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The TiO2 electrical conductivity was used to detect CO in gas 
atmospheres in absence of oxygen. The obtained results are 
discussed. 

 

 
 

INTRODUCTION* 

Carbon monoxide (CO) is a highly toxic, 
colorless and odorless gas, making it undetectable 
to humans. This gas is the main product of 
incomplete oxidation of organic materials such as 
petroleum, oil or hydrocarbons. Carbon monoxide 
concentrations are particularly high in industries in 
which fossil fuels are burned in order to produce 
energy and in cities where there is a high traffic.1-5 
That is why CO needs special sensors and also 
warning systems to be detected. 

The interaction of gases with transition metal 
oxides surfaces continues to be an active area of 
research.6-11 The commercial sensors for CO, 
which usually contain semiconductor oxides, are 
based on changes in electrical conductivity due to 
oxygen chemisorption from the environment and to 
CO oxidation to CO2.12 

                                                 
* Corresponding author: chornoiu@icf.ro 

Redox chemistry on oxide surfaces is 
responsible for processes involving the selective 
oxidation of various organic molecules.6, 7, 13 

Measurements of the electrical resistance of 
metal oxides is used for the detection of gases such 
as CO, H2 or hydrocarbons and it is due to the 
chemical reaction of these gases with oxygen 
adsorbed on the surface.9, 10 

The goal of this paper is to determine the 
variation of the electrical resistance of TiO2 
(powder) depending on the composition of the gas 
atmosphere in order to detect traces of CO in 
absence of oxygen, and also to estabilish a gas 
sensing mechanism. 

EXPERIMENTAL 

A commercial TiO2 (anatase) powder (Rhone-Poulenc) 
was used.  
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Fig. 1 – The reaction cell with: (1) Tungsten wires, (2) Coaxial tantalum electrodes (cylinder type), (3) Ceramic frit, (4) 

Thermocouple (slice view), (5) Coaxial tantalum electrodes (slice view), (6) Glass walls (slice view). 
 
 

The XRD analysis was performed on a Rigaku Ultima IV 
apparatus, with CuKα λ = 1.5406 Å radiation, in the 2θ = 20-
70o range. 

The morphology of the samples was investigated by 
scanning electron microscopy (SEM) using a high-resolution 
microscope, FEI Quanta 3D FEG model, at an accelerating 
voltage of 15 kV, in high vacuum mode with Everhart–
Thornley secondary electron (SE) detector. Samples 
preparation was minimal and consisted in immobilizing the 
material on a double-sided carbon tape, without coating. 

The electrical resistance R was measured on powder 
samples (having a volume of 1.5 cm3, and a size-fraction 
between 0.25-0.5 mm) under the influence of the 
gas/temperature, using a special reaction cell.14 This cell 
consists of two coaxial tantalum cylinders as electrodes, 
embedded in a Pyrex glass tube and connected by tungsten 
wires to a precision RLC bridge (HIOKI 3522-50), which was 
set at a fixed frequency of 1592 Hz. The sample is filling the 
annular space between the electrodes and is supported on a frit 
(see Fig. 1). Temperature in the powder bed was monitored 
with a thermocouple located in the center of the cell. In order 
to clean the powder sample of water traces and other 
contaminants, an initial heating was made in helium 
atmosphere, between room temperature and 400°C (with a 
ramp of 5o/min).  

Electrical measurements were performed at different 
temperatures, from 200 to 450°C, with various concentrations 
of CO (0-2000 ppm), obtaining the values of R when the 
solid-gas system has attained its equilibrium.  

The samples were placed in a controlled atmosphere in a 
continuous flow of CO in He, with a flow rate of 72 mL / 

min.15 Gas flows were provided by a calibrated system of 
mass-flow controllers (MFC). In order to simulate a fuel cell, 
oxygen gas is not present in the reaction chamber. 

 
RESULTS AND DISCUSSION 

Sample characterisation 

The purity of the TiO2 sample has been 
identified from the XRD pattern in Fig. 2. The 
sample has a crystalline structure, the peaks 
located at 25.27, 37.78, 48.02, 53.85, 55.01, 62.70, 
68.79, 70.23, 75.03 are assigned to (101), (004), 
(200), (105), (211), (213), (116), (220), (215) 
planes of the pure anatase phase, according to card 
number JCPDS 21-1272.  

TiO2 remains in its anatase structure during the 
reaction; crystallographic changes were not 
observed between the fresh and the tested samples. 

From SEM images, any difference in the 
crystallographic structure of TiO2 sample before 
and after reaction with CO at different 
temperatures was not noticed. The individual 
particles are nano-sized, with the tendency to 
agglomerate, forming clusters. All the samples can 
be re-used after testing with CO. 
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Fig. 2 – XRD spectrum of TiO2 sample. 

 

  
(a) (b) 

Fig. 3 – SEM images of TiO2 powder (a) before and (b) after testing with CO. 
 

Sensor measurements 

According to Caldararu et al. polycrystalline 
oxides (powders) may be modeled by a network 
consisting of highly conducting grains separated by 
poorly conducting inter-grain contacts.16 

In our experimental conditions i.e. non-sintered, 
non-pressed powder, at a fixed and low frequency 
of 1592 Hz, the measured effective resistance 
(conductance) is dominated by Schottky-type 
barriers developed in inter-grain areas,9 thus the 
surface of the sample plays the major role in the 
electrical conductivity, while the bulk contribution 
could be considered negligible.  

