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Abstract  

This study reports on the characteristics of room-temperature methane sensing due to the carbonization of composite nanofibers synthesized 
from poly(vinyl) alcohol/tin dioxide/graphene oxide using an electrospinning technique. It is noted that the addition of graphene oxide leads to 
the formation of porous structure in the composite nanofiber, which significantly improves methane detection efficiency. Porosity in the nanofiber 
is assumed to improve the gas-solid interaction by strengthening the p–n junction in a composite nanofiber made from a p-type poly(vinyl) 
alcohol/graphene oxide and an n-type tin dioxide, and at the same time, minimizing the shielding effect caused by amorphous carbon on the 
surface in the core–shell type nanofiber. Carbonization not only improves the methane detection efficiency by lowering the resistance but also 
maintains sensitivity at room temperature. When the graphene oxide in poly(vinyl) alcohol is 8wt%, the highest sensitivity towards 1% methane 
is measured to be 60.5% at a carbonization temperature of 550°C.
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Introduction

Recently, the applications of one-dimensional metal oxide 
nanofibers in gas sensors have received attention since these 
materials have high surface area and porosity which effectively 
convert gas-solid reactions into electrical responses due to 
directional charge transport [1-6]. Tin dioxide (SnO₂), as a 
non-toxic, economical, widely accessible n-type wide-band gap 
semiconductor material (Eg = 3.6eV) has been proven sensitive to 
numerous gases due to oxygen vacancies on the surfaces of SnO₂ 
generated by annealing as active sites in gas-solid reactions [7-13]. 
Therefore, sensors based on SnO₂ nanofibers are believed to be 
effective gas sensing materials [4-6,14-22]. However, they usually 
work at relatively high temperatures which limits their usage 
in miniaturized electronic devices [4-6,14,18,20]. Very limited 
studies have been done to develop SnO₂ nanofiber heterostructures  

 
in order to reduce operating temperatures [15,16,17,19,21,22]. 
For instance, [21] have reported the fabrication of Pt-SnO₂/
RGO nanocomposites using a microwave-assisted method and 
investigated hydrogen sensing performance at temperatures 
as low as 50°C. [15] have reported SnO₂ nanofibers containing 
reduced graphene oxide (RGO) synthesized via electrospinning 
and analyzed gases at an operating temperature of 50°C. But, room-
temperature working capability has not been extensively studied 
yet. For example, [19] have developed SnO₂ nanofibers containing 
carbon nanotubes (CNTs) via electrospinning and explored 
carbon monoxide sensing. Moreover, [16] have developed PAN/
PVP/SnO₂/ZnO nanofibers followed by carbonization process and 
explored DMMP gas sensing. Therefore, there is still a great deal 
of work needed to be done in order to develop SnO₂ nanofiber gas 
sensors which can work at relatively low temperatures.
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Recently, the unique properties of graphene, such as excellent 
mechanical and electrical properties, which derive from its 2-D 
structure consisting of few-layer sp² hybridization of carbon 
atoms, have attracted a lot of interest for various uses including 
sensing and electronics applications [23-27]. Recently, graphene 
derivatives, particularly graphene oxide (GO), have become 
popular in sensors, batteries, and biomedicine applications due 
to functional groups, especially oxygen-containing ones. The GO 
material is made of few-layer graphite oxide generated through 
chemical oxidation and subsequent exfoliation processes [28-30]. 
Oxygen-containing functional groups including hydroxyl, epoxy, 
carbonyl, and carboxyl groups on the basal plane or edge of the 
sheets act as active sites in gas-solid reactions in sensors. GO/
SnO₂ nanofibers can improve the sensing performances based 
on p-n junction effect [31,32]. However, the oxygen functional 
groups tend to attract electrons which results in the surface 
formation of space-charge layer which reduces the electrically 
conductivity of GO materials [33]. Reduction of GO materials into 
reduced graphene oxide (RGO) by chemical or thermal reduction 
process removes the oxygen functional groups. Chemically, [34] 
reported hydrazine-mediated reduction of GO for the first time 
in the literature. The highest conductivity reported in hydrazine-
mediated reduction is 99.6Scm⁻¹ with a C/O ratio of 12.5 [35]. 
On the other hand, [35] chemically reduced GO using vitamin C. 
With the C/O ratio of 12.5, 77 S cm⁻¹ was achieved in this work. 
Thermally, [36] found that the C/O ratio of GO increases from 
2.6/1 at room temperature to 9.7/1 at 1050°C suggesting removal 
of oxygen functional groups at high temperatures. [37] annealed 
GO sheets at 500°C, 700°C, and 1100°C under Ar/H₂ and achieved 
conductivity of 49, 93, and 550Scm⁻¹, respectively. As it can be 
seen, the higher the temperature, the higher the conductivity of 
GO. Although, RGO has superior conductivity compared to GO, it 
has relatively low p-type character due to some residual oxygen-
containing groups after thermal reduction. Hybridization of RGO 
with some metal oxides like SnO₂ significantly improves gas 
sensing properties at much lower operating temperatures due to 
high conductivity of RGO [15,38,39].

