
C H A P T E R  IV

RESULTS AND DISCUSSIONS

4.1 Morphology o f T i0 2 nanofibers
T i02 nanofibers were fabricated via electrospinning process. The following 

parameters have been varied to obtain the nanometer range of fibers.

4.1.1 Effect o f po lyv iny lpy rro lidone  (PVP) con ten t in T i0 2 electrospinning  
so lu tion

At first, the T i02 electrospinning solution was prepared by mixing 43% (พ/พ) of 

titanium isopropoxide, 43% (พ/พ) of 2-butanone, PVP at 11% (พ/พ), 1% (พ/พ) of N,N’~ 

dimethylformamide, and 2% (พ/พ) o f ethanol [30], Parameter of PVP content was 

studied by varying the amount of PVP at 3%, 6%, 11%, and 16% (พ/พ), respectively. 
At 16% (พ/พ) of PVP content it was found that the mixture coagulated into a gelTiked 

form. However, the mixture can be dissolved into homogeneous solutions at lower 

PVP contents. For this preliminary research, electrospinning condition was fixed at 18 
kv voltage, a 20 cm distance from needle tip to collector, 1.2 mL/h of feeding rate 

[62], and needle diameter used was at 0.9 mm. After an hour, the electrospun PVP- 

T i02 fibers were obtained as white sheets. Morphology of the PVP-Ti02 fibers were 

investigated by SEM, as shown in Figure 4.1.

Figure 4.1 PVP-Ti02 fibers a) at 11% (พ/พ) and b) at 6% (พ/พ) g of PVP content
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Table 4.1 Diameter of PVP-Ti02 fibers at 0.4 and 0.8 g of PVP content

PVP content (%(พ/พ)) Diameter of PVP-Ti02 fibers (pm)

6 1.34±0.42
11 4.21+0.62

It has been observed from SEM micrographs that diameters of PVP-Ti02 fibers increased 

with increasing PVP content. This result is agree well with previous reports [24, 55, 70]. 

It can be seen that at 6% (พ/พ) of PVP content, the PVP-Ti02 fibers were obtained in

0.92-1.76 pm diameter range. Hence, 6% (พ/พ) of PVP content was selected to be the 

condition for electrospinning. เท addition, decreasing PVP content to 3% (พ/พ) resulted 
in failure in fiber formation.

4.1.2 Effect o f titan ium  isopropoxide con ten t in T i0 2 electrospinning  
solu tion

From the starting condition o f PVP at 11% (พ/พ) [30], parameter of titanium 

isopropoxide content was studied along with PVP content. Titanium isopropoxide was 

varied between 14% and 57% (พ/พ) in electrospinning solution which after combining 

with 2-butanone make up to 6 g of solution. For example, 3 g of titanium isopropoxide 

was mixed with 3 g of 2-butanone. At 14% (พ/พ) of titanium isopropoxide content, 

fibers were not obtained. Nonetheless, increasing of titanium isopropoxide content to 

28% (พ/พ) enabled the fabrication to be successful. The fibers were subjected to SEM 

analysis. Morphology of fibers at 28% to 57% (พ/พ) of titanium isopropoxide content 
are shown in Figure 4.2 and Table 4.2.

Figure 4.2 Morphology of PVP-Ti02 fibers at a) 28%, b) 43%, and c) 57% (พ/พ) of 

titanium isopropoxide content
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Table 4.2 Diameter of PVP-T1O2 fibers at 28%, 43%, and 57% (พ/พ) of titanium 

isopropoxide content

Titanium isopropoxide content (%(พ/พ)) Diameter of PVP-Ti02 fibers (pm)

28 2.05±0.19
43 4.21±0.62

57 9.28±1.52

The SEM micrographs exhibited that an increase in PVP-Ti02 fibers diameter was 
observed when the titanium isopropoxide content increased. This result also conforms 

to other previous reports [55, 71]. From preliminary research, the diameter of PVP-Ti02 

fibers is larger than the expected size (500-1,000 nm range). Therefore, such parameters 

have to be adjusted in order to obtain fibers with the diameter in nanometers. Needle 

size was changed from 0.9 mm to 0.4 mm. Heikkilâ et al. [57] reported that decreasing 
of needle size causes the decreasing of diameter of fibers. Titanium isopropoxide 

content was adjusted to 23% (พ/พ). Also the PVP content was selected at 6% (พ/พ). 

PVP-Ti02 fibers have been found that decreasing in diameters (1.22±0.41 pm) when 
compared with Figure 4.2, as shown in Figure 4.3.

Figure 4.3 Fabricated PVP-Ti02 fibers at 18 kv of voltages, 1.2 mlVh of feeding rate, 20 
cm of distances between needle tip and collector, 23% (พ/พ) of titanium isopropoxide, 

๐% (พ/พ) of PVP, and 0.4 mm of needle size
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4.1.3 Parameters o f e lectrosp inning m ethod
Parameters such as voltages, distances from needle tip to collector, and the 

feeding rate were also studied to obtain optimized conditions to fabricate the desired 
nanofibers.

4.1.3.1 Effect o f feeding rate on fibe r characteristics
Feeding rate of the electrospinning solution was studied at 0.6, 0.9, and

1.2 กกL/h. Diameters of the obtained PVP-Ti02 fibers fabricated at different feeding rate 
are shown in Figure 4.4 and the data summarized in Table 4.3.

Table 4.3 Diameter of PVP-Ti02 fibers at 0.6, 0.9, and 1.2 mL/h of feeding rate (18 kv 

and 20 cm)

Feeding rate (mL/h) Diameter of PVP-Ti02 fibers (pm)

0 . 6 0.89±0.20
0.9 0.96±0.38

1 . 2 1.22±0.41
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Figure 4.4 Diameter of PVP-Ti02 fibers at feeding rate of 0.6, 0.9, and 1.2 mL/h (18 kv 
and 20 cm)

At 0.6 mL/h of feeding rate, it has been found that the average diameter of PVP-Ti02 

fibers is lower than that at obtained at the higher feeding rate. เท addition, there were
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less distribution of fibers size than fibers prepared under other conditions. Moreover, 

diameter of fibers is in the range of micro- to nanometers.

4.1.3.2 Effect o f distances from  needle tip  to  co llec to r on fibe r
characteristics

Distances from needle tip to collector was studied at 20, 25, and 30 cm 

in order to get an appropriate distance for fabrication. This effect is exhibited in Table
4.4 and Figure 4.5.

Table 4.4 Diameter of PVP-Ti02 fibers at distances from needle tip to collector of 20, 

25, and 30 cm (18 kv and 0.6 mL/h)

Distance from needle tip to collector 

(cm)
Diameter of PVP-Ti02 fibers (pm)

20 0.89±0.20
25 0.68±0.08
30 0.92±0.44

Figure 4.5 Diameter of PVP-Ti02 fibers at 20, 25, and 30 cm of distances from needle 

tip to collector (18 kv and 0.6 mL/h)
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It can be seen that at 25 cm of distances from needle tip to collector, fibers with the 

lowest diameter which is about 680 nm was obtained. Nevertheless, more distances 

from needle tip to collector shows higher diameter size and larger diameter distribution 

of fibers. There are a few reasons to explain this behavior. First, a larger distances 

between from tip to collector enhances evaporation of solvent, leading to decrease 

size of fibers. Flowever, evaporation o f solvent depends on relative humidity and 

volatility of solvent [56, 72]. Relative humidity of the fabrication chamber was about 

60-70 % which is quite high. Thus, increasing of distances between needle tip and 

collector does not increase evaporation of solvent that much and also reduces electric 

field strength [72-74]. Second, electric field strength is changed when increases 

distances between needle tip and collector. Electrostatic repulsion is reduced which 

causes unstable of electrospinning jet, leading to larger fibers and higher distribution. 

