even more the synthetic air. 

The total gas flow rate was maintained to be 300 sccm by using a mass flow controllers (MFC; 

SEC-E40, Horiba STEC). The digital multimeter and the mass flow controllers were controlled 

using a homemade LabView program. The front panel and block diagram of the program is 

shown in Fig. 4 and 5, respectively. The sensitivity of gas sensor is defined as follows [16]: 

Sensitivity = Ra/Rg                                                          (4) 

where Ra is electrical resistance in air and Rg is electrical resistance under ethanol gas. 

 

3.2.3 Results and discussion 

Figure 6a shows the resistance changes of the SiO2/SnO2 nanofibers synthesized with acac 

under the repetitive exposure toward 1000 ppm ethanol gas, operating at various temperatures. 

Figure 6b shows the calculated sensitivities corresponding to the resistance changes of Fig. 6a. 

From these results, it was elucidated that the optimum temperature which brought the highest 

sensitivity was 400°C. At the temperature lower than 400°C, it is conceivable that lower 

reactivity of the oxidation on the SnO2 surface resulted in lower sensitivities. On the other hand, 

at the temperature higher than 400°C, the reactivity was so high that the ethanol gas could not 

penetrate inside the nanofiber sheet, resulting in lower sensitivity [17]. Additionally, at the 
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higher temperature, the desorption of chemisorbed oxygens could be dominant leading to lower 

sensitivity [18]. 

Figure 7 shows the resistance changes of the SiO2/SnO2 nanofibers synthesized with or 

without acac under the repetitive exposure to 1000 ppm ethanol gas. It was revealed that the 

SiO2/SnO2 nanofibers synthesized with acac indicated the larger resistance change, 

corresponding to the significantly high sensitivity of 228, compared to those synthesized 

without acac. This value was about ten times higher than that of the SiO2/SnO2 nanofibers 

synthesized without acac. 

Figure 8 shows the relationship between the sensitivity of the SiO2/SnO2 nanofibers 

synthesized with acac and the ethanol concentration. From this graph, the detection limit 

extrapolated to be 22 ppm [19]. Table 2 summarizes their sensitivities and crystallite sizes. 

These results clearly show that the ethanol gas sensitivity was enhanced by the suppression of 

the crystallite size. Since the crystallite sizes of SnO2 in the SiO2/SnO2 nanofibers with or 

without acac were so small, these nanofibers are expected to follow the model shown in Fig. 2b 

[12, 20]. Assuming that O− is the only chemisorbed oxygen and one ethanol reacts with one 

O−, the reaction and the sensitivity can be expressed as follows [21, 22]: 

C2H5OH + O−  → CH3CHO + H2O + e−                                         (5) 

Sensitivity = 𝑅𝑅a/𝑅𝑅g = (3𝑐𝑐𝐾𝐾EtOH)1/2 𝑎𝑎−1/2                                       (6) 

where 𝑐𝑐 is constant, 𝐾𝐾EtOH is the concentration of ethanol, and 𝑎𝑎 is the radius of crystallite. 

The relationships of the sensitivities to the crystallite sizes and to the concentration roughly 

followed Eq.6, though they did not precisely. There were some possible causes for the 

difference between the experimental results and the theory. One possibility is that ethanol reacts 
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with more than one O−. It was reported that ethanol do not reacted with uniform quantities O− 

at the surface of SnO2 [23]. Moreover, other possibility is that the temperature inhomogeneity in 

the nanofibers sheet owing to the unidirectional heating with a ceramic heater. To understand the 

substantial gas sensing properties, the investigations by using the analyte molecules such as H2 

or CO which reacts with only one chemisorbed oxygen are required. Furthermore, the 

homogenous heating such as a tube furnace is appropriate for the evaluation system of gas 

sensing properties. 

 

3.2.4 Conclusion 

The properties of the SiO2/SnO2 nanofibers as chemiresistive gas sensors were estimated. 