The methane gas is non-toxic, colorless, and odorless and 
the main component in natural and fuel gases. Methane is highly 
flammable and even slight leaks might lead to explosions, which 
has been proved with some pipeline accidents [40-46]. The lower 
explosion limit of methane in air is about 4.7% [47]. Currently, 
methane sensors reported use semiconducting metal oxides and 
operate at relatively high temperatures, ranging from 150 to 350°C 
[48-52]. Therefore, current researches aim to develop methane 
sensors which can operate at lower temperatures.

Among various polymers used for electrospinning, PVA 
polymer is widely used due to its rich hydroxyl groups on the 
chains which facilitate bonding between PVA and GO to improve 
thermal and mechanical properties of composites which suitable 
for the applications in material filler, barrier film and biomedical 
engineering [53-56]. This work aims to synthesize PVA/SnO₂/GO 
nanofibers by one-step electrospinning method and subsequent 

carbonization under nitrogen atmosphere for enhanced electrical 
conductivity and high room-temperature sensing performance. 
After carbonization, both PVA and GO pyrolyze to generate carbon 
nanofibers with some residual oxygen groups. The improved 
thermal stability due to the bond formation of oxygen groups 
enhances the yield of carbon nanofibers after carbonization. The 
proposed method offers simple and low-cost way of preparing 
carbon nanofibers compared to most electro spun PAN-based 
carbon nanofibers [57-60]. The present work investigated the 
structural morphology, thermal behavior, crystallinity, functional 
groups, electrical resistance, and gas sensing performances of the 
composite nanofibers.

Materials and Methods

Materials

Graphite powder (1000 mesh) was purchased from QingDao 
HuaTai Lubricant Sealing S&T Co. Ltd. The dihydrate form of 
stannous chloride and polyvinyl alcohol (PVA, average molecular 
weight ≈ 105,000) were purchased from Xilong Scientific Co., 
Ltd. Potassium permanganate was provided by Tianjin Kermal 
Chemical Reagent Co., Ltd. Sodium nitrate was obtained from 
Tianjin ZhiYuan Chemical Reagent Co. Ltd. Sulfuric acid (95%) 
was purchased from Sigma Aldrich. Hydrogen peroxide (35%) and 
hydrochloric acid (1N) were purchased from VWR International 
Ltd.

Preparation of GO

The production of GO was achieved by modifying the 
Hummers process [61]. In essence, concentrated sulfuric acid 
(25mL; 95%) was first added to a beaker comprising graphite 
flakes (1.0g; 1000 mesh) and sodium nitrate (1.25g). Then, the 
mixture was stirred vigorously for 1h. Potassium permanganate 
(3.7g) was progressively added to the suspension, which was 
stirred vigorously for 3h at 35°C. During the process, gases were 
evolved while the suspension turned into a brown paste-like 
material. Afterwards, icy water (150mL) was slowly added to the 
brown paste, whereby the temperature increased to about 90°C. 
Gas evolution stopped when the stirring ended. Following that, 
hydrogen peroxide (30 mL; 35%) was added to the paste, which 
turned into a bright yellow paste. The latter was filtered and 
washed with deionized water (40mL) and 1N hydrochloric acid 
(20mL) three times.

