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ABSTRACT 
The activity of Ni-doped TiO2 was investigated as a CO gas sensor. The material used as a sensor substrate is made 
of ceramic tubes that can withstand the heat of more than 1,000 ºC. Ni-TiO2 sensor thin layer was made by dip-
coating technique. Ni-doped TiO2 solution was prepared from TiO2 and nickel metal. The calcination temperature 
variations of 350 ºC (SOL1), 450 ºC (SOL2), 550 ºC (SOL3), and 650 ºC (SOL4) were used in determining the 
optimal conditions of Ni sensor materials doped with TiO2. The characterization of the synthesized Ni-TiO2 
semiconductor using UVDRS, XRD, SEM-EDX, and FT-IR. The SOL2 showed the smallest bandgap of 2.86 eV as 
the UVDRS results. The XRD results showed that doped Ni particles in SOL2 sample have an anatase phase and 
crystal size of 15.528 nm. The SEM-EDX results showed the distribution of Ti and Ni of SOL2 sample were 
43.92% and 4.27%, respectively. The SOL2 sample morphology exhibited a spherical shape and was more uniform 
than the SOL4. The performance of SOL2 sensor activity showed the operating temperature at 250 ºC with the CO 
gas concentrations up to 1,000 ppm.  
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INTRODUCTION 
At present, air pollution is a problem that requires special attention. Some gases that cause air pollution 
include CO2

1, CO2, NOx3, PM10, and PM2,5
4. Most of the problems in air pollution were caused by 

motorized vehicles5. One way to monitor pollutant gas emissions in the environment is to find out the 
amount of gas produced in motorized vehicles so that periodic maintenance can be carried out on 
vehicles. 
Carbon monoxide gas was a gas studied by researchers because it was dangerous and it was estimated that 
there are cases of CO poisoning every year, based on emergency department visits, were 50,000 (16.0 
cases per 100,000 population). Research shows a reduction in the number of CO gas deaths, most recently 
found to be 1,319 in 2014, from an estimated 2,700 in mid-20006. 
There are two ways to measure the level of monoxide gas, namely using the classical method and 
instruments. The use of classical methods still has disadvantages because it still uses chemical solutions 
as a gas absorber in the air and requires a long time. Modern methods that use gas sensor instruments 
have been widely used because they are more practical. Several studies have developed the manufacture 
of CO gas sensors, including from aluminium-doped CuO7; CO gas sensor from tetragonal graphene8; CO 
gas sensors from palladium and thin oxide nanocomposites9; CO gas sensor from thin oxide10; CO gas 
sensors from gold and thin dioxid11; CO gas sensor from thin layer ZnO12; CO gas sensor from BaSnO3

13; 
CO gas sensor from Ni, Zn doped SnO2

14. 



 
  Vol. 13 | No. 2 |1225-1237| April - June | 2020 

1226 
ACTIVITY OF Ni-DOPED TiO2/CERAMIC TUBE                                                                                                           Jacson Victor Morin et al. 

 Metal doping into semiconductor materials has been extensively studied, such as Cr metal-doped TiO2 as 
a gas sensor15; CO gas sensors made from Ta/Nb which are doped with titania16; manufacture of gas 
sensors from titanium oxide doped vanadium and tantalum materials17. The use of doping in 
semiconductor material to make the sensor more sensitive, selectivity, and low temperature, metal doping 
into the semiconductor material will produce a suitable band gap value as a sensor and decrease the value 
of the sensor resistance when detecting gases in the air18. 
This research studied the synthesis of carbon monoxide gas sensors from nickel metal, which doped into 
titanium oxide semiconductor material using the dip-coating method. The process of making CO gas 
sensors using the dip-coating method.19-21 By making the sol-gel solution. The dip-coating method has 
been widely used and has advantages, including having a simple and inexpensive technique that could be 
used in mass sensor production.22 The Dip-coating technique contains three parameters consisting of (i) 
immersion and residence time, (ii) solvent deposition and flow, and (iii) evaporation. These three 
parameters must be adjusted when coating thin film.23 
The shape of the TiO2 doped Ni sensor is tubular.24-30 The advantages of tubular sensors are that the 
resulting pen will be evenly distributed, and the sensitivity is very high31. The characteristics of the TiO2 
doped Ni material were carried out with XRD, UV-Vis, SEM and sensor resistance measurements using a 
multimeter. The results of the reading of the sensor in the form of ppm units derived from changes in 
resistance and voltage scale by the Arduino system.32-36 
 