For an easier representation of the obtained 
results the sensitivity of the material (S) for CO, 

was defined as the ratio between the electrical 
resistance of the sample in He (RHe) and the 
electrical resistance of the sample in CO (RCO): 17 

 He

CO

RS
R

=  (1) 

From Fig. 4 it can be observed that the 
sensitivity of TiO2 sample increases strongly with 
the temperature, having a maximum at 400oC, 
temperature which will be considered the optimum 
work temperature of the material. For this optimum 
temperature, sample sensitivity is proportional to 
the concentration of CO. Also the sensitivity of the 
material increases with the increasing of CO 
concentration.
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Fig. 4 – Electrical response of TiO2 powder for various concentrations of CO depending on temperature. 

 

 
Fig. 5 – Electric response of TiO2 sample at 400oC, for different CO concentration. 

 
Considering the results from Fig. 4, the 

composition of the gaseous atmosphere (CO in an 
atmosphere of helium, without oxygen), the 
optimum work temperature and literature data,18 a 
reaction mechanism which involves the direct 

reduction of Ti4+ on anatase surface could be 
proposed. 

This reaction mechanism involves two stages: a 
first stage that takes place at low temperature 
(below 300oC), in which there is a physical 

0.7

0.8

0.9

1

1.1

1.2

200 250 300 350 400 450

Se
ns
it
iv
it
y 

temperature oC 

500ppm 1000ppm

1500ppm 2000ppm



 Carbon monoxide sensing properties of TiO2 231 

adsorption of CO on the surface of TiO2 and a 
second stage that takes place at a higher 
temperature (over 300oC) in which catalytic 
oxidation of CO to CO2 occurs, using lattice 
oxygen from TiO2. 

In the second stage, after desorption of CO2, the 
reduced Ti2 + ions obtained are distributed through 
the lattice, resulting in a decrease of electrical 
resistance due to the electrons released in the 
reaction. Oxygen from the bulk of TiO2 can re-
oxidize these centers, resulting in surface 
regeneration of the sample. 

In Fig.5 a full measurement cycle of TiO2 
sample over the entire range of CO concentrations 
at 400oC is presented. The sample conductance (G) 
increases when the injection of CO in the reaction 
cell begins, due to TiO2 reduction process, 
electrons being released. When the CO flow is 
stopped, the conductance decreases, and the sensor 
enters the recovering stage. It can be seen that for a 
given concentration and a complete cycle of 3000 
seconds (that includes an injection of CO for 1200 
seconds, followed by achieving the stationary state 
in another 1800 seconds, with the CO flow 
stopped) the sensor recovery is complete, its 
conductance values returning to baseline. 

The electrical resistance of a sensor can be 
correlated with partial pressure of the flowing gas19 
using the equation: 

 nR ap=  (2) 

 or: ln ln lnR a n p= +  (3) 

where a and n are constants.  
Using the peak values of the conductance from 

Fig. 5 the electrical resistance values can be 
represented as a function of the partial pressure of 
the CO and plotted in Fig. 6. 

The proposed CO to CO2 oxidation mechanism 
is: 

2 2 2 2K
OTiO CO TiO CO e V− ++ ←⎯→ + + +  

where VO
+ is a charged oxygen vacancy and e- the 

conduction electron. 
 
The equilibrium constant K has the formula: 

 2

2 2

2

[ ] [ ] [ ]
[ ]
s CO O

s CO

TiO p e V
K

TiO p

− +

=  (4) 

where [TiO]s and [TiO2]s are surface 
concentrations, according to the proposed model. 
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Fig. 6 – Arrhenius plot of electrical resistance as a function of partial pressure of CO. 
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The condition of electroneutrality requires that: 
 

 [ ] [ ]Oe V− +=  (5) 

In this case, using relationship (4) one obtains:  

 
2

4
2[ ] [ ] [ ]s CO s COK TiO p TiO p e−=  (6) 

and finally,  

 1/ 4 [ ]COp eα −=  (7) 

approximating that α, the ratio between the 
concentration of TiO and TiO2 is a constant. 

The concentration of electrons released in the 
reaction is proportional to the conductivity of the 
material:  

 [ ]eσ −∝  (8) 

In this case:  

 1/ 4
COpσ ∝  (9) 

Because:  

 
1R
σ

≈   (10) 

it results that :  

 1/ 4

1

CO

R
p

∝  (11) 

 or 1/ 4
COR p −∝  (12) 

 
From equation (12), it can be seen that the 

electrical resistance of the sample depend on the 
partial pressure of CO.  

Correllating fig. 6 with equation (3) one 
identifies the slope n = -0.2122, close to -1/4. This 
value is in an agreement with the values of CO 
partial pressure obtained from relationship (12). 
This fact proves a good correlation between 
experimental data and the proposed mechanism for 
the oxidation of CO to CO2. 

CONCLUSIONS 

Changes in electrical resistance of the TiO2 
sample due to CO oxidation on the surface were 
used to detect the presence of CO in the absence of 
oxygen. The electrical resistance of the samples 
depends on the partial pressure of CO in various 
ppm concentrations. 

The TiO2 (anatase) can be proposed for the 
development of a CO sensor in the absence of 
oxygen, for applications such as fuel cells, having 
a good performance in terms of gas sensitivity, 
operating temperature, stability and sensor 
recovery. 
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