Preparation of PVA/ SnO2/GO nanofiber

The electrospinning precursor solution was made using PVA 
(5wt%, Mw ≈ 105,000) together with SnCl2·2H2O powder and 
GO suspension. First, PVA powder (2g) was mixed with distilled 
water (40mL) and vigorously stirred at 95°C for 2h. Subsequently, 
SnCl2·2H2O powder (4g) was dissolved in the polymer solution 
and vigorously stirred at 95°C for 15min. A number of GO 
suspensions were made using various amounts of GO (0.02g, 
0.04g, 0.08g and 0.16g). The GO powder was ground into smaller 
particles before being dispersed into distilled water (15mL). 
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Vigorous stirring and sonication were then carried out on the 
mixture for 2h each. The resultant GO suspension was blended 
into the preformed PVA/SnCl2·2H2O solution and vigorously 
stirred at 95°C for 15min. The electrospinning precursor solution 
of PVA/SnCl2·2H2O/GO was fabricated into composite nanofibers 
using the roller electrospinning technique at a voltage of 75kV 
and a collector-roller gap of 190mm. The resultant nanofibers 
were collected upwardly on the surface of glass substrates fixed 
on aluminum foil attached to the grounded electrode. The as-spun 
composite nanofibers with various GO contents were immediately 
transferred to a desiccator for carbonization under nitrogen gas 
at 400, 450, 500, 550, 600, and 650°C for 1h at a heating rate of 
10°C/min. The carbonization process led to the color transition 
of the nanofibers from white to brown to black. The fibers were 
designated based on the amount of GO relative to the PVA in the 
precursor solutions as 0wt%, 1wt%, 2wt%, 4wt%, and 8wt%. For 
sensor fabrication, gold electrodes (2 × 10mm) with a 5mm inter-
electrode spacing were coated onto the composite nanofibers 
surface.

Results and Discussion

Morphology analyses were carried out using a Scanning 
Electron Microscope (SEM) with a voltage of 200 kV (JEOL Model 
JSM-6490), while transmission electron microscopy was done 
with a Transmission Electron Microscope (TEM) (JEOL Model 
JEM-2011). For thermal properties, the Thermogravimetric 
Analyzer/Differential Scanning Calorimeter (TGA/DSC) (Netzsch 
STA 449C, Jupiter) was used. The Raman spectra were measured 
using a Horiba Lab RAM HR 800 spectrometer. For crystal 

structure analysis, the X-ray diffraction method (Rigaku smart 
Lab, 9kW rotating anode, Cu Kα, λ = 1.542Å) was applied. Fourier 
Transform Infrared Spectroscopy (FTIR) analysis was executed 
using a Bruker Vertex-70 FTIR spectrophotometer. The sensor 
tests were carried out in an assembly gas cell fitted with mass 
flow controllers (KellHua), whereas electrical characterization 
was done using a Keithley 2400 sourcemeter.

SEM analysis

Successful synthesis of PVA/SnO2/GO nanofibers with different 
contents of GO was confirmed from SEM micrographs shown in 
Figure 1a-1f. These nanofibers possessed uniform and smooth 
morphologies with decreased fiber diameters as the amount 
of GO was increased. Figure 2a-2f demonstrates the diameters 
of nanofibers as histograms for PVA/SnO2/GO nanofibers with 
mean diameters of 293,267,233,248,189 and 151nm for different 
amounts of GO, calculated by measuring 100 fibers randomly 
selected. Comparison between these diameters shows that the 
composite nanofibers possess small fiber diameters for high GO 
content. It is considered that enhanced conductivity caused by the 
increase of GO content leads to decreased fiber diameters. There 
are three controlling factors for nanofiber morphology: (1) surface 
tension, (2) conductivity, and (3) viscosity [40,62-65]. As surface 
tension tries to reduce surface area of jet as much as possible 
by changing straight jet to sphere drops, whereas conductivity, 
depending on charge density, elongates jet due to electrostatic 
repulsion force among charged ions leading to decrease in fiber 
diameters. The rapid distortion of the fiber shape is controlled by 
viscosity.