The SiO2/SnO2 nanofibers were formed to be a sheet and the resistance change correlated with 

repetitive exposure to ethanol gas under certain operation temperature was measured. The 

optimum temperature showing the highest sensitivity was 400°C. It was notable that the 

SiO2/SnO2 nanofibers synthesized with acac exhibited the excellent sensitivity about ten times 

larger than that of the SiO2/SnO2 nanofibers synthesized without acac toward 1000 ppm ethanol. 

It is anticipated that the SiO2/SnO2 nanofibers can be diverted to detect other analyte gas with 

high sensitivity. The enhancement of the sensitivity for SiO2/SnO2 nanofibers synthesized with 

acac can be interpreted in terms of the suppression of the crystallite size of SnO2. The behavior 

of gas sensitivity regarding to the gas concentration and the crystallite size was slightly different 

from the previously proposed theoretical model. Further investigations are required for the 

interpretation of the gas sensing properties of the SiO2/SnO2 nanofibers. 
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Table 1 Comparison of three types of gas sensors. 

 Electrochemical Optical  Chemiresistive 
(Metal oxide) 

Chemiresistive 
(Polymer) 

Sensitivity Low High Moderate Moderate 

Selectivity High High Moderate Low 

Lifetime Short Long Long Long 

Size Moderate Large Small Small 

Cost Low High Low Low 

Physical 
change 

Electromotive 
force 

Transmission Resistance Resistance 
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Table 2 SnO2 crystallite sizes and sensitivities to ethanol 
of SiO2/SnO2 nanofibers synthesized with or without acac. 

Molar ratio of 
acac/Sn 

Crystallite 
size [nm] 

Sensitivity to 
1000 ppm ethanol 

0 11 22.1 

500 3.2 228 
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Fig. 1 Schematic diagram of electron-depleted layer in wide-bandgap semiconductor 
after chemisorption of oxygen on surface sites. 𝐄𝐄𝐂𝐂, 𝐄𝐄𝐕𝐕, and 𝐄𝐄𝐅𝐅 denote energy of 
conduction band, valence band, and Fermi level, respectively. While 𝐰𝐰 denotes 
thickness of electron-depleted layer, and 𝐪𝐪𝐕𝐕𝐒𝐒 denotes potential energy barrier.   
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Fig. 2 Structural and band model showing contact regions of crystallites in chemiresistive 
gas senor. Left- and right-hand sides represent before and after exposure to reducing gas, 
respectively. a The case that crystallite radius is much larger than thickness of 
electron-depleted layer. b The case that crystallite radius is smaller than thickness of 
electron-depleted layer. 𝚽𝚽𝟎𝟎𝐤𝐤𝐤𝐤 denotes energy shift at center of crystallite from 𝐄𝐄𝐂𝐂. 
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Fig. 3 Schematic of evaluation system of gas sensing property. 
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Fig. 4 Front panel of Labview program. 
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Fig. 5 Block diagram of Labview program. 
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Fig. 6 a Repetitive response to 1000 ppm ethanol under various operation 
temperatures, and b plots of sensitivities to1000 ppm ethanol under various 
operation temperatures, about SiO2/SnO2 nanofibers synthesized with acac. 
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Fig. 7 Repetitive response to 1000 ppm ethanol operating at 400°C, about 
SiO2/SnO2 nanofibers synthesized with or without acac. 
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Fig. 8 Sensitivities of SiO2/SnO2 nanofibers synthesized with acac under various 
ethanol concentration. 
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3.3 Advantage in gas sensing properties of SiO2/SnO2 nanofibers 

compared to conventional SnO2 nanoparticles 

3.3.1 Introduction 

To improve the sensitivity, durability, and selectivity for the metal oxide chemiresistive gas 

sensors, many researchers have investigated the combination of a metal cation and a metal oxide. 