EXPERIMENTAL 
Synthesis of Ni-Doped TiO2 
A thin layer of TiO2 doped with Ni metal was deposited on the surface of the substrate by the dip-coating 
method. The substrate used was the Al2O3 ceramic tube. The substrate was cleaned for 2 hours in an 
ultrasonic bath (Model Starsonic 60) with ethanol and then dried in an oven at 80 ºC for 15 minutes. For 
coating ceramic substrates with nickel-doped titanium dioxide. Nickel solution was made from 
NiCl2·6H2O (Sigma Aldrich, 99.9%) 0.7 mol and mixed with titania sol-gel solution. The titania-sol form 
was prepared as follows: 30 mL titanium (IV) isopropoxide (TTIP) (Merck, 98%) was dissolved in 10 ml 
of isopropanol (Merck, 99.5%). Then the prepared solution was stirred using a stirrer (800 rpm) for 8 
hours. After mixing the solution, nitric acid (HNO3) (Merck, 65%) or acetic acid (CH3COOH) (Merck, 
95%) was added as a stabilizer, and methylcellulose (MC) (Merck, 2 Wt%) was used as an emulsifier. 
The ceramic tube substrate was dipped into a solution of TiO2 doped Ni sol-gel with the immersion stage. 
The first step is immersion for 5 minutes, then in the oven at 115 ºC cooled and in the second stage 
dipped for 15 minutes and in the oven at 115 ºC and in the third stage dipped for 25 minutes and heated at 
115 ºC. After that, it is entered into the maffle furnace with different temperature variations for each 
sample for 1 hour as in Table -1. 
 

Table -1: Variation of Substrate-Solgel Heating Temperatures 

Sample Temperature( ºC) 

SOL 1 350 

SOL 2 450 

SOL 3 550 

SOL 4 650 
Characterization of Ni-Doped TiO2 
The synthesized Ni-dopedTiO2, characterized, tested for photocatalyst activity using UVDRS, and 
obtained the optimum thin layer with these parameters, determined the band value energy gap. The thin 
layer of crystalline Ni-doped TiO2 synthesized transmission measured in the wavelength range of 300-700 
nm. The measurement results obtained transmittance value is proportional to the wavelength which is 
absorbed by a thin layer of TiO2. The obtained value of the Ni-doped TiO2 thin layer transmittance will 
be processed using the Kubelka Munk equation for calculating the bandgap energy value. The Ni-
dopedTiO2 crystal structure was identified by XRD (XRD, Philips PW 1840; 40 kV and 30 mA generator 
settings; Cu anode material). The orientation of the curve is determined by comparing the relative 
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intensity based on the JCPDS card37. The phase of the sample can be calculated from the peak anatase 
intensity (101) as:  

                                                         𝑊஺ =
௄ಲ஺ಲ

௄ಲ஺ಲା ஺ೃ    ା ௄ಳ஺ಳ
                                                         (1) 

 
Where, WA represents the anatase mass fraction. AA, AB, and AR were the integrated intensity of the 
anatase peaks (101), brookite (121), and rutile (110), respectively. KA and KB are two coefficients values 
are 0.886 and 2.721, respectively. With Eq. 1, the phase content in the TiO2 sample could be calculated 
(JCPDS Powder Diffraction File, Cards 21-1272, 21-1276, 29-1360). The average crystal size of the 
anatase was determined according to Scherrer's equation using FWHM data from each phase 38; 39; 40; 41; 
42; 43. 
Nickel-doped TiO2 deposited on the surface of the substrate was analyzed by scanning electron 
microscope (SEM, Hitachi S-3400 N)44,45 using a secondary electron detector. Energy-dispersive X-ray 
spectroscopy (EDS, Bruker Quad 5040)46,47 was used for elemental composition analysis and element 
mapping from TiO2 films. Particle size and morphology confirmed through SEM were done with a 30 kV 
JEOL electron microscope transmission (sputtering using platinum). Fourier-Transform Infrared 
Spectroscopic (FTIR) analysis was performed using Perkin Elmer Spectrum Version 10.4.0048;  The UV-
vis spectrum was recorded through the Vary Cary Bio 50 spectrometer.49,50 
 