Figure 1: SEM images of (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 2 wt% (before carbonization), (e) 4 wt% and (f) 8 wt%.
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Figure 2: Fiber diameter distributions of (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d) 2 wt% (before carbonization), (e) 4 wt% and (f) 8 wt%.

The introduction of GO into the polymer composite will 
increase the electrical conductivity and viscosity of the polymer 
composite, thus helping the formation of smooth, non-beaded 
nanofibers. However, from the observation of narrower fibers at 
higher levels of GO, the effect of electrical conductivity becomes 
more significant than that of viscosity. The acceleration stage of jet 
movement towards the collector involves electrostatic repulsion 
between the particles along the axis of the jet stream and 
evaporation of the solvent in the jet stream, thus causing thinning 
of the jet stream. Higher viscosity will inhibit the process of 
stretching the jet stream by increasing its inertia; hence, it causes 
increased fiber thickness. On the other hand, increased electrical 
conductivity results in higher charge density; thus, electrostatic 
repulsion enhances jet stretching, resulting in reduced fiber 
thickness.

TEM analysis

Selected transmission electron microscopy (TEM) 
micrographs of samples doped with 0wt%, 4wt%, and 8wt% 
GO after carbonization at 550℃ in N2, as depicted in Figure 3a-
3c, show homogeneous size and morphology of nanofibers with 
agglomerated SnO₂ nano crystallites uniformly deposited onto 
their surfaces. The nanofiber diameter appears to be the smallest 
for samples with 8 wt% GO, as can be observed in Figure 3c, in 
good agreement with the results obtained in SEM analysis and 
higher amounts of GO content. The sample with no GO doping 
exhibits a core–shell morphology (Figure 3a), and a notable 
difference in contrast is observed between the core and shell 
sections. In this scenario, SnO₂ nano crystallites uniformly cover 
the nanofiber shell and encapsulate the PVA core. The formation 

of the core–shell morphology is caused by the separation of the 
phases during electrospinning and the Kirkendall effect during 
carbonization [66-68]. Due to the high surface tension, PVA tends 
to accumulate in the core, while the movement of the Sn precursor 
is facilitated by the diffusion towards the surface of the fiber, 
which is caused by solvent evaporation during electrospinning. 
In the course of carbonization, the Sn precursor diffuses further 
towards the nanofiber surface, which results from the formation 
of SnO₂ on the fiber surface.

Porosity and void areas are present on the surface of the 
4wt% and 8wt% samples containing GO Figure 3b & 3c. The 
porous morphology of the nanofiber structures for these samples 
is achieved after adding GO because of the immobilization 
effect of PVA and Sn precursors through cross-linking between 
GO and PVA in the electrospinning and carbonization process. 
The immobilizing influence of GO addition has already been 
reported in other studies [69-72]. Selected high-resolution TEM 
(HRTEM) micrographs of samples containing 0 wt%, 4 wt%, 
and 8 wt% GO are shown in Figures 3d-3f. Interspaces equal to 
~0.35nm and ~0.26nm belong to (110) and (101) planes of rutile 
SnO₂, respectively. In Figure 3d, the marked section consists of 
amorphous carbon formed due to the carbonization of PVA located 
inside the core. Particles of amorphous carbon diffuse outwards 
and form a thin layer of amorphous carbon outside the SnO₂ shell 
after carbonization. An increase in the amount of GO leads to the 
decrease in the amount of amorphous carbon, as seen in Figures 
3e & 3f; thus, samples with 4wt% and 8wt% contain more porous 
structures and consequently lead to the degradation of PVA and GO 
into volatile organic compounds due to less shielding as compared 
to the core–shell structure of the 0wt% sample.
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Figure 3: Representative TEM images of (a) 0 wt%, (b) 4 wt% and (c) 8 wt%. HRTEM images of (d) 0 wt%, (e) 4 wt% and (f) 8 wt%.