Besides, density of fibers at 30 cm is lower than at 20 and 25 cm, as shown in Figure
4.6. Flence, distances from needle tip to collector at 25 cm was selected to fabricate 

PVP-Ti02 nanofibers.

Figure 4.6 Density of PVP-Ti02 nanofibers at a) 20 cm, b) 25 cm, and c) 30 cm of 

distances between needle tip and co llector (18 kv and 0.6 mL/h)

4.1.3.3 Effect o f the  app lied  voltages on fibe r characteristics
It is known that high voltages usually results in thin fibers. เท this 

research the applied voltages had been varied in order to find an optimized voltages 

to be used. Applied voltages in this research were tested at 12, 15, and 18 kv. Analysis 

on the diameter of fibers is revealed in Figure 4.7 and the data tabulated in Table
4.5.



32

Tab le 4.5 Diameter of PVP-Ti02 fibers at 12, 15, and 18 kv of voltages (25 cm and 0.6 

ml_/h)

Voltages (kv) Diameter of PVP-Ti02 fibers (pm)

12 1.19±0.24

15 0.79±0.23

18 0.68±0.08

V o lta g e s  (kV)

Figure 4.7 Diameter of PVP-Ti02 fibers at 12, 15, and 18 kv of voltages (25 cm and 0.6 

mL/h)

It can be seen that diameter of fibers are inversely proportional to increase voltages 

as it decreases with increasing voltages. This phenomenon can be found in many 

reports [50, 56, 57, 70, 75, 76], Some research groups [56, 57, 70] proposed that higher 

applied voltages leads to thick fibers due to higher mass flow of the electrospun 

solution. Thus, at 18 kv of voltages was selected to fabricate PVP-Ti02 nanofibers.

From the optimization o f each parameters used in the electrospinning 

process, the PVP-Ti02 nanofibers for gas sensing application were fabricated with a 

mixtures of 1.5 g of titanium isopropoxide, 4.5 g of 2-butanone, 0.4 g of PVP, 0.1 mL of 

A/,/V’-dimethylformamide, and 0.2 mL o f ethanol electrospinning solution. เท addition 

to electrospinning condition, the optim ized parameters of 18 kv of voltages, 25 cm of



33

distances between needle tip and collector, and 0.6 ทาL/h of feeding rate were elected 

to fabricate T i02 nanofibers.

Table 4.6 Electrospinning parameters of fabricated PVP-Ti02 nanofibers

Titanium isopropoxide (g) 1.5
2-butanone (g) 4.5

PVP (g) 0.4

A/,A/’-dimethylformamide (ทาบ 0.1

Ethanol (mL) 0.2

Needle size (mm) 0.4

Feeding rate (mL/h) 0.6
Distance from needle tip to collector (cm) 25

Voltages (kv) 18

4.1.4 Hot-pressing fo llowed by ca lc ination o f T i0 2 nanofibers
As mentioned earlier, the hot-pressing process has been shown to afford 

nanofibers with high surface area [8, 23], Therefore, a hot-pressing process has been 
carried out here after the electrospun PVP-Ti02 fibers in desired diameter has been 

obtained. Hot-pressing process was carried out by using preheated metallic Teflon 

plate at 180 °c for 10 minutes. This is equal to the glass transition temperature (T§) of 
PVP. Subsequently, the calcination was carried out at 600 °c for 1 hour in order to 

remove all other organic materials. The fibers obtained were subjected to SEM analysis. 

SEM micrographs show morphology o f T i0 2 nanofibers, as smooth uniform fibers as 

revealed in Figure 4.8. As shown in Figure 4.8 a) and b), the average diameter of 

electrospun PVP-Ti02 nanofibers and hot-pressed electrospun PVP-Ti02 nanofibers was 

observed about 604±167 nm and 578±126 nm respectively. It can be described that 
electrospun nanofibers were pressed by hot-pressing process, leading to a decrease 

the diameter of nanofibers. After calcinations step, diameter of both unpressed and 

hot-pressed electrospun T i02 nanofibers decreased because of organic components 

were removed from T i02 nanofibers (Figure 4.8 c) and d)). They were found at 

484+108 nm for the unpressed electrospun T i02 nanofibers and 467±138 nm for the 
hot-pressed electrospun T i02 nanofibers, as indicated in Table 4.7.
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Figure 4.8 SEM micrographs of a) electrospun PVP-Ti02 nanofibers, b) hot-pressed 

electrospun PVP-Ti02 nanofibers, c) calcined electrospun T i02 nanofibers, and d) 

calcined electrospun T i02 nanofibers after hot-pressed

Table 4.7 Diameter of electrospun nanofibers at each processing steps

Electrospun nanofibers Diameter of nanofibers (nm)

a) PVP-Ti02 nanofibers 604±167
b) Plot-pressed PVP-Ti02 nanofibers 578±126
c) T i02 nanofibers 484±108
d) Elot-pressed T i02 nanofibers 467±138

Calcination at 600 °c for 1 hour
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4.2 Crystal s tructure o f sensing m ateria ls
After preparation of electrospun nanofibers followed by hot-pressing process 

and then calcination, the crystal structure of T i02 nanofibers were investigated by XRD 

analysis. เท the case of the as calcined T i02 nanofibers, peaks of crystal structure of 

sensing materials are located at 20 = 25.3°, 27.2°, 36.1°, 36.8°, 37.8°, 38.6°, 48.1°, 54.1°, 

54.9°, 62.7°, 69.0°, 70.2°, and 75.4° as shown in Figure 4.9.

Figure 4.9 XRD pattern of T i02 nanofibers as sensing materials calcined at 600 °c for 1 

hour

The crystallographic plane of (1 0 lH o ca te d  at 20  = 25.3°, (0 0 4) located at 20  = 

36.8°, 37.8°, and 38.6°, (2 0 0) located at 20  = 48.1°, (2 11) located at 20 = 54.1°, 

54.9°, (2 0 4) located at 20 = 62.7°, (1 1 6) located at 20 = 69.0° and 70.2°, and (3 0 1) 

located at 20 = 75.4° are affirmed the anatase phase whereas crystallographic plane 

of (1 1 0) and (1 0 1) located at 20  = 27.2° and 36.1° are the rutile phase [77],
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Table 4.8 Crystal structure of obtained T i02 nanofibers as sensing materials

Phase 20  (degree) Crystallographic plane

Anatase 25.3 (1 0 1)

36.8, 37.8, 38.6 (0 0 4)

48.1 (2 0 0)

54.1, 54.9 (2 1 1)

62.7 (2 0 4)

69.0, 70.2 (1 1 6)

75.4 (3 0 1)

Rutile 27.2 (1 1 0)

36.1 (1 0 1)

Crystal structure of sensing materials consists of both anatase and rutile while the 

anatase phase is the main structure. Intensity of XRD pattern also confirmed that 

anatase phase is the major phase in crystal structure of sensing materials. According to 

the main peak (1 0 1) located at 20  = 25.3°, the grain size of sensing materials is about

15.3 nm. Thus, T i02 nanofibers as sensing materials consist of T i02 nanocrystalline 

particles. Besides, calcinations step removed all of the organic components in 

nanofibers.