The Performance of the Sensor Activity Test 
Figure -1 shows the schematic diagram of a gas sensor. Static processes were used to test sensor 
properties in the 10 L chamber. Test reactor conditions were prepared by injecting a saturated CO gas 
amount into the 10 L chamber, where a vacuum pump was installed to homogenize the CO gas in the 
reactor chamber. The gas sensor is fed into the test reactor together with a calibrated gas detector. The gas 
contained in the reactor tube will be detected and controlled by the system, and the gas sensor resistance 
in the clean air (Ra) together with the target gas (Rg) is monitored in real-time respectively. The response 
of the gas sensor is defined as Ra/Rg to reduce CO gas. After testing, the reactor chamber is cleaned by 
vacuuming it for 20 minutes to reset the next test. 

 
Fig.-1: Schematic of a Ni-doped TiO2 Gas Sensor 

 

The Ni-doped TiO2 sensor was connected to the Arduino system with an Atmega microcontroller 
(purchased from Amazon.com) that can convert resistance readings into units of concentration (ppm). 
Arduino Uno software version 1.8.9 and Parallax. DAQ was needed in processing data from sensor 
readings. 

RESULTS AND DISCUSSION 
Physical Properties of Synthesized Ni-Doped TiO2  
Based on the results of UVDRS analysis and using the Kubelka Munk equation, the bandgap values 
obtained are shown in Table-2. 
Table -2 shows the energy values of the Ni-doped TiO2 doped Ni bandgap. The energy of the Ni-doped 
TiO2 band gap produced is relatively small compared to TiO2 (3.28 eV) along with the addition to the 
variation of heating temperature in the Ni-doped TiO2 sample. The optimum bandgap energy obtained in 



 
  Vol. 13 | No. 2 |1225-1237| April - June | 2020 

1228 
ACTIVITY OF Ni-DOPED TiO2/CERAMIC TUBE                                                                                                           Jacson Victor Morin et al. 

this study was around 2.86 eV. TiO2 doped Ni crystals were resulting in a decrease in the pit gap energy 
along with the addition of various variations in heating temperature. 
Characterization by XRD method is carried out to obtain crystal structure information and crystallize size. 
The data obtained in the form of spacing, angular intensity 2 (Ɵ). In this study, standardized Ni-doped 
TiO2 program was taken from JCPDS No.004-0850 (Nickel-metal), No. 89-5009 (titanium), No. 21-1272 
(TiO2 anatase),  the crystallinity of Ni-doped TiO2 has been compared with JCPDS No. 21-1271 is 
anatase in shape and its peak diffraction is shown at 25.1o, which is diffraction from (101)  as shown in 
Figure -2. 
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Fig.-2: XRD Diffraction Pattern at a Calcination Temperature of (a) TiO2 pure,  (b)  350ºC, (c) 450ºC (d) 550 ºC, 
and (e) 650 ºC 

 
The XRD pattern shows that the addition of nickel variation does not affect the crystal phase between 
calcination variations of SOL1, SOL2, SOL3, and SOL4 with comparative data that is TiO2 without 
nickel doping. Additional peaks appear at 2 (θ) 44,504 0 based on JCPDS No. 004-0850 shown in Figures 
b, c, d, and e shows the difference in nickel peak intensity due to differences in calcination temperature 
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differences. At calcination temperature, 450 ºC shows the high intensity of nickel-metal compared to 350 
ºC, 550 ºC and 650 ºC. High calcination temperatures above 450 C cause the nickel-metal to evaporate 
and will reduce the intensity of nickel detected in the XRD pattern. This study shows the information 
value of 2 (θ) in the Ni-doped TiO2 sample is following the Ni-doped TiO2 in the comparison data and is 
an anatase crystal from diffraction (101) value of 2 (θ) which is 25.4o. Where each peak 2 (θ) has given 
the same or close results which is 25.4o (TiO2 without doping Ni) to 25.3o (SOL1 ), 25.1o (SOL2), 25.2o 
(SOL3), and 25.1o ( SOL4) and produces a lower crystal size of 47.074 nm (SOL1); 15.528 nm (SOL2); 
39.546 nm (SOL3); and 64.172 nm (SOL4) (as shown in table - 3 ) compared to TiO2 without Ni doping 
ie 40.15 nm. The results of this study indicate that the value 2 (θ) of the TiO2 doped Ni data and the 
results of the variation of the research sample there is no significant difference, and both show the anatase 
crystal from diffraction (101). 
 