TGA analysis

In order to investigate the thermal stability of the composite 
nanofibers of different GO concentrations (0, 1,2,4, and 
8wt%), thermogravimetric analysis (TGA) and differential 
thermogravimetric analysis (DTG) were conducted under nitrogen 
conditions, as illustrated in Figures 4a & 4b. All of the composite 
nanofibers exhibited three significant weight losses (Figure 4a). 
The initial weight loss at approximately 179–226 °C can be ascribed 
to the oxidation of labile oxygen-containing functional groups from 
PVA and GO materials, leading to the release of H2O or O2. It should 
be noted that the amount of the first-stage weight loss in the 
samples increases in the order of 0,1,2,4, and 8wt%, as depicted 
in Figure 4a. This is probably attributed to the increased thermal 
stability associated with the cross-linking reaction between GO 
and PVA [53-56]. In comparison with the onset temperature of the 
first weight loss of the 0wt% sample (194 °C) illustrated in Figure 
4b, the onset temperatures of 1 and 2wt% samples are relatively 
higher at 226°C and 221°C, respectively, which can be explained 
by possible cross-linking effects between GO and PVA. On the 
other hand, the onset temperatures of the 4 and 8wt% samples 
are relatively lower at 183°C and 179°C, respectively, which may 
be attributed to the removal of oxygen-containing functional 
groups from GO, not participating in the cross-linking reaction. 
The second weight loss of the 0wt% sample occurred at 331°C and 
is related to the oxidation of residual oxygen-containing functional 
groups of PVA and GO as well as the PVA side chains. The third 
weight loss for the 0wt% sample at 438°C can be attributed to 
the oxidation of the carbon backbones of PVA and GO. As for the 
1wt% to 8wt% samples, the second and third weight losses took 
place approximately at 410°C and 455°C, respectively, which were 
relatively higher in value when compared with those values of 0 

wt%, according to previous studies [53,73,74-76]. Furthermore, 
it can be seen that the second weight loss of the 1–8wt% samples 
was more significant than that of the third one, suggesting that 
the effect of the cross-linking interaction between PVA and GO on 
the oxygen-containing side chain was larger than on the carbon 
backbone.

Raman analysis

The Raman spectra of the composite nanofibers both before 
and after carbonization are shown in Figure 5a & 5b respectively. 
In Figure 5a, the peak at 2917cm⁻¹ found in 0wt% composite 
nanofibers is assigned to the C-H stretching vibration of poly (vinyl 
alcohol) (PVA). The absence of the peak in all composite nanofibers 
containing graphene oxide (GO) from 1wt% to 8wt% can be due to 
surface modification of the nanofibers with GO, similar to previous 
studies [77]. The G band in all composite nanofibers appears after 
GO addition around 1590cm⁻¹. The wide band at 3060cm⁻¹ for 
8 wt% composite nanofibers relates to the stretching vibration 
of =C-H bonds of GO. A weak peak in all composite nanofibers at 
610cm⁻1 is associated with Sn-O vibrations. The D and G bands 
show up around 1360cm⁻¹ and 1590cm⁻¹, respectively, after 
carbonization in Figure 5b. The D band is related to defects of sp³ 
carbon vibrations, while the G band is correlated to sp² carbon 
vibrations of pristine graphitic structures [78,79]. The intensities 
of the G bands in Figure 5b are relatively higher than those in 
Figure 5a since graphitic domains have increased due to the 
addition of amorphous carbon resulting from the carbonization 
process of PVA and GO. The value of the ID/IG ratio decreases from 
0.754 to 0.636 when GO contents increase from 0wt% to 8wt%. 
The D band intensity reduces while the G band intensity increases 
with increasing GO contents from 0wt% to 8wt%.
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Figure 4: (a) TGA and (b) DTG spectra of the composite nanofibers.