[1-4]. In some cases, a trivalent cation such as Al or Fe was doped into SnO2 to improve the 

sensitivity through the enlargement of depleted layer derived from the decreased carrier density 

[5, 6]. In other cases, by carrying an oxide semiconductor such as p-type Cr2O3 or n-type TiO2 

on a SnO2 surface, the gas sensitivities were improved through the formation of p-n or n-n 

junction derived from the difference of Fermi levels at their interface [7, 8]. The p-n junction 

enlarged the electron-depleted layer, making the resistance change larger after the introduction 

of reducing molecules. While, the n-n junction produced the electron-accumulated layer on the 

SnO2 side, which increased the amount of chemisorbed oxygen atoms directly related to sensor 

responses. 

Meanwhile, in spite of none of electrical interactions, it was empirically reported that the 

complexing with SiO2 was effective to improve the properties of SnO2 based gas sensors. The 

SnO2 particles coated with thin SiO2 achieved the good selectivity to H2 because only H2 was 

permitted to pass through the SiO2 layer due to its extremely small molecular size [9]. Moreover, 

the composite of SiO2 and SnO2 showed the enhanced sensitivity, because SiO2 hindered the 

neck formation between SnO2 domains, the electron-depleted layer on the SnO2 surface 

remained sufficiently [10, 11]. Furthermore, unexpectedly the optimum temperature for the 

highest gas sensitivities of the composite of SnO2 and mesoporous silica was changed compared 

to the conventional SnO2 nanoparticles [12, 13]. Until now, the mechanisms of such phenomena 

are not fully understood. 
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These clearly indicate that the presence of SiO2 effects on the gas sensitivities of SiO2/SnO2 

nanofibers. In addition, the porous structure accomplished by the nanofibers is suitable as a gas 

sensor for larger molecules in terms of the diffusion path [14]. To evaluate the detailed gas 

sensing properties, compared to the conventional SnO2 nanoparticles, the screen-printed sensor 

elements with SiO2/SnO2 nanofibers were exposed to H2 or CO analyte gas under various 

temperatures. Although these molecular sizes of analyte gases are different, leading to their 

diffusivity, both react with one chemisorbed oxygen (such as O−) in the same way as follows: 

H2 + O−  → H2O +  e−                                                       (1) 

CO + O−  → CO2  +  e−                                                       (2) 

Particularly, in the experiments, the relations between the operating temperature and the 

sensitivity to H2 and CO analyte gases were investigated. 

 

3.3.2 Experimental procedure 

3.3.2.1 Reference sample of SnO2 nanoparticles 

For the comparison to SiO2/SnO2 nanofibers in the gas sensing, a reference sample of SnO2 

nanoparticles was prepared by the conventional hydrothermal treatment of hydrated gel [15, 16]. 

The hydrated SnO2 gel was precipitated by adding 1.0 M aqueous solution of NH4HCO3 (Wako 

Pure Chemical) toward 1.0 M aqueous solution of SnCl4. The precipitated gel was washed by 

deionized water repeatedly with centrifugation. Then the washed gel was suspended in 

deionized water adjusted with the pH value of 10.5 using ammonia aqueous solution (Wako 

Pure Chemical). Then, the suspension was transferred to an autoclave and heated at 200°C for 3 
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h. After the hydrothermal treatment, the suspension was followed by drying at 120°C for 12 h 

and subsequently calcined at 700°C for 3 h in air.   

 

3.3.2.2 Characterization 

X-Ray diffraction (XRD) patterns were measured by an X-Ray diffractometer equipped with 

CuKα source (RINT-2500HFK, Rigaku). Crystallite sizes are also estimated by Scherrer 

equation [17]. FT-IR spectra were measured by an FT-IR spectrometer equipped with an ATR 

accessory (Spectrum Two, Perkin Elmer). Microscopic structures were observed by a 

field-emission scanning electron microscope (FE-SEM; JSM-6700F, JEOL). BET specific 

surface areas [18] and pore distributions [19] were characterized by using an N2 

adsorption-desorption apparatus (Tristar 3000, Shimadzu).  