4.3 Surface area and contact angle o f  T i0 2 as sensing materials
เท order to investigate the effect of processing method on the properties of the 

fibers, surface area of both unpressed and hot-pressed electrospun T i02 nanofibers 

were measured via BET analysis. The measured surface area of unpressed electrospun 

T i02 nanofibers is 41.89 m2/g while hot-pressed electrospun T i02 nanofibers is 55.84 

m2/g, as shown in Figure 4.10. It can be seen that adsorption isotherm of unpressed 

and hot-pressed electrospun T i02 nanofibers are type IV. The type IV isotherm 

generally reflects a mesoporous material with average pore diameters between 2 to 

50 nm [78, 79], Average pore diameters of unpressed and hot-pressed electrospun T i02 

nanofibers is approximately 15 and 16 nm, respectively.
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Unpressed 

—A — Hot-pressed

Figure 4.10 Adsorption isotherm of electrospun T i02 nanofibers

Hot-pressed electrospun T i02 nanofibers exhibits higher surface area. It can be seen 

that hot-pressing process enhances the surface area of sensing materials which 
conforms to the reports by Kim et al. [8, 23],

Moreover, hot-pressing process also indicates the uniform surface of sensing 

materials. Contact angle was examined to compare the difference in the fibers 

obtained with different processing steps. Contact angle of unpressed electrospun T i02 

nanofibers was in the range of 75-144° while hot-pressed conditions gave materials 
with contact angle in range 100-150°, as shown in Table 4.9 and Figure 4.11

Table 4.9 Contact angle of unpressed and hot-pressed electrospun T i02 nanofibers

Nanofibers Time
(min) 1

(degree)

Experiment 

2 3 

(degree) (degree)

4

(degree)

Mean

(degree)

SD

Unpressed 0 129.64 144.22 74.77 96.16 111.20 31.54

5 147.76 143.45 145.43 109.21 136.47 18.26
Hot- 10 144.55 141.25 143.20 140.31 142.32 1.91

pressed 15 140.20 144.89 141.71 99.65 131.61 21.40

20 136.55 142.72 150.99 143.76 143.50 5.92

25 143.22 140.60 138.27 135.52 139.40 3.28
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Figure 4.11 Contact angle of unpressed and hot-pressed electrospun T i02 nanofibers

For each specimens, after the water droplet was left on the surface of the specimens 

for 5 minutes, contact angle was measured again to investigate the effect of hot- 

pressing process to sensing materials surface. Contact angle values of unpressed 

electrospun T i02 nanofibers decrease from 111.20±31.54° to 76.87±63.10° after leaving 

the water droplet on the specimens’ surface for 5 minutes, as shown in Table 4.10 

and Figure 4.12. เท case of hot-pressing at various time, the hot-pressed electrospun 

T i02 nanofibers at 5 minutes indicates the contact angle values in the same trend with 

unpressed electrospun T i02 nanofibers. It is noteworthy to observe that electrospun 

T i02 nanofibers which were hot-pressed for 10 minutes indicate the similar values of 

contact angle after leaving the water droplet on the surface for 5 minutes. However, 

contact angle values of hot-pressed electrospun าไ02 nanofibers at 15-25 minutes 

changed from the initial values after leaving the water droplet on the surface for 5 

minutes. This may be possible that there are thin nanofibers on the top of surface 

leading to generate small hole on the surface. The water droplet can diffuse into that 

hole. Thus, contact angle values decrease.
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Table 4.10 Contact angle of unpressed and hot-pressed electrospun T 1O2 nanofibers 

after leaving for 5 minutes

Nanofibers Time

(min) 1

(degree)

Experiment 

2 3 

(degree) (degree)

4

(degree)

Mean

(degree)

รอ

Unpressed 0 126.40 130.59 - 50.48 76.87 63.10
5 15.96 140.20 - 81.22 59.34 64.34

Hot- 10 137.77 135.35 141.03 134.71 137.21 2.86
pressed 15 137.43 98.99 130.35 82.39 112.29 26.01

20 135.21 138.87 138.91 54.08 116.77 41.83
25 33.30 133.10 133.55 133.73 108.42 50.08
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Figure 4.12 Contact angle of unpressed and hot-pressed electrospun T i02 nanofibers 

after leaving for 5 minutes

At initial contact angle measurement, contact angle of both unpressed and hot- 

pressed electrospun T i02 nanofibers was similar (Figure 4.13 (a) and (c)). Contact 

angle values of unpressed electrospun T i02 nanofibers decrease which that was 

observed after leaving the water droplet on the specimens for 5 minutes. It may be 

considered that surface of unpressed electrospun T i02 nanofibers is not uniform 

(Figure 4.13 (b)). Furthermore, hot-pressed electrospun T i02 nanofibers at 10 minutes 

exhibit the same trend after leave for 5 minutes. Hence, it may be considered that 

hot-pressing process enhances the uniformity of surface materials (Figure 4.13 (d)).
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After leaving for 5 minutes 
------------------------------------ ►

Figure 4.13 A water droplet on a) unpressed electrospun T i02 nanofibers, b) unpressed 

electrospun T i02 nanofibers after leaving for 5 minutes, c) hot-pressed electrospun 

T i02 nanofibers at 10 minutes, and d) hot-pressed electrospun T i02 nanofibers at 10 

minutes after leaving for 5 minutes

4.4 Sensing performance o f T i0 2 nanofibers as gas sensor
4.4.1 Gas sensing behavior o f T i0 2 nanofiber gas sensor
Thereafter T i02 nanofibers were assembled to a gas sensor by adhereing hot- 

pressed electrospun T i02 nanofibers on PCB substrate. The background of gas sensor 

detection performance was tested under uv illumination to investigate conductance 

response of the gas sensor. Conductance response of the gas sensor under uv 
illumination is shown in Figure 4.14. The gas sensor was illuminated by uv light to 

activate T i02. Under such conditions, the sensor is activated. This results in the 

generation of an electron and a positive hole (reaction (D). Oxygen then accepts 

electron at the T i02 surface and becomes an oxygen ion (reaction (2)) [14-16],
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Figure 4.14 Conductance response of T i02 nanofiber gas sensor under uv illumination

When the uv light was turned off, a sharp decrease of conductance was observed. 

This decrease of conductance signal may be a result of the recombination of electron 

and positive hole [80, 81] which reduced the electrical conductivity of sensing 

materials.

Gas detection was performed after the uv light was illuminated to gas sensor, 

as illustrated in Figure 4.15. Preliminary tests were carried out using acetone and a 

model gas. As the target gas (acetone vapor) was injected into a chamber, a decrease 

in the conductance was observed. And conductance of gas sensor sharply decreased 

when the content of target gas increased. This phenomenon was found in acetone, 

methane, and methanol detection which w ill be further discussed in section 4.4.2. 

Moreover, cycle of gas detection at each content was similar to each other that gas 

sensor indicated the repeatability of gas detection.
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uv on 

Gas in

UV off Gas out

Figure 4.15 Changes in conductance responses of acetone detection using T i02 

nanofiber gas sensor at 1.36 and 13.62 mmol of contents

4.4.2 Sensitivity o f gas sensor
After T i02 nanofibers were fabricated into gas sensor, the sensing performance 

has been investigated in detection of acetone, methane, and methanol.

4.4.2.1 Acetone de tection
Sensing behavior of acetone detection at 6.81 mmol is shown in Figure

4.16.
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Figure 4.16 Sensing behavior of acetone detection at 6.81 mmol of T i02 nanofiber gas

sensor
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A t  0 t o  200 ร t h e  c o n d u c t a n c e  o f  t h e  § a s  s e n s o r  u n d e r  a ir  a m b ie n c e  is s h o w n .  A  

d e c r e a s e  in  c o n d u c t a n c e  o f  t h e  gas s e n s o r  w a s  o b s e r v e d  w h e n  a c e t o n e  w a s  f e d  in t o  

t h e  c h a m b e r  a t  210 ร. L a te r  o n  a c e t o n e  w a s  p u m p e d  o u t  a n d  uv  l ig h t  w a s  a ls o  t u r n e d  

o f f  a t  935 ร t o  r e c o v e r  ga s s e n s o r .  T h e  d e c r e a s in g  o f  c o n d u c t a n c e  o f  ga s s e n s o r  

c o n f o r m s  t o  d e  L a s y  C o s t e l l o ’ s [13] a n d  G o n g ’ s [14] r e p o r t s .  T h is  c a n  b e  e x p la in e d  

t h a t  w h e n  a c e t o n e  w a s  in je c t e d ,  a c e t o n e  is o x id iz e d  in t o  c a r b o n  d io x id e ,  w a te r ,  a n d  

h y d r o g e n  io n  ( r e a c t io n  (3)). H y d ro g e n  io n  a c t s  a s  a n  e le c t r o n  s c a v e n g e r  t h a t  a c c e p t s  

e le c t r o n  f r o m  T i 0 2 s u r f a c e  a n d  p r o d u c e s  h y d r o g e n  gas ( r e a c t io n  (4)). H e n c e ,  t h e  

e le c t r i c a l  c o n d u c t a n c e  o f  t h e  gas s e n s o r  is d e c r e a s e d .