Table-2: Results of the Ni-doped TiO2 Bandgap Energy Calculation 

No Sample E.g. (eV) 

1 SOL1 3.01 

2 SOL2 2.86 

3 SOL3 2.9 

4 SOL4 3.09 
 

Table-3: Characterization of Data from TiO2 Doped Ni 

Sample 

Analysis 350 ºC 450 ºC 550 ºC 650 ºC 

K 0.89 0.89 0.89 0.89 

Λ 0.154 0.154 0.154 0.154 

2 Ө 25.284 25.1995 25.4237 25.1745 

FWHM 0.1673 0.506 0.2007 0.1224 

B (radian) 0.0029 0.0088 0.0035 0.0021 
*D (nm) 47.074 15.528 39.546 64.172 

 
The majority of the fractions that appear are anatase (101)51-52 and The majority of the presence of these 
anatase fractions in all heating variations is due to the effect of HNO3, CH3COOH functioning as a 
hydrolysis catalyst in the manufacture of Ni-doped TiO2. HNO3 is a much stronger acid catalyst than 
CH3COOH to crystallize the anatase phase. According to literature 53, the acid concentration is the 
dominant factor in the formation of the anatase phase. That's because H+ ions rearrange amorphous 
aggregates to form anatase crystals. These results are below the results of the study, which claims that the 
anatase phase is stable in acidic solutions. The calculation results using the Scherrer equation, at a 
temperature variation of 450 ºC obtained a crystal size of 15,528 nm, which indicates that the surface area 
is getting bigger. 
Characterization by using FTIR aims to find out the functional groups that compose the Ni-doped TiO2 
framework and to identify the presence of Ti-Ni vibrations as an indication of the formation of bonds 
between Ni and Ti, as a result of the addition of Ni metals. Figure -3 shows the FTIR spectrum of TiO2 
doped Ni in the range of 600–4000 cm−1 is a form of bending of the Ti-O vibration, which confirms the 
formation of metal-oxygen bonds54. The band located at 3450 cm−1 is associated with the stretching and 
bending vibrations of the O-H bond of  H2O absorbed on the surface of TiO2, which is important in the 
activity of semiconductor gas sensors. The FTIR spectrum shows the intensity of the band shifting 
towards a lower direction after the doping of Ni metal and temperature variations. 
FT-IR diagram of Ti-Ni showed the absorption peak at the wavenumber region of 400-1050 cm-1, which 
is a characteristic of O-Ti-O bonding, and there is a wavelength region of 1000-1700 cm-1 showing the 
presence of Ni-doped TiO2 bonds19. The absorption band in the region of wave number 555.54 cm-1 
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showed the Ti-O-Ti bond, which indicates the Ni interstitial TiO2 doping bond model (nickel bound to 
oxygen).  
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Fig.-3: FT-IR of TiO2-Ni  at (a) TiO2 without Doping Ni Metal Calcination Temperature 450ºC, (b) Calcination 

350ºC, (c) Calcination 450ºC, (d) Calcination 550ºC (e) Calcination 650ºC 
 

The SEM-EDX study shown in Figs.-4 and -5, include TiO2 pure and SOL1, SOL2, SOL3, and SOL4 
samples. As can be seen, SOL1 and SOL3 samples were form non-agglomerations on the sensor surface. 
SOL2 and SOL3 samples have the best quality as a coated film because HNO3 was strong enough to 
reduce the speed of hydrolysis and condensation of soles with the appropriate heating temperature. 
Therefore, at 450 ºC calcination appears as a regular solid structure, CH3COOH caused phase separation 
in the sol and resulted in a cracked and rough texture on the sensor surface TiO2

55.                                                       

 
Fig.-4. SEM of (a) TiO2 pure, (b) SOL1, (c) SOL2, (d) SOL3, and (e) SOL4     

The presentation of Ni metal distribution is shown using EDX shown in Fig.-5, and From the distribution 
of Ni on the TiO2 surface based on EDX, a table can be made showing the data in the form of mass 
units% of nickel metal, showed in Table -4. 
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(a)                                                               
 

                                     

(c) 
Fig.-5. EDX of: 