 

3.3.2.3 Preparation of sensor element 

To obtain the paste of the SiO2/SnO2 nanofibers or the SnO2 reference nanoparticles, 

α-terpineol (Wako Pure Chemicals) was used as a binder. The SiO2/SnO2 nanofibers were 

synthesized using acetylacetone (acac, Kishida Chemicals) with the acac/Sn ratio of 500 

followed by calcination at 500°C. Then, these pastes were screen-printed on an alumina plate (9 

mm × 13 mm × 0.38 mm) with interdigitated Au electrodes. The binder was eliminated by the 

heat treatment at 480°C for 5 h. This temperature was lower than the calcination temperature of 

the SiO2/SnO2 nanofibers. Finally the thick film sensor elements for the evaluation were 

obtained. The sensor elements were placed in a silica reaction tube and the resistance changes 

accompanied by the introduction of the H2 or CO analyte gas were measured under various 

temperatures. 
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3.3.2.4 Estimation of gas sensing properties 

Figure 1 shows a schematic of the estimation system of gas sensing properties. A sensor 

element fabricated by the screen-printing method is also shown. Resistance changes under the 

introduction of H2 or CO analyte gas were monitored by a digital multimeter (model 2701, 

Keithley). The H2 or CO analyte gas including air (Taiyo Nippon Sanso) was further diluted 

with synthetic air (Taiyo Nippon Sanso) to be 200 ppm with mass flow controllers (Horiba Stec). 

Sequentially, the analyte gas was introduced toward a sensor element in a reaction tube under 

heating by a tube furnace. The operating temperatures were changed from 300°C to 450°C in 

the case of H2 analyte gas. In the case of CO analyte gas, the temperatures were set to be no 

higher than 400°C, to avoid the reduction of lattice oxygen [20]. All measurements were carried 

out after the refreshing at 480°C for 3 h to eliminate adsorbed residues derived from analytes 

and the cooling down to a operation temperature with the rate of 0.556°C/min. The gas 

sensitivity,is conventionally defined as follows [21]: 

Sensitivity = Ra/Rg                                                          (4) 

where Ra is electrical resistance for clean air and Rg is electrical resistance for target analyte 

gas. 

 

3.3.3 Results and discussion 

Figure 2 shows the characterization results of the SiO2/SnO2 nanofibers and the reference 

SnO2 nanoparticles. From the XRD patterns (Fig. 2a), the both structures of SnO2 in the 

SiO2/SnO2 nanofibers and in the reference SnO2 nanoparticles were rutile SnO2 (JCPDS card no. 

41-1445) and the crystallite sizes were 3.2 nm and 15 nm, respectively. FT-IR spectra shows the 

broad peak between 700 and 400 cm-1 derived from typical SnO2 absorption [22] in both the 
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SiO2/SnO2 nanofibers and the SnO2 nanoparticles, besides the peaks derived from amorphous 

SiO2 [23] and Si–O–Sn bond [24] in the SiO2/SnO2 nanofibers (Fig. 2b). FE-SEM images 

revealed that the SnO2 reference nanoparticles were the aggregates of formless particles in 

comparison to the SiO2/SnO2 nanofibers (Fig. 2c, d). The SiO2/SnO2 nanofibers had the larger 

pore volume than the SnO2 nanoparticles. Particularly the pore size distribution at below about 

10 nm pore size in nanofibers was quite different from that in nanoparticles (Fig. 2e). The 

crystallite sizes and the specific surface areas for the SiO2/SnO2 nanofiber and SnO2 reference 

nanoparticles were summarized in Table 1. 

Figure 3 shows the resistance of the sensor element in clean air at the various operating 

temperatures. Over whole operating temperatures, the SiO2/SnO2 nanofibers exhibited higher 

resistance by three order of magnitude than that for the SnO2 nanoparticles. This is due to the 

presence of insulating SiO2 (Fig. 2b) and their larger pore volume (Fig. 2d, 2e). Both of the 

resistance values were monotonically decreased with increasing in the operating temperature, 

which was corresponding to the previously reported typical features of semiconducting 

materials such as a screen-printed SnO2 thick film [25]. 