Figure 5: Raman spectra of the composite nanofibers of PVA/SnO2/GO with different GO contents (a) before carbonization and (b) after 
carbonization.
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XRD analysis

X-ray diffraction study was carried out for investigating the 
crystalline structure of PVA/SnO₂/GO composite nanofibers 
before and after carbonization at different temperatures as 
depicted in Figure 6. A weak peak at 11.42°, related to (002) 
plane of GO, can be observed in the nanofibers of PVA/SnO₂/
GO composite before carbonization. Also, there are the peaks 
at 19.68° and 22.48° which are assigned to the (101) and (200) 
planes of semi-crystalline PVA. The presence of the weak peaks at 
26.61°, 33.86°, and 51.79°, related to the (110), (101), and (211) 

planes of SnO₂ respectively, suggests that the crystallization of 
rutile SnO₂ starts from the temperature of 400℃. Increasing the 
carbonization temperature causes the formation of crystalline 
SnO₂. The structural parameters of rutile tetragonal phase of 
SnO₂ were measured after carbonization at 650℃. Crystallite 
sizes of SnO₂ were calculated using the Scherrer formula: D = 
0.9λ/(βcosθ), where λ = 1.5418Å (Cu Kα), β = full width at half 
maximum, and θ = Bragg angle. Obtained results showed that 
crystallite sizes of SnO₂ were found to be 8.720nm, 6.270nm, and 
7.614nm, respectively.

Figure 6: XRD spectrum of the composite nanofibers of PVA/SnO2/GO before and after carbonization at different temperatures.

Figure 7: FTIR spectrum of the composite nanofibers of PVA/SnO2/GO before and after carbonization at different temperatures.
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FTIR analysis

The functional group analysis of the PVA/SnO₂/GO nanofibers 
using Fourier transform infrared (FTIR) spectroscopy before and 
after carbonization at various temperatures is shown in Figure 7. 
Prior to carbonization, strong peaks were observed for 1386cm⁻¹ 
(C–O–C), 1587cm⁻¹ (C=C), 1639cm⁻¹ (C=O), and a wide peak 
was also observed for 3399cm⁻¹ (O–H). These peaks indicated 
the presence of oxygen-containing functional groups including 
epoxy, carbonyl, hydroxyl, carboxylic, and aromatic groups on 
the surface of the PVA and GO within the nanofiber composite. 
As the carbonization temperature increased, the signal strength 
from the oxygen-containing groups gradually weakened and 
nearly completed pyrolysis was achieved at 650℃. In addition, 
compared with oxygen-containing functional groups, the aromatic 
C=C in GO revealed higher thermal stability since it took longer to 
decompose at 550℃.

Electrical measurement

The resistances of the PVA/SnO₂/GO composite nanofibers 
with different percentages of GO at various carbonization 
temperatures at ambient air were presented in Figure 8. 
Before carbonization, the composite nanofibers showed poor 
electrical conductivity at room temperature. With an increase 
in carbonization temperature, the resistance of the composite 
nanofibers decreased. PVA and GO act as p-type semiconductors 
with plenty of oxygen-containing functional groups which 
remove electrons from the materials to form a space charge 