CH3COCH3 (g) + 3C>2 (5) + 4hvb  ̂3CC>2 (5) + H20  (5) 4- 4H+ (3)

4 H + + 4 e cb- — > 2 H 2 (5) (4)

T h e  t o t a l  r e a c t io n  is r e p r e s e n t e d  b y

C H 3C O C H 3 (5) + 3 0 2 (5) *  3 C 0 2 (5) + H 20  (5) + 2 H 2 (5) (5)

F u r t h e r m o r e ,  t h e  r e s p o n s e  o f  t h e  d e t e c t io n  c a n  b e  c a lc u la t e d  f r o m  Figure 4.16 a n d  

c a n  b e  d e f in e d  a s  (Ga-G 5) /G 5 w h e r e

G a -  C o n d u c t a n c e  o f  gas s e n s o r  u n d e r  a ir  a m b ie n c e

G 5 -  C o n d u c t a n c e  o f  gas s e n s o r  u n d e r  t e s t  gas a m b ie n c e

T h is  e q u a t io n  w a s  d e r iv e d  f r o m  p r e v io u s  r e p o r t s  [4, 14, 23 , 35 ], R e s p o n s e  o f  a c e t o n e  

d e t e c t io n  a t  6 .81  m m o l  is f o u n d  a t  1 .7 , a s  s h o w n  in  Figure 4.17.

2.5 -,

......Air

Acetone

—  —  UV off Gas out

0.0 . .  I 1 I I 1----------------------- — 1-------------

0 200 400 600 800 1000 1200 1400

Tim e (ร)

2.0 -
R e s p o n s e  = 1.7 > \

I  1.5

f  1-0

0.5 \
\

F ig u re  4 .17 R e s p o n s e  o f  a c e t o n e  d e t e c t io n  a t  6 .8 1  m m o l  o f  h o t - p r e s s e d  e le c t r o s p u n  

T i 0 2 n a n o f ib e r s



44

เก o r d e r  t o  in v e s t ig a te  r e s p o n s e  o f  a c e t o n e  a t  v a r io u s  c o n t e n t s ,  ga s s e n s o r  w a s  t e s t e d  

a t  1 .36  -  2 0 .4 3  m m o l  o f  a c e t o n e  c o n t e n t s .  R e s p o n s e  a re  s h o w n  in  Table 4.11 a n d  

Figure 4.18.

Table 4.11 A c e t o n e  d e t e c t io n  o f  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  a t  v a r io u s  

c o n t e n t s

C o n t e n t E x p e r im e n t A v e r a g e ร อ

( m m o l) 1 2 3

1.36 0 .3 2 0 .3 5 0 .31 0 .3 2 0 .0 2

2 .7 2 0 .7 2 0 .7 3 0 .71 0 .71 0 .0 2

4 .09 1 .03 0 .9 7 1 .0 2 1 .0 0 0 .0 3

6 .81 1 .85 1 .6 6 1 .6 8 1 .73 0 .1 0

1 0 .90 3 .0 3 2 .7 6 2 .71 2 .7 3 0 .1 7

13 .62 3 .6 5 3 .3 9 3 .76 3 .6 0 0 .1 9

2 0 .4 3 3 .7 4 3 .3 9 3 .70 3 .61 0 .1 9

4.0 ท

3.5
J / '

^<L
I

3.0 - y= 0.2641x-0.0331
Y ' '

<y 2.5 - R2 = 0.9993

1  z 'o  :
_ริ''

<2 1.5 - ร'ร'

1.0 -

0.5

0.0 1
0 2 4 6 8 10 12 14 16 18 20

Acetone contents (mmol)

Figure 4.18 A c e t o n e  d e t e c t io n  o f  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  a t  v a r io u s  

c o n t e n t s

It c a n  b e  s e e n  t h a t  a s  t h e  c o n t e n t  o f  a c e t o n e  in c r e a s e d  t h e  g a s  s e n s o r  r e s p o n s e  a ls o  

in c r e a s e d .  T h e  r e s p o n s e  o f  a c e t o n e  d e t e c t io n  is l in e a r ly  p r o p o r t io n a l  t o  a c e t o n e  

c o n t e n t s  u p  t o  a lm o s t  14  m m o l  c o n t e n t .  T h e  s a t u r a t io n  l im i t  o f  t h ;ร s e n s o r  is f o u n d  

a t  1 3 .6 2  m m o l  o f  a c e t o n e  c o n t e n t  a s  t h e  g ra p h  h a s  r e a c h e d  a p la t e a u .  M o r e o v e r ,  

S e n s i t iv i t y  o f  ga s s e n s o r  c a n  b e  d e s c r ib e d  t h r o u g h  s lo p e  o f  c a l ib r a t io n  c u r v e  w h ic h  is
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0 .2 6 . D e t e c t io n  l im it  o f  gas s e n s o r  t o  a c e t o n e  is e s t im a t e d  t o  b e  0 .2 4  m m o l .  T h is  c a n  

b e  c a lc u la t e d  f r o m  e x t r a p o la t in g  r e s p o n s e  a n d  t h e  n o is e  le v e l  o f  c o n d u c t a n c e  

b a s e l in e  (3 C J /G a w h e r e  G  is s t a n d a r d  d e v ia t io n  o f  G a).

A d d it io n a l ly ,  t h e  p e r f o r m a n c e  o f  t h e  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  w e r e  

a ls o  c o m p a r e d  w it h  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  t o  d e t e r m in e  t h e  s e n s i t iv it y  

o f  gas s e n s in g  p r o p e r t y .  U n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  h a v e  b e e n  o p e r a t e d  

u n d e r  t h e  s im i la r  a m b ie n c e  a s  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s ,  t h e  d a ta  a re  

s h o w n  in  Figure 4.19 a n d  Table 4.12.

Table 4.12 A c e t o n e  d e t e c t io n  o f  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  a t  v a r io u s  

c o n t e n t s

C o n t e n t

( m m o l) 1

E x p e r im e n t

2 3

A v e r a g e SD

1.36 0 .2 9 0 .2 2 0 .41 0 .31 0 . 1 0

2 .7 2 0 .6 2 0 .5 7 0 .4 9 0 .5 6 0 .0 7

4 .0 9 1 .08 1 .0 2 0 .81 0 .9 7 0 .1 5

6 .81 1 .04 1 .47 1 .15 1 .2 2 0 .2 2

1 0 .9 0 1 .69 2 .0 5 2 .6 5 2 .1 3 0 .4 8

1 3 .62 2 .0 6 2 .4 6 3 .0 7 2 .5 3 0 .51

2 0 .4 3 2 .1 2 3 .0 7 2 .8 9 2 .69 0 .5 0

1

}

0.5

0.0

y = 0.1844x +0.0633 

R2 = 0.9919

8 10 12 14

A cetone contents (mmol)

16 TT 20

Figure 4.19 A c e t o n e  d e t e c t io n  o f  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  a t  v a r io u s  

c o n t e n t s
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R e s p o n s e  o f  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  a l s o  s h o w e d  in  t h e  s a m e  t r e n d  as 

h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  w h ic h  is l in e a r ly  p r o p o r t io n a l  t o  a c e t o n e  

c o n t e n t s .  S e n s it iv i t y  o f  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  t o  a c e t o n e  is 0 .18 . 