Figure 4 shows the response of the resistance for sensor elements under the introduction of 

H2 or CO analyte gas at various temperatures. Figure 5 also shows the plots of the sensitivities 

to the analyte gases under various operating temperatures. In the case of the SnO2 reference 

nanoparticles, the behavior of sensitivity to temperature was almost same as previous reports 

[26], where the suitable operating temperature was no more than about 350°C. On the other 

hand, the sensitivity of the SiO2/SnO2 nanofibers was dramatically increased at higher 

temperature of 400°C. This phenomenon is similar to the previous report in which the optimum 

temperature shifted higher for the mechanically mixed composite of SiO2 and SnO2 compared to 

the conventional SnO2 behavior [12]. Of course, the significantly high sensitivity for the 
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SiO2/SnO2 nanofibers can be interpreted by the smaller crystallite size and the larger pore 

volume (Table 1, Fig. 2) [14, 27]. Since two analyte gases were differed in molecular sizes, the 

diffusivities should change, however the difference was not so sufficient. More detailed 

estimation by using larger molecular gas such as toluene is required. 

Two reasons can be suggested for the improvement of the sensitivity in the case of 

nanofibers at higher temperature of 400°C as follows: One is the low reactivity of chemisorbed 

oxygens with analyte gas. Generally, the sensitivity should become higher with increasing 

temperature [28]. The fact that high temperature was required for raising the sensitivity implies 

the low reactivity of chemisorbed oxygen atoms at the surface of the SiO2/SnO2 nanofibers. 

Other is the retention of chemisorbed oxygen atoms even at high operating temperature. It is 

known that the chemisorbed oxygen atoms at the SnO2 surface happen to desorb at about 400°C, 

leading to the lower sensitivity [29]. The excellent sensitivity at the high operating temperature 

for the SiO2/SnO2 nanofibers means that the chemisorbed oxygen atoms still remained. It should 

be noted that the shifting to the high temperature side of the operating temperature of gas sensor 

could be caused by the changes in the interaction of SnO2 with chemisorbed oxygen atoms. This 

interesting gas sensing properties of the SiO2/SnO2 nanofibers are useful for detecting the less 

reactive gases such as methane [30] and suppressing SnO2 surface poisoning [31]. To 

understand the detailed mechanisms, further investigations such as a temperature programmed 

desorption (TPD) are required. 

 

3.3.4 Conclusion 

The properties of the SiO2/SnO2 nanofibers as chemiresistive gas sensors were evaluated 

compared to the SnO2 nanoparticles. The resistance change under the introduction of H2 or CO 

as an analyte gas were measured with the thick film sensor elements prepared by screen-printing. 
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Surprisingly, the SiO2/SnO2 nanofibers exhibited the extremely high sensitivity at high 

operating temperature where the SnO2 nanoparticles did not work well both to H2 and CO. This 

unique feature seems to be derived from the presence of SiO2. Apart from the basic 

understanding the mechanisms, the SiO2/SnO2 nanofibers can be applied as a sensor element 

material at high operating temperature. 
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Table 1 Crystallite size and BET specific surface area of 
SiO2/SnO2 nanofibers with acac/Sn molar ratio of 500 and 
calcined at various temperatures. 