region on the surface [80]. Hence, there is a decrease in surface 
conductivity. However, upon carbonization, the resistance of PVA 
and GO decreases as most oxygen functional groups are removed, 
making the composite materials less p-type. By adding SnO₂ 
to the composite PVA/GO materials, the resistance increases, 
attributed to the p-n junction effects at the surface between the 
p-type material and n-type SnO₂ [31,32]. The SnO₂ acts as an 
n-type semiconductor with many free electrons generated at the 
oxygen vacancies due to carbonization [11-13]. With an increase 
in the number of free electrons in SnO₂ transferred to the core of 
the PVA/GO material, there is a decrease in the number of free 
holes, hence increasing the resistance. However, the composite 
PVA/SnO₂/GO nanofibers remain p-type since oxygen present 
in the air occupies some oxygen vacancies in SnO₂ and transfers 
the free electrons to the surface. Therefore, there is more electron 
depletion at the core than the number of free holes from PVA and 
GO materials. The decrease in the resistance of the composite 
nanofibers with carbonization temperature could be attributed 
to two main reasons: (i) an increase in the removal of oxygen-
containing functional groups in PVA and GO, and (ii) an increase in 
the number of oxygen vacancies in SnO₂, resulting from improved 
crystallinity of SnO₂ with increased carbonization temperatures 
[12]. This implies that there is increased electron transfer from 
the SnO₂ vacancies to the core, resulting in reduced composite 
nanofiber resistance. Generally, with an increase in the percentage 
of GO from 0 to 8wt%, there is a decrease in the resistance of the 
composite nanofibers.

 
Figure 8: Resistances of the composite nanofibers PVA/SnO2/GO with different GO contents carbonized at different temperatures.

Figure 9 presents the sensitivity of PVA/SnO₂/GO composite 
nanofibers with varied amounts of GO to methane (1%), measured 
at room temperature after carbonization at various temperatures. 

The sensitivity was calculated in a home-made gas chamber using 
the formula: (Rg − Ra)/Ra, where Rg is the resistance of the material 
sample in the presence of methane in ambient air, whereas Ra is the 
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resistance after methane removal by ambient air. All samples were 
found to have positive sensitivity, which indicates the increase in 
resistance due to interaction with the reducing gas of methane 
with the p-type material sample. The sensitivity increased to a 
maximum value at 550℃ carbonization temperature, beyond 
which there was a further decrease in the sensitivity at higher 
carbonization temperatures. Increased sensitivity between 400 
to 550℃ can be attributed to better crystallinity of SnO₂ that 
provides more oxygen vacancies for interaction with the gas [11-
13]. Removal of oxygen-containing functional groups in PVA and 
GO had a smaller effect compared to crystallinity, considering 
that most of those functional groups could be removed around 
400 to 450℃ according to TGA and FTIR results. Sensitivities of 
the sensors dropped at higher temperatures than 550℃ owing 
to reduced amounts of p-type amorphous carbon having oxygen 
functional groups that facilitate the p-n junction effect and 
sensitivity. This is supported by previous research indicating 
incomplete removal of oxygen groups even at 1100℃ [33,81,82].

Sensitivity characteristics of PVA/SnO₂/GO composite 
nanofibers at different carbonization temperatures were noticed 
to be improved in the order of 0wt%, 1wt%, 2wt%, 4wt%, and 

8wt%, as shown in Figure 9. As can be seen from this figure, the 
lowest sensitivity was obtained in the 0wt% composite nanofiber 
without GO. The low sensitivity might be due to the thin amorphous 
carbon layer around the SnO₂ layer as observed by TEM. In other 
words, the carbon layer prevented gases from reacting with 
SnO₂ layers and inhibited p-n junction effect due to reducing 
contact area between p-type amorphous carbon and n-type SnO₂ 
layers. In comparison, 1wt%–8wt% composite nanofibers with 
GO addition showed higher sensitivities than the 0wt% sample. 
The higher sensitivity could be caused by structural differences 
between composite nanofibers with and without GO. In detail, GO 
addition completely changed the core-shell structure to porous 
nanofiber structure, as observed by TEM. Porous nanofiber 
structure helped enhance gas-solid reactions and p-n junction 
effect through increasing the contact area between amorphous 
carbon and SnO₂. Sensitivity improved with an increase in GO 
percentage from 1wt% to 8wt%, owing to the enhanced formation 
of p-type amorphous carbon through carbonization, as analyzed 
by Raman spectroscopy and TGA test. The highest sensitivity of 
8wt% could be resulted from the minimal amount of amorphous 
carbon covered on the nanofiber surface as PVA immobilization 
limits its diffusion after addition of GO [69-72].