D e t e c t io n  l im it  o f  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  t o  a c e t o n e  is o b s e r v e d  a t  1.4 

m m o l.  It c a n  b e  s e e n  t h a t  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s  e x h ib it  h ig h e r  

s e n s i t iv it y  a n d  d e t e c t io n  l im it  t h a n  u n p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s .  H e n c e ,  h o t -  

p r e s s in g  p r o c e s s  c a n  e n h a n c e  s u r f a c e  a re a  a n d  s u r f a c e  u n i f o rm it y  o f  s e n s in g  m a t e r ia ls  

w h ic h  in c r e a s e s  t h e  s e n s in g  p r o p e r t y  o f  h o t - p r e s s e d  m a te r ia ls .  N e v e r t h e le s s ,  r e s p o n s e  

o f  a c e t o n e  d e t e c t io n  is s ig n if ic a n t ly  d i f f e r e n t  a t  6 .8 1  m m o l  o f  a c e t o n e  c o n t e n t s ,  a s 

s h o w n  in  Figure 4.20. F u r t h e r m o r e ,  it  c a n  b e  s e e n  t h a t  r e s p o n s e  o f  u n p r e s s e d  

e le c t r o s p u n  T i 0 2 n a n o f ib e r s  e x h ib i t e d  m o r e  s c a t t e r e d  r e s p o n s e  v a lu e s  t h a n  h o t -  

p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r s .  R e s p o n s e  o f  gas d e t e c t io n  v ia  h o t - p r e s s e d  T i 0 2 

n a n o f ib e r s  s im i la r ly  e x h ib it  e a c h  t im e  o f  d e t e c t io n .  T h e r e fo r e ,  h o t - p r e s s in g  p r o c e s s  

s h o u ld  b e  o p e r a t e d  t o  e n h a n c e  t h e  u n i f o r m it y  o f  s u r fa c e  a n d  t h e  s im i la r  r e s p o n s e  o f  

gas d e t e c t io n .

4.0 -|

3.5 - Î»

3.0

ร! 2,5 '

I  2 -0  "
“  1.5 -

1.0 

0.5

0.0 1----------1----------1----------1----------1----------1----------1----------โ—
6 8 10 12 14 16 18 20

A ceton e contents (mmol)

Unpressed 

'เร่Hot-pressed

Figure 4.20 A c e t o n e  d e t e c t io n  o f  u n p r e s s e d  a n d  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 

n a n o f ib e r s  a t  v a r io u s  c o n t e n t s

4.4.2.2 Methane detection

S e n s in g  b e h a v io r  o f  m e t h a n e  d e t e c t io n  w a s  s im i la r  t o  t h a t  o f  a c e t o n e  

d e t e c t io n  w h e r e  d e c r e a s in g  c o n d u c t a n c e  o f  gas s e n s o r  w a s  o b s e r v e d ,  a s  r e v e a le d  in 

Figure 4.21.



47

4.50E-08 -|

4.00E-08 V 

3.50E-08 - 

ไน์' 3.00E-08 - 

i  2.50E-08 - 

I  2.00E-08 - 

g 1.50E-08 - 

°  1.00E-08 -

5.00E-09 -

O.OOE+OO \----------1—
0 200

---- -- Air

Methane

-------* uv off Gas out

— I------------1---------1--------------- 1------------1------------1
400 600 800 1000 1200 1400

Tim e (ร)

Figure 4.21 M e th a n e  d e t e c t io n  o f  T i 0 2 n a n o f ib e r  ga s s e n s o r  a t  5 .1 1  m m o l

S e n s in g  r e a c t io n  o f  m e t h a n e  d e t e c t io n  r e s e m b le s  t o  a c e t o n e  d e t e c t io n .  M e t h a n e  is 

a d s o r b e d  o n  T i 0 2 s u r fa c e  t h r o u g h  d is s o c ia t iv e  a d s o r p t io n  w h ic h  p r o d u c e s  C H 3 a n d  H 

o n  T i 0 2 s u r f a c e  ( r e a c t io n  (6)).

2 C H „ ( g ) - 2 C H 3 (ads) + 2 H  (ads) (6)

2CFH3 (ads) + 2 H  (ads) + 3 0 2 (g) + 4 h vb+ - ~  ̂ 2 C 0 2 (g) + 2 H 20  (g) + 4H (7)

4 H + + 4 e Cb" — -> 2 H 2 (g) (8)

A d s o r b e d  m o le c u le s  a r e  o x id iz e d  in t o  c a r b o n  d io x id e ,  w a te r ,  a n d  h y d r o g e n  io n  

( r e a c t io n  (7)). H y d ro g e n  gas is g e n e r a te d  a f te r  h y d r o g e n  io n  a c c e p t s  e le c t r o n  f r o m  า ไ 0 2 

( r e a c t io n  (8)). E v id e n c e  o f  t h is  r e a c t io n  is n o t  c le a r ,  h o w e v e r ,  t h e r e  a re  a f e w  r e p o r t s  

[13 , 82 , 83 ] t h a t  s u p p o r t e d  th is  r e a c t io n .  B a s u  et a i. [82] p o s t u la t e d  t h a t  d is s o c ia t iv e  

a d s o r p t io n  o f  m e th a n e  o n  m e t a l  o x id e  s u r f a c e  p r o d u c e d  C H 3 a n d  H o n  t h a t  s u r fa c e . 

A n o t h e r  e v id e n c e  [13] w a s  r e p o r t e d  b y  d e  L a s y  C o s t e l lo  et ai. t h a t  a  G C -M S  s t u d y  o f  

d e t e c t io n  o f  p e n t a n e  t h r o u g h  Z n O  ga s  s e n s o r  d id  n o t  y ie ld  a n y  p r o d u c t  w h e r e a s  

a l c o h o l  f u n c t io n a l  g r o u p  g a v e  a ld e h y d e  o r  k e t o n e  a s  m a jo r  p r o d u c t .  F u r t h e r m o r e ,  it 

h a s  b e e n  p r o p o s e d  t h a t  o x id a t io n  o f  o r g a n ic  c o m p o u n d  o c c u r r e d  in  t h e  p r e s e n c e  o f  

a ir  w h ic h  c o o p e r a t e d  w it h  p h o t o - g e n e r a t e d  h o le ,  a s  m e n t io n e d  in  K o n d a r id e s ’ r e p o r t  

[83], P r o d u c t s  o f  t h is  r e a c t io n  w e r e  C 0 2 a n d  w a te r .  T h u s ,  s e n s in g  r e a c t io n  o f  m e t h a n e  

d e t e c t io n  v ia  gas s e n s o r  m a y  b e  p r o p o s e d  a s  r e a c t io n  (9)

2C H q  (g) + 3 0 2 (g) > 2 C 0 2 (g) + 2 H 20  (g) + 2 H 2 (g) (9)

เท a d d it io n ,  m e t h a n e  d e t e c t io n  a t  v a r io u s  c o n t e n t s  is s h o w n  in  Table 4.13 a n d  Figure 

4.22.
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T a b l e  4 .1 3  M e t h a n e  d e t e c t io n  o f  T i 0 2 n a n o f ib e r  gas s e n s o r  a t  v a r io u s  c o n t e n t s