 Crystallite 
size [nm] 

BET specific 
surface area [m2/g] 

SnO2 nanoparticles 15 32.0 

SiO2/SnO2 nanofibers 3.2 322 
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Fig. 1 Schematic of estimation system of gas sensing properties. A schematic of 
sensor element fabricated by the screen-printing method is also shown. 
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Fig. 2 a XRD patterns, b FT-IR spectra c, d FE-SEM images, and e pore size distributions 
of SiO2/SnO2 nanofibers and SnO2 nanoparticles. 
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Fig. 3 Resistance in synthetic air as a function of operating 
temperatures. 
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Fig. 4 Responses of the resistance for the sensor elements to 200 ppm H2 or CO 
analyte gas under various operation temperatures. 
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Fig. 5 Plots of sensitivity for sensor elements to 200 ppm H2 or CO analyte 
gas under various operating temperatures. 
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3.4 Gas sensing properties of SiO2/SnO2 nanofibers under humid 
conditions 

3.4.1 Introduction 

SnO2 is one of key materials being widely used in applications such as transparent 

electrodes, catalysts, and gas sensors [1-3]. As a gas sensor, one can sense present gases from 

the electric resistance change derived from the catalytic reaction of chemisorbed oxygen 

molecules on SnO2 with analytes. Oxygen molecules are dissociatively adsorbed to surface Sn4+ 

ions or oxygen vacancies and they turn into the form of O− and/or O2−  [4]. The relationship 

between the electric resistance and oxygen partial pressure was expressed as following 

equations [5]: 

R
R0

= 3
a
�K1PO2�

1/2 + c     (in the form of O−)                                      (1) 

R
R0

= �1
4

c2 + 6ND
a
�K2PO2�

1/2�
1/2

 + c     (in the form of O2−)                         (2) 

where R  and R0  are electrical resistance in the atmosphere with and without oxygen, 

respectively, a  is crystallite radius, K1  and K2  was equilibrium constants of oxygen 

adsorption, PO2  is oxygen partial pressure, Nd  is donor density, and c  is constant. The 

electric resistance is largely depending on PO2 reflecting major adsorbed oxygen. O− brings 

proportional resistance to square root of PO2 and O2− brings that to forth root of PO2. Actually, 

O− and O2− are competitively adsorbed and their component is dependent on the temperature 

and the atmosphere [4, 6]. In a dry condition, the major adsorbed species is O2− at 350°C and 

over, whereas O− also adsorbed below this temperature.  
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On the other hand, in a humid atmosphere, water vapor adsorbed dissociatively to the same 

sites as oxygen and turns into hydroxyl groups [7, 8]. This reaction is called hydroxyl poisoning 

and is expressed as follows: 

H2O + O−(or O2−) +  σ → 2σ − OH +  e−(or 2e−)                                  (3) 

where 𝜎𝜎 is common adsorption site in oxygen and water vapor, σ − OH is adsorbed hydroxyl 

group and e is carrier electron. Previous researches demonstrated that the electric resistance in 

humid condition was proportional to square root of PO2, indicating major adsorbed oxygen is 

O− after O2− was preferentially substituted with O− [4, 9]. Because water vapor impedes the 

oxygen adsorption and donates electron conversely to oxygen, humid condition lowers the 

sensing performance significantly. To decrease the effect of water vapor, complexing with other 

components is promising way to bring water vapor tolerance. Especially, dispersed Pd particles 

bring O2− adsorption sites and leads to suppression of susceptibility to water vapor [9]. In 

other case, doped Sb cation acted as a hydroxyl absorber and SnO2 retains O2−, leading to high 

tolerance to water vapor [10]. It is known that some other elements or materials (e.g. Al, Ti, 

CuO, NiO) also act as hydroxyl absorbers for SnO2-based gas sensor [11-14]. 

We previously synthesized the core-shell SiO2/SnO2 nanofibers using TMEPO-oxidized 

cellulose nanofibers as templates [15]. Although it was reported the complexing with SiO2 

leaded to higher selectivity and sensitivity [16-18], there has not been successful reports on the 

use of SiO2 as hydroxyl absorbers in spite of its high affinity to water [19]. 

To investigate the tolerance of the SiO2/SnO2 nanofibers to water vapor, the gas sensing 

properties in humid conditions were evaluated.  
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3.4.2 Experimental procedure 

The detailed synthesis procedure of materials and the fabrication process of a sensor element 

were reported in previous section. In particular, the SiO2/SnO2 nanofibers were synthesized 

using acetylacetone (acac, Kishida Chemicals) with the acac/Sn molar ration of 500 followed by 

calcination at 500°C.  