Figure 9: Sensitivities of the composite nanofibers PVA/SnO2/GO with different GO contents carbonized at different temperatures towards 
methane (1%).

In Figure 10, sensitivities of PVA/SnO₂/GO composite 
nanofibers with different weight percentages of GO (i.e., 0wt%, 
1wt%, 2wt%, 4wt%, and 8wt%) after carbonization at 550°C 
toward methane with different concentrations are given. For any 
weight percent, sensitivity increases as it becomes the largest when 
methane concentration reaches 10,000ppm. Among them, 8wt% 

sample gives the largest sensitivity of 60.5% at 10,000ppm. The 
gas sensor did not achieve saturation at concentration of 1,000–
10,000ppm, which would be helpful in its practical application 
because most methane sensors tend to become saturated in this 
concentration range [48,83-86].
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Table 1 shows an excellent summary of literature reports on 
room-temperature methane sensors compared to the current 
research work. It is vital to operate the methane gas sensor at 
room temperature since it helps significantly reduce the risk of 
explosions when operated at high temperatures [48–52]. It is 
worth noting that the PVA/SnO₂/GO nanofibers produced in 
this study exhibited electrical conductivity at room temperature 
with enhanced sensing response than other room-temperature 
methane sensors reported elsewhere. Moreover, the sensitivity of 

Pt-VO₂ became saturated at 1500ppm and started to decline [85], 
but the sensitivity of the PVA/SnO₂/GO nanofibers attained a value 
of 60.5% at 10,000ppm. In addition, the current manufacturing 
process used in this study is economically viable compared to 
other techniques that require decoration using expensive metals 
like palladium [87] and platinum [85]. Similarly, the preparation 
of carbon nanofibers obtained from polyvinyl alcohol is more 
economical than the carbon nanofibers derived from polyaniline 
[88-90] and polyacrylonitrile [57-60].

Figure 10: Sensitivities of the composite nanofiber with different GO contents after carbonization at 550oC towards methane at different 
concentrations.

Table 1: Recent reports on room temperature methane sensors.

Sensing Material Technique CH4 Conc Sensitivity Refs

SnO2 nanorods Precipitation method 2,500ppm 0.58% [91]

Graphene/PANI Chemical method 3,200ppm 5% [92]

VO2 Pulsed dc sputtering 500ppm 3.2% (50 ℃) [93]

TiO2/n-Si rf sputtering 1,000ppm 16% (50℃) [94]

PbS nanocrystals Chemical method 50,000ppm 47.60% [95]

Pd doped SnO2/RGO Hydrothermal method 4,000ppm 2.07% [87]

Pt-VO2 dc-magnetron sputtering 1,500ppm 11.80% [85]

co-precipitation method 2,000ppm 5.70% [96]

PVA/SnO2/GO Electrospinning method 1,000 – 10,000ppm 15.1 – 60.5 % Present work

Conclusion

Resistance of PVA/SnO₂/GO composite nanofibers was 
successfully reduced via carbonization process with keeping 
sensitivity towards methane gas at room temperature in a 

high level. In the case of exposure to 10,000 ppm of methane 
gas, sensitivity was found as high as 60.5% at a carbonization 
temperature of 550°C and GO content of 8wt%. Due to the addition 
of GO to the composite nanofibers, the core-shell structure, which 
is formed without any addition of GO (at 0wt%), was successfully 
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changed into a porous structure between 1wt% to 8wt%, thus 
improving sensitivity to methane gas considerably [91-94]. The 
porous structure of nanofibers significantly helps in increasing 
gas-solid interaction due to the increase of p-n junction effect and 
reducing shielding effects of the amorphous carbon layer. The 
developed room temperature gas sensor showed no saturation 
behavior between 1,000ppm to 10,000ppm of concentration 
range, suggesting that the proposed method can be used for higher 
concentration sensors.
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