C o n t e n t

( m m o l) 1

E x p e r im e n t

2 3

A v e r a g e ร อ

0 .51 0 .2 9 0 .3 0 .1 6 0 .2 5 0 .0 8

1 .02 0 .61 0 .5 9 0 .5 5 0 .5 8 0 .0 3

2 .0 4 0 .8 9 0 .8 7 0 .8 2 0 .8 6 0 .0 4

3 .07 1 .32 1 .26 1 .29 1 .29 0 .0 3

5 .11 1 .80 1 .76 1 .77 1 .77 0 .0 2

8 .1 8 2 .7 6 1 .76 1 .76 2 .09 0 .4 2

1 0 .22 2 .7 5 1 .97 1 .99 2 .2 3 0 .4 4

15 .34 2 .2 8 2 .6 8 1 .90 2 .2 8 0 .3 9

3.0 

2.5 -

2.0

I  1.5

1.0

0.5

0.0 '

y = 0.4129X +0.0248 

R2 = 0.9984 A

6 8 10 

M eth a n e  contents (mmol)

14 16

F ig u r e  4 .2 2  M e t h a n e  d e t e c t io n  u t i l iz in g  T i 0 2 n a n o f ib e r s  gas s e n s o r  a t  v a r io u s  c o n t e n t s

A s  s h o w n  in  F ig u r e  4 .2 2 ,  it c a n  b e  s e e n  t h a t  r e s p o n s e  a n d  c o n t e n t s  o f  m e t h a n e  

d e t e c t io n  a re  l in e a r  r e la t io n s h ip  a t  l o w  c o n t e n t  t o  3 .0 7  m m o l.  W h e n  t h e  c o n t e n t  o f  

m e t h a n e  in c r e a s e s  t o  5 .1 1  m m o l ,  r e la t io n  o f  r e s p o n s e  a n d  m e t h a n e  c o n t e n t s  b e c o m e s  

n o n - l in e a r  w h ic h  d if fe r s  f r o m  a c e t o n e  d e t e c t io n .  S e n s it iv i t y  o f  gas s e n s o r  t o  m e t h a n e  

is 0 .4 1 . D e t e c t io n  l im it  o f  gas s e n s o r  t o  m e t h a n e  is a p p r o x im a t e ly  0 .01  m m o l.  

S a t u r a t io n  l im it  o f  m e th a n e  d e t e c t io n  is f o u n d  a t  1 0 .2 2  m m o l.

4 .4 .2 .3  M e t h a n o l  d e t e c t i o n

S e n s in g  p h e n o m e n a  o f  m e t h a n o l  w a s  a ls o  s im i la r  t o  a c e t o n e  a n d  

m e t h a n e  d e t e c t io n  w h ic h  is s h o w n  in  F ig u r e  4 .2 3 .
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Figure 4 .2 3  M e t h a n o l  d e t e c t io n  b y  T i 0 2 n a n o f ib e r s  ga s s e n s o r  a t  1 9 .7 7  m m o l

S e n s in g  p r o f i le  in  t h e  m e t h a n o l  d e t e c t io n  is a ls o  s im i la r  t o  a c e t o n e  a n d  m e t h a n e  

d e t e c t io n .  A  d e c r e a s e  in  c o n d u c t a n c e  o f  g a s  s e n s o r  w a s  o b s e r v e d  w h e n  t h e  c o n t e n t  

o f  m e t h a n o l  in c r e a s e d .  H e n c e ,  s e n s in g  r e a c t io n  o f  m e t h a n o l  d e t e c t io n  c a n  b e  

d e s c r ib e d  as

4 C H 3O H  (g) + 8 h vb+ - -> 4 C H 20  (g) + 8 H + (10)

4 C H 20  (รู> + 3 0 2 (g) + 4 h vb+ -> 4 C 0 2 (g) + 2 H 20  (g) + 4 H + (11)

1 2 H + + 1 2 e cb - 6 H 2 (g) (12)

O n e  d i f f e r e n c e  o f  a c e t o n e  a n d  m e t h a n e  d e t e c t io n  is in  t h e  f irs t  s t e p  o f  r e a c t io n  

( r e a c t io n  (10)). M e t h a n o l  b r a k e s  d o w n  v ia  d e h y d r o g e n a t io n  r e a c t io n  t o  y ie ld  

f o r m a ld e h y d e ,  a s  m e n t io n e d  in  d e  L a c y  C o s t e l lo  et al. [13] r e p o r t .  F o r m a ld e h y d e  is 

o x id iz e d  in t o  c a r b o n  d io x id e ,  w a te r ,  a n d  h y d r o g e n  io n  ( r e a c t io n  (11)). F in a l ly ,  h y d r o g e n  

io n  b e c o m e s  h y d r o g e n .  T h is  is s im i la r  t o  p r e v io u s  d e t e c t io n  ( r e a c t io n  (12)).

T h e  o v e r a l l  r e a c t io n  o f  m e t h a n o l  d e t e c t io n  is

4 C H 3O H  (g) + 3 (ว2 (g) * 4 C 0 2 (g) + 2 H 20  (g) + 6 H 2 (g) (13)

R e s p o n s e  o f  m e t h a n e  d e t e c t io n  a t  v a r io u s  c o n t e n t s  is s h o w n  in  Tab le  4.14 a n d  Figure 

4.24. S e n s it iv i t y  o f  gas s e n s o r  t o  m e t h a n o l  is 0 .0 8 . D e t e c t io n  l im it  o f  m e t h a n o l  

d e t e c t io n  is o b s e r v e d  a t  1 .03  m m o l.  S a t u r a t io n  l im it  o f  m e t h a n o l  d e t e c t io n  is f o u n d  

a t  1 2 .3 6  m m o l.
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Table 4.14 M e t h a n o l  d e t e c t io n  o f  T i 0 2 n a n o f ib e r  gas s e n s o r  a t  v a r io u s  c o n t e n t s

C o n t e n t

( m m o l) 1

E x p e r im e n t

2 3

A v e r a g e ร อ

2 .4 7 0 .1 4 0 .1 5 0 .1 3 0 .1 4 0 .01

4 .9 3 0 .3 5 0 .3 0 0 .3 2 0 .3 2 0 .0 3

7 .41 0 .5 2 0 .5 5 0 .5 3 0 .5 3 0 .0 2

1 2 .36 1 .09 0 .8 8 1 .04 1 .00 0 .11

1 9 .77 0 .91 0 .9 9 1 .08 0 .9 9 0 .0 9

1.2

1.0

0.8

I  0.6

ÔÜ
0.4

0.2

0.0

y = 0.0823X -  0.0457 

R2 = 0.9909

—I—  
106 8 10 12 14

M eth a n o l contents (mmol)

1

—1 I------------ I

16 18 20

Figure 4.24 M e t h a n o l  d e t e c t io n  o f  T i 0 2 n a n o f ib e r  gas s e n s o r  a t  v a r io u s  c o n t e n t s

4.4.3 Selectivity of Ti02 nanofiber gas sensor

A s  o u t l in e d  in  s e c t io n  4 .4 .2  u s in g  t h e  f a b r ic a t e d  T i 0 2 n a n o f ib e r  ga s s e n s o r ,  it 

c a n  b e  s e e n  t h a t  t a rg e t  g a se s  ( a c e t o n e ,  m e th a n e ,  a n d  m e t h a n o l)  c a n  b e  d e t e c t e d  in  

v a r io u s  ra n g e  o f  c o n t e n t s .  เท o r d e r  t o  in v e s t ig a t e  t h e  s e le c t iv i t y  o f  T i 0 2 n a n o f ib e r  gas 

s e n s o r ,  r e s p o n s e  o f  e a c h  g a se s  a t  s im i la r  c o n t e n t  w a s  s e le c t e d  t o  c o m p a r e .  A t  a b o u t  

3  m m o l  o f  g a s e s  c o n t e n t ,  m e t h a n e  e x h ib i t s  t h e  h ig h e s t  r e s p o n s e  t h a n  a c e t o n e  a n d  

m e t h a n o l ,  a s  s h o w n  in  Figure 4.25.
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Various gases at 3 m m ol o f content

F ig u r e  4 .2 5  R e s p o n s e  o f  a c e t o n e ,  m e t h a n e ,  a n d  m e t h a n o l  d e t e c t io n  a t  3  m m o l  o f  

c o n t e n t

D u e  t o  r e a c t io n  o f  gas d e t e c t io n ,  m e t h a n o l  h a s  m o r e  r e a c t io n  s t e p s  t h a n  t h e  o th e r s .  