Table-4: Distribution of Ni M

Variation of 

The Performance of the Sensor Activity T
The manufacture of CO gas sensors based on 
EDX for the SOL2 sample. Due to 
semiconductor materials. Other than that, not only t
agglomeration, but also the composition of Ti 
be evenly distributed on the surface and TiO
Operating temperature is an essential parameter for semiconductor oxide sensors
determine the optimal operating temperature, the sensor response depends on the measurement 
temperature with 500 ppm CO gas from the TiO
compared with the factory-manufactured MQ7 sensor and tested at temperatures ranging from 200 °C to 
450 °C. The best response performance was shown at the operating temperature of 250 °C. Thus, the 
operating temperature of  250 °C was chosen as the optimal operating temperature for the study of Ni
TiO2 based CO gas sensors. Figure 
25 to 1000 ppm at the operating temperature of 250 °C
increases and the response of the TiO
concentration test ranges. 
 
Detection Limits (LoD) of CO Gas Sensor made F
The limit of detection of the Ni-
sensor is shown in Table-5 by comparing the data from the calibrated sensor reading.
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                                                                                    (d) 
5. EDX of: (a) SOL1, (b) SOL2, (c) SOL3, and (d) SOL4

 

Distribution of Ni Metal on TiO2 Surface from Calcination Temperature V
 

Variation of Calcination 
Temperature  Percent of Mass % 

SOL1 1.53 
SOL2 2.51 
SOL3 1.27 
SOL4 0.35 

The Performance of the Sensor Activity Test 
The manufacture of CO gas sensors based on characterization results of UV DRS, 

Due to the bandgap generated is 2.86 eV as the optimal results as the 
Other than that, not only the morphology of Ni

the composition of Ti was 43.92%, and Ni was 4.27% so that
be evenly distributed on the surface and TiO2 lattice. 
Operating temperature is an essential parameter for semiconductor oxide sensors
determine the optimal operating temperature, the sensor response depends on the measurement 
temperature with 500 ppm CO gas from the TiO2-Ni sensor. Moreover, the results of this procedure were 

manufactured MQ7 sensor and tested at temperatures ranging from 200 °C to 
450 °C. The best response performance was shown at the operating temperature of 250 °C. Thus, the 

250 °C was chosen as the optimal operating temperature for the study of Ni
based CO gas sensors. Figure -7 shows the sensor sensitivity versus CO concentration ranging from 

25 to 1000 ppm at the operating temperature of 250 °C. Sensitivity increases when the concentration 
increases and the response of the TiO2 doped Ni sensor are higher than the MQ7 sensor in all CO 

f CO Gas Sensor made From Ni-Doped TiO2 

-doped TiO2 sensor through data from the reading of the Ni
5 by comparing the data from the calibrated sensor reading.
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(d)  
SOL4 

rom Calcination Temperature Variation 

characterization results of UV DRS, XRD, FTIR and SEM 
as the optimal results as the 

Ni-doped TiO2 was not 
so that Ni distribution will 

Operating temperature is an essential parameter for semiconductor oxide sensors56-57. According to 
determine the optimal operating temperature, the sensor response depends on the measurement 

Ni sensor. Moreover, the results of this procedure were 
manufactured MQ7 sensor and tested at temperatures ranging from 200 °C to 

450 °C. The best response performance was shown at the operating temperature of 250 °C. Thus, the 
250 °C was chosen as the optimal operating temperature for the study of Ni-

7 shows the sensor sensitivity versus CO concentration ranging from 
. Sensitivity increases when the concentration 

doped Ni sensor are higher than the MQ7 sensor in all CO 

sensor through data from the reading of the Ni-doped TiO2 
5 by comparing the data from the calibrated sensor reading. 



 
  Vol. 13 | No. 2 |1225-1237| April - June | 2020 

1232 
ACTIVITY OF Ni-DOPED TiO2/CERAMIC TUBE                                                                                                           Jacson Victor Morin et al. 

 
Fig.-6: Ra / Rg Response From CO Gas Sensors: (a) TiO2-Ni, and (b) MQ7 Sensors 

 

 
Fig.-7: Sensor Sensitivity Versus CO Concentration ranging from 25 to 1000 ppm at the Operating Temperature of 

250 °C 
 

Table-5: CO Gas Sensor Data from Calibrated Sensors and Ni-Doped TiO2 Sensors 
 

No. 
  