Figure 1 shows a schematic of the evaluation system of gas sensing properties. Electric 

resistance changes under the introduction of H2 or CO analyte gas containing certain amount of 

water vapor were monitored by a digital multimeter (model 2701, Keithley). The H2 or CO 

analyte gas including air (Taiyo Nippon Sanso) was further diluted with synthetic air (Taiyo 

Nippon Sanso) to be 200 ppm with mass flow controllers (Horiba Stec). Then, the flow was 

divided into two flows. One flow, which was blown into distilled water, was mixed with the 

other dry flow to prepare humid flow containing from 0 to 3 vol% water vapor. Sequentially, the 

analyte gas was introduced toward a sensor element in a reaction tube under heating by a tube 

furnace. The humidity in the outlet gas was monitored with a humidity sensor (TR-77Ui, T&D 

Corporation). The operating temperatures were 450°C or 400°C in the case of H2 analyte gas. In 

the case of CO analyte gas, the temperatures were set to be no higher than 400°C, to avoid the 

reduction of lattice oxygen in SnO2 [20]. All measurements were carried out after the refreshing 

at 480°C for 1 h in dry air and subsequently for 2 h in 3 vol% humid air to eliminate adsorbed 

residues derived from analytes, and then the cooling down to a operation temperature with the 

rate of 0.556°C/min. The gas sensitivity is conventionally defined as follows [21]: 

Sensitivity = Ra/Rg                                                          (4) 

where Ra is electrical resistance for clean air and Rg is electrical resistance for target analyte 

gas. The dependence of the resistance on oxygen partial pressures (PO2) was also investigated by 
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introducing the mixture of N2 (Taiyo Nippon Sanso) and O2 (Taiyo Nippon Sanso), where PO2 

was monitored with a stabilized zirconia cell [6].  

 

3.4.3 Results and Discussion 

Figure 2 shows the electric resistances of the sensor elements in synthetic air containing 

various concentration of water vapor at 450°C and 400°C. In both temperatures, the resistances 

once decreased rapidly with the introduction of water vapor and decreased continuously with 

increasing humidity, reflecting hydroxyl poisoning as shown in Eq. 3. At 450°C, the decrements 

in the resistances with increasing humidity were lower than that at 400°C because the hydroxyl 

groups desorbs at higher temperature [22]. Meanwhile at 400°C, the SiO2/SnO2 nanofibers 

indicated clearly slow decreasing gradient of the resistances to the humidity compared to that 

for the SnO2 nanoparticles. This tolerance to water vapor is presumed to be brought to by 

partially exposed SiO2. 

Figure 3 shows the electric resistance change of sensor elements under the introduction of 

H2 or CO at 400°C or 450°C. The corresponding sensitivities are also shown in Figure 4.  

Although in humid conditions, the sensitivities for the SiO2/SnO2 nanofibers were steeply 

decreased, a higher sensitivities compared to that for SnO2 nanoparticles were nonetheless 

achieved. At 450°C, the sensitivities to H2 in both samples were less affected by the increment 

of humidity due to the hydroxyl groups desorption. Whereas at 400°C, the sensitivities both to 

H2 and CO for the SnO2 nanoparticles were slightly decreased. It should be noted that the 

sensitivities both to H2 and CO for the SiO2/SnO2 nanofibers exhibited little change by the 

increment of humidity. These results are consistent with the relationship between the electric 

resistances and the concentration of water vapor as shown in Fig. 2. 
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As it for the former studies [10-14], the SiO2 seemed to act as an absorber for water 

molecules through hydrogen bonding or hydroxylation [19]. On the contrary, there was the 

report that SiO2-SnO2 nanocomposites containing SiO2 up to 5 wt% did not exhibit any 

tolerance to water vapor [23]. Meanwhile in this study, the SiO2/SnO2 nanofibers had higher 

weigh ratio about 43 wt% and the exposed area of SiO2 was sufficient to influence the zeta 

potential as described in previous section. Such situations enable to presume that the larger area 

of SiO2 affected the surface reaction relating to water vapor. 