M o r e o v e r ,  m o le c u la r  s iz e  o f  m e t h a n e  is t h e  lo w e s t  w h e n  c o m p a r e d  t o  a c e t o n e  a n d  

m e t h a n o l  m o le c u le s .  W ith  t h e  s m a l le r  m o le c u la r  s iz e ,  r e a c t io n  b e t w e e n  T i 0 2 s u r fa c e  

a n d  m e t h a n e  e a s i ly  o c c u r s  w h i le  t h a t  o f  a c e t o n e  r e a c t s  m o r e  s lo w ly  d u e  t o  its  h ig h e r  

m o le c u la r  s iz e . H e n c e ,  o p p o r t u n i t y  o f  r e a c t io n  b e t w e e n  T i 0 2 s u r f a c e  a n d  a c e t o n e  is 

le s s  t h a n  m e th a n e .  E v e n  t h o u g h  m e t h a n o l  h a s  t h e  le s s  m o le c u la r  s iz e  t h a n  a c e t o n e ,  

s e n s i t iv i t y  o f  a c e t o n e  is h ig h e r  b e c a u s e  o f  r e a c t io n  s t e p s  o f  a c e t o n e  is lo w e r .  

F u r t h e r m o r e ,  th is  r e s u lt  c a n  b e  p r e d ic t e d  t h r o u g h  t h e  h a l f  r e a c t io n  p o t e n t ia l  (E°), a s  

in d ic a t e d  in  T a b le  4 .1 5 .

T a b l e  4 .1 5  H a lf  r e a c t io n  p o t e n t ia l  o f  s o m e  o rg a n ic  s u b s t a n c e s

R e a c t io n H a l f  r e a c t io n E° (V)

1 2 H + + 2e" H 2 (g) 0 .0 0  [84]

2 0 2 (o) + 4 H + + 4e~ ^  2 H 20 1 .23  [84]

3 C 0 2 (g) + 8 H + + 8 e ' ^  C H 4 (g) + 2 H 20 0 .1 7  [84]

4 3 C 0 2 (g) + 1 6 H + + 16e~ ^  (C H 3)2C O  + 5 H 20 -0 .1 3  [85]

5 C 0 2 (g) + 6 H + + 6e" ^  C H 3O H  + h 20 -0 .0 2  [86]

R e d o x  p o t e n t ia l  o f  m e t h a n e  r e a c t io n  is t h e  c o m b in a t io n  o f  h a l f  r e a c t io n s  1, 2, a n d  3 

w h ic h  t h e  o v e r a l l  r e a c t io n  p o t e n t ia l  is  1 .06  V . T h e  c o m b in a t io n  o f  h a l f  r e a c t io n s  1, 2,
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a n d  4  is r e d o x  p o t e n t ia l  o f  a c e t o n e  r e a c t io n  (E° = 1 .46  V ) w h i le  m e t h a n o l  r e a c t io n  is

h a l f  r e a c t io n s  1, 2, a n d  5  (E° = 1 .25  V).

2 H + + 2 e '  “ ■ H 2 (8, E° = 0 .0 0  V

0 2 ,8, + 4 H + + 4e " “ ■ 2 H 20  E° = 1 .23  V

C 0 2 ,8, + 8 F T  + 8e " ^  C H „  ,8, + 2 H 20  E° = 0 .1 7  V

T h e  o v e r a l l  r e a c t io n  p o t e n t ia l  o f  v a r io u s  g a s e s  a re

2C H q  (g) + 3 0 2 (g) 2 C 0 2 ((,) + 2 H 20  + 2 H 2 (ç) E  ̂ = 1 .06  V

(C H 3)2C O  + 3 0 2 (8) —  3 C 0 2 (8, + H 20  + 2 H 2 ,8, E° = 1 .46  V

4 C H 3O H  + 3 0 2 (8, ^  4 C 0 2 ,8) + 2 H 20  + 6 H 2 ,8, E° = 1 .25  V

It c a n  b e  s e e n  t h a t  r e d o x  p o t e n t ia l  o f  m e t h a n e  r e a c t io n  is t h e  lo w e s t  w h i le  t h e  

r e s p o n s e  o f  m e t h a n e  d e t e c t io n  is h ig h e r  t h a n  t h e  o th e r s ,  a s  s h o w n  in  Figure 4.26.

1 :

ÏÏ 0.6

0.4 

0.2

0 . 0  4 ----------------------------------------------1---------------------------------------------- 1----------------------------------------------- 1-------------------------------------7— I--------------------- 7--------------------------1

1 1.1 1.2 1.3 1.4 1.5

Redox potential (E°, V)

Figure 4.26 A  p lo t  o f  r e d o x  p o t e n t ia l  t o  r e s p o n s e  o f  v a r io u s  g a s e s  d e t e c t io n

T h is  r e s u lt  m a y  b e  p o s s ib le  t h a t  r e s p o n s e  o f  m e t h a n e  d e t e c t io n  o f  ga s s e n s o r  o c c u r r e d  

f r o m  t h e  o x id a t io n  o f  m e t h a n e  gas a n d  t h e  d i s p la c e m e n t  o f  h u m id it y  in  t h e  c h a m b e r  

w h ic h  d e c r e a s e d  a c o n d u c t a n c e  o f  t h e  gas s e n s o r .  เท c a s e  o f  p o la r it y ,  m e t h a n e  is n o n ­

p o la r  m o le c u le  w h e r e a s  a c e t o n e  a n d  m e t h a n o l  a r e  p o la r  m o le c u le s .  W h e n  m e t h a n e  

w a s  in je c t e d  in t o  t h e  c h a m b e r ,  w a t e r  m o le c u le  a r o u n d  t h e  gas s e n s o r  w a s  d is p la c e d ,  

le a d in g  t o  a d e c r e a s e  o f  ga s s e n s o r  c o n d u c t a n c e .  T h u s ,  d e t e c t io n  o f  m e t h a n e  gas 

s h o w s  t h e  m o s t  r e s p o n s e  b e t w e e n  t h e s e  g a s e s . F o r  a c e t o n e  a n d  m e t h a n o l  d e t e c t io n ,

M eth an e

A ceto n e

M eth a n o l
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r e s p o n s e  o f  d e t e c t io n  o c c u r r e d  t h r o u g h  o x id a t io n  o f  a c e t o n e  a n d  m e t h a n o l  g a se s . 

R e d o x  p o t e n t ia l  o f  a c e t o n e  r e a c t io n  is h ig h e r  t h a n  m e t h a n o l  r e a c t io n  w h ic h  r e s p o n s e  

o f  a c e t o n e  d e t e c t io n  is h ig h e r  t h a n  r e s p o n s e  o f  m e t h a n o l  d e t e c t io n .  F r o m  t h e  p r e v io u s  

r e p o r t s  [13 , 14, 21 ], it  c a n  b e  s e e n  t h a t  r e s p o n s e  o f  a c e t o n e  d e t e c t io n  w a s  h ig h e r  t h a n  

r e s p o n s e  o f  m e t h a n o l  d e t e c t io n .  T h e r e f o r e ,  r e s p o n s e  o f  a c e t o n e  a n d  m e t h a n o l  

d e t e c t io n  m a y  b e  g e n e r a te d  f r o m  o x id a t io n  o f  a c e t o n e  a n d  m e t h a n o l  g a se s .

N e v e r t h e le s s ,  s a t u r a t io n  l im it  o f  m e t h a n e  gas is 1 0 .2 3  m m o l  w h e r e a s  s a t u r a t io n  

l im it  o f  a c e t o n e  a n d  m e t h a n o l  g a s e s  a r e  1 3 .6 2  m m o l  a n d  1 2 .3 6  m m o l ,  r e s p e c t iv e ly .  