Concentration of 
CO (ppm) 

Readings From  
Calibrated Sensor (y1) 

Reading from the Sensor 

Ni-doped TiO2 (y2) (y1-y2) (y1-y2)
2 

1 0 0 0 0 0 

2 2 2.4 1.89 0.51 0.2601 

3 5 5.4 5.02 0.38 0.1444 

4 10 9.6 9.87 -0.27 0.0729 

5 15 14.9 14.9 0 0 

6 25 25.03 25.05 -0.02 0.0004 

7 30 33.01 29.8 3.21 10.3041 

8 35 34.24 35.04 -0.8 0.64 

9 40 42.05 42.4 -0.35 0.1225 

10 45 43.7 44.8 -1.1 1.21 

11 50 49.04 49.7 -0.66 0.4356 

12 55 55.4 56.03 -0.63 0.3969 

13 60 58.6 60.07 -1.47 2.1609 

14 65 64.2 64.8 -0.6 0.36 
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15 70 69.8 70.5 -0.7 0.49 

16 75 76.2 74.7 1.5 2.25 

17 80 79.8 79.7 0.1 0.01 

18 85 85.2 85.06 0.14 0.0196 

19 90 89.6 89.11 0.49 0.2401 

20 95 94.7 97.2 -2.5 6.25 

21 100 98.7 100.06 -1.36 1.8496 
  

SD   = Sy/x = ට
ଶ଻.ଶଵ଻ଵ

ଵଽ
 

SD    =     1.197 
YLoD  =   3.SD + a 
         =   3 (1.197)  +  0 (a = 0, because the resulting linear equation y = 1.0034x) 
YLoD  =  3.591 ppm 
 
Determination of linear equations derived from the graph between CO gas concentrations versus CO gas 
concentrations read by a calibrated sensor. as shown in Fig.-8. 

 
Fig.-8: Linear Regression Curve of CO Gas Concentration Vs CO Gas Concentration of the Calibrated Sensor 

      
After the YloD value is known, then it is substituted in the equation,  y = ax + b 
 

YLoD         =  1.0034x  +  0 
3.591 ppm  =  1.0034x  
X                =  3.6 ppm 
X                = LOD 
The detection limit for CO gas sensors made from TiO2-Ni is 3.6 ppm 
 
Application of Ni-Doped TiO2 Sensors in Motor Vehicles 
The performance test of the Ni-doped TiO2 gas sensor in car exhaust exhibited in Fig.-8.  The results 
showed high sensitivity and average CO gas measurement in cars under 50 ppm. The reading of the TiO2-
Ni sensor is converted with the Arduino system, which changes the resistance reading into ppm units and 
is processed using the Parallax DAQ software. The measurement results shown in Figure -10, there are 
two graphs a and b. The chart shows the first gas sensor reading of the car engine is turned on and graph b 
the second gas sensor reading after the engine has been turned off for 20 minutes and turned on again. 

y = 1.0034x
R² = 0.9994
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Fig.-9: Application of Ni-Doped TiO2 Gas Sensor in Car Exhaust 
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Fig.-10: (a) First Reading of Car Exhaust, (b) Second Reading of Car Exhaust after Cleaning. 

 
At the first stage of reading, CO levels are still very high when the sensor responds to gas at minutes 60 to 
345 by showing the figure 724 ppm shown in Figure 10(a). Figure 10(b) showed CO levels in car exhaust 
after the engine was cleaned, around 458 ppm in the first 5 seconds to 115 seconds around 39 ppm CO. 
 

CONCLUSION 
The CO gas sensor from Ni-doped TiO2 with an anatase crystal size of 15.528 nm was deposited on a 
ceramic substrate tube to improve the properties of the gas sensor. The gas sensor activity and the titania 
thin film texture are prepared by the sol-gel method in which there is a solvent acting as a stabilizer. 
Calcination temperatures of 450 °C and HNO3 cause optimal band gap values for semiconductor 
materials. HNO3 acts as a stabilizer in the sol-gel from the anatase crystallization stage. The Arduino 
microcontroller, which is used to change the resistance of Ni-doped TiO2 sensors, is operated efficiently 
so that the calibration process can be carried out correctly. The ability of Ni sensors doped with TiO2 is 
sensitive compared to factory production sensors (MQ7) with a LOD value of 3.6 ppm, so that TiO2 
doped semiconductors Ni can be used as a sensitive and efficient carbon monoxide gas sensor. 
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