The resistance changes depending on PO2 in dry and humid condition at 450°C and 400°C 

are shown in Fig. 5 and 6, respectively. At 450°C, where hydroxyl groups desorbs, the 

resistances both of the SiO2/SnO2 nanofibers and the SnO2 nanoparticles were proportional to 

PO2
   1/4  in dry and humid conditions, which indicated the major adsorbed oxygen was O2− 

regardless of the presence of the water vapor. On the other hand at 400°C, the behavior of each 

sample was clearly different. The resistances of the SnO2 nanoparticles was proportional to 

PO2
   1/4  in dry condition but to PO2

   1/2 in humid condition. This relationship indicates that the 

major adsorbed oxygen was changed from O2− to O− similarly to the previous report [6]. 

However, the resistances of the SiO2/SnO2 nanofibers were neither proportional to PO2
   1/4  nor 

PO2
   1/2  in dry and humid condition, which means that O2− and O− adsorbed competitively 

regardless of humidity [6]. It is worth noting that O2− still remained in humid condition at the 

surface of the SiO2/SnO2 nanofibers, which supports strongly the role of SiO2 as an absorber for 

water molecules in the similar way to Sb doping [10]. 

Although the gas sensing properties of the SiO2/SnO2 nanofibers evaluated in this study is 

suitable for the practical use, further characterizations such as TPD and DRIFT analyses are 

required for understanding the fundamental mechanism. 
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3.4.4 Conclusion 

The gas sensing properties of the SiO2/SnO2 nanofibers to H2 and CO in humid conditions 

were evaluated compared to the conventional SnO2 nanoparticles. It was revealed that the 

resistances and sensitivities of the SiO2/SnO2 nanofibers were less affected by the humidity than 

conventional SnO2 nanoparticles. The major adsorbed oxygen species were estimated by the 

relationship between the resistance and oxygen partial pressure (PO2). Surprisingly, the major 

oxygen species of the SiO2/SnO2 nanofibers remained both O2−  and O−  under the 

introduction of water vapor at 400°C. While the dominant oxygen species of the SnO2 

nanoparticles was changed from O2− to O−. It can be interpreted that SiO2 partially exposed to 

the surface of the SiO2/SnO2 nanofibers acted as water absorbers to hinder hydrogen poisoning 

to adjacent SnO2. Although the detailed mechanism of this tolerance to water vapor was not 

clear yet, such properties are suitable for the gas sensor in practical use.  
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Fig. 1 Schematic of evaluation system of gas sensing properties in humid 
condition. 
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Fig. 2 Electric resistance related under various humidities at 
a 450°C and b 400°C. 
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Fig. 3 Electric resistance changes under introduction of H2 or CO at various 
temperatures and humidities. 
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Fig. 4 Gas sensitivities under various humidities to a 200 ppm H2 at 450°C, 
b 200 ppm H2 at 400°C, and c 200 ppm CO at 400°C. 
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Fig. 5 Electric resistance depending on 𝐏𝐏𝐎𝐎𝟐𝟐
   𝟏𝟏/𝟐𝟐 and 𝐏𝐏𝐎𝐎𝟐𝟐

   𝟏𝟏/𝟒𝟒 at 450°C in 

a, b dry and c, d 3 vol% humid conditions. 
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Fig. 6 Electric resistance depending on 𝐏𝐏𝐎𝐎𝟐𝟐
   𝟏𝟏/𝟐𝟐 and 𝐏𝐏𝐎𝐎𝟐𝟐

   𝟏𝟏/𝟒𝟒 at 400°C in 

a, b dry and c, d 3 vol% humid conditions. 
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