R e s p o n s e  o f  a c e t o n e  gas a t  s a t u r a t io n  l im i t  c o n t e n t  is m o r e  t h a n  b o t h  m e t h a n e  a n d  

m e t h a n o l .  T h is  m a y  b e  p o s s ib le  t h a t  r e s p o n s e  o f  m e t h a n e  c o n t e n t  a t  t h e  s a m e  

c o n t e n t  o f  a c e t o n e  s a t u r a t io n  l im it  ( 1 3 .6 2  m m o l)  w i l l  b e  lo w e r  t h a n  r e s p o n s e  o f  

a c e t o n e  d e t e c t io n .  B e c a u s e  r e s p o n s e  o f  m e t h a n e  d e t e c t io n  h a s  r e a c h e d  t h e  p la t e a u  

a t  1 0 .2 3  m m o l  o f  c o n t e n t .  If t h e r e  is a n  in c r e a s e  in  c o n t e n t  o f  m e th a n e ,  r e s p o n s e  o f  

m e t h a n e  d e t e c t io n  s h o u ld  b e  s im i la r  t o  r e s p o n s e  o f  s a t u r a t io n  l im it  v a lu e ,  a s  r e v e a le d  

in  F ig u r e  4 .2 7 . T h e r e f o r e ,  t h is  r e s u lt  c a n  b e  p r o p o s e d  t h a t  T i 0 2 n a n o f ib e r  gas s e n s o r  

c a n  d e t e c t  t h e  v a r io u s  g a se s  in  t h e  v a r io u s  r a n g e  o f  c o n t e n t .

#™.. Acetone

Methane

Methanol

F ig u r e  4 .2 7  R e s p o n s e  o f  T i 0 2 n a n o f ib e r  g a s  s e n s o r  u n d e r  a c e t o n e ,  m e th a n e ,  a n d  

m e t h a n o l  d e t e c t io n  a t  v a r io u s  c o n t e n t s
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เท a d d it io n ,  a  §a s m ix t u r e  o f  a c e t o n e  a n d  m e t h a n o l ,  a t  t h e  c o n t e n t  o f  1 .36  a n d  2 .4 7  

m m o l  r e s p e c t iv e ly ,  w e r e  u s e d  t o  c a r r y  o u t  a n  e x p e r im e n t  t o  in v e s t ig a te  a n d  c o m p a r e  

t h e  s e le c t iv i t y  o f  t h e  s e n s o r  t o w a r d s  a c e t o n e  a n d  m e t h a n o l  d e t e c t io n .  R e s p o n s e  o f  

m ix  g a se s  is 0 .5 7  t h a t  s h o w e d  h ig h e r  r e s p o n s e  t h a n  c o m b in a t io n  o f  r e s p o n s e  o f  

a c e t o n e  a t  1 .36  m m o l  a n d  m e t h a n o l  a t  2 .4 7  m m o l  w h ic h  a re  0 .3 2  a n d  0 .1 4 , 

r e s p e c t iv e ly .  H o w e v e r ,  r e s p o n s e  v a lu e  o f  m ix  g a se s  is  b e t w e e n  r e s p o n s e  o f  a c e t o n e  

a t  4 .0 9  m m o l  (0 .9 7 ) a n d  m e t h a n e  a t  4 .9 4  m m o l  (0 .32 ), a s  in d ic a t e d  in  Figure 4.28. D u e  

t o  e q u a l i t y  o f  c o n t e n t  u n d e r  d e t e c t io n ,  it c a n  b e  c o n s id e r e d  t h a t  a c e t o n e  e x h ib it e d  

m o r e  s e n s i t iv e  t o  T i 0 2 n a n o f ib e r  gas s e n s o r  t h a n  m e t h a n o l .

Various gases at 4 mmol of content

Figure 4.28 R e s p o n s e  o f  T i 0 2 n a n o f ib e r  g a s  s e n s o r  u n d e r  a c e t o n e ,  m e th a n e ,  a n d  m ix  

g a s e s  d e t e c t io n  a t  4  m m o l  o f  c o n t e n t

4.4.4 Stability of Ti02 nanofiber gas sensor

A s  f a b r ic a t e d  T i 0 2 n a n o f ib e r  g a s  s e n s o r ,  t im e  p e r io d  o f  u s in g  gas s e n s o r  ( l ife  

t im e )  w a s  m e a s u r e d .  L ife  t im e  o f  T i 0 2 n a n o f ib e r  gas s e n s o r  w a s  in v e s t ig a te d  b y  

m e a s u r in g  r e s p o n s e  o f  a c e t o n e  a t  6 .8 1  m m o l  o f  c o n t e n t  o n c e  a d a y ,  a s s h o w n  in  

Figure 4.29.
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Figure 4 .2 9  L ife  t im e  o f  T i 0 2 n a n o f ib e r  g a s  s e n s o r

It c a n  b e  s ig h te d  t h a t  l i f e  t im e  o f  g a s  s e n s o r  is 3 9  d a y s . เท 13 d a y s ,  r e s p o n s e  t o  m e t h a n e  

gas o f  gas s e n s o r  w a s  n o r m a l ly  o b s e r v e d .  R e s p o n s e  t o  a c e t o n e  gas a t  6 .8 1  m m o l  

d e c r e a s e s  t o  a b o u t  1.4 in  14 d a y s .  M o r e o v e r ,  ga s s e n s o r  d e t e r io r a t e s  in  4 0  d a y s . 

A s s u m p t io n  o f  t h is  p h e n o m e n o n  is d e t e c t io n  in  h ig h  h u m id it y  a m b ie n c e .  C u  e le c t r o d e  

is c o v e r e d  w it h  o x id e ,  le a d in g  t o  d e c r e a s e  in  c o n d u c t a n c e  o f  e le c t r i c a l  s ig n a l.

4.4.5 Reproducibility o f T i0 2 nanofiber gas sensor

O n e  o f  m a n y  p r o b le m s  o f  s e n s o r  d e v ic e  is f a b r ic a t io n  r e p r o d u c ib i l i t y .  M o s t  

r e p o r t s  d o  n o t  s h o w  t h e  r e p r o d u c ib i l i t y  in  f a b r ic a t io n  o f  t h e ir  s p e c im e n s .  เท o u r  

e x p e r im e n t s ,  h o t - p r e s s e d  e le c t r o s p u n  T i 0 2 n a n o f ib e r  gas s e n s o r s  h a v e  b e e n  f a b r ic a t e d  

in  m a n y  b a t c h e s .  S p e c im e n s  f r o m  e a c h  b a t c h  h a v e  b e e n  p u t  t o  s e n s in g  m e a s u r e m e n t s  

in  o r d e r  t o  c o m p a r e  t h e ir  q u a l i t y  a n d  p e r f o r m a n c e .  It h a s  b e e n  f o u n d  t h a t  r e s p o n s e  

o f  a c e t o n e  d e t e c t io n  t h r o u g h  e a c h  T i 0 2 n a n o f ib e r  ga s s e n s o r s  a r e  in  ra n g e  o f  1 .6 5 -1 .8 0 . 

T h is  r e s u lt  d e m o n s t r a t e s  t h a t  e a c h  o f  T i 0 2 n a n o f ib e r  gas s e n s o r s  e x h ib it  t h e  r e s e m b l in g  

s e n s in g  p e r f o r m a n c e .  H e n c e ,  it c a n  b e  s e e n  t h a t  T i 0 2 n a n o f ib e r  ga s s e n s o r s  s h o w  g o o d  

r e p r o d u c ib i l i t y ,  a s  in d ic a t e d  in  F ig u r e  4 .3 0 .
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Figure 4.30 Reproducibility of gas sensor based on าา(ว2 nanofibers
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