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Abstract: Properties of semiconductor gas sensors made from metal oxide functionalized with carbon nanotubes 
are analyzed. An information about methods of manufacture of such nanomaterial and measurement setup are 
reported. It is shown that the decoration of such metal oxide sensors allow to detect H2, H2S, CH4, CO, O3, C6H6, 
NH3, NO2, C2H5OH, acetone and methanol. 

Hydrogen peroxide vapor SnO2-MWCNTs sensors are investigated. Results of study of the propylene glycol, 
methylformamide and formaldehyde SnO2-MWCNTs nanosensors are reported. 
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1. Introduction 

 

Some thin or thick films of metal oxides show a 
fast response to varying gas atmospheres. 
Semiconductor gas sensors made from n-type 
semiconductor metal oxides, proposed in 1962 [1], 
have been widely used now for detection of different 
gases. The information about commercial  
products made of tin dioxide can be found  
in www.figarosensor.com, www.honeywell.com, 
www.sinkera.com etc. Such sensors are mainly based 
on a change in its resistivity R after the gas exposure. 
Their advantages are rather high response 
(sensitivity), simple design, low cost. But they need in 
high pre-heating of work body, i.e. high consumption 
of energy. The lack of selectivity and long-term 
stability often limit their applications. The range of the 
operating temperatures of commercial SnO2 sensors 
spans from 200 to 500 °C. For example, the sensor for 
O3 gas is the most effective at 350 °C [2-3]. Many 
SnO2-based sensors detecting organic compounds and 

hazardous gases (e.g., CO and NO) operate at 
temperatures up to 400 °C [4]. Existing platinum wire 
sensors need also in its pre-heating above 400 °C and 
have very high cost. 

We think that the main problem today - develop 
new semiconductor gas sensors working at or nearby 
room temperature of work body and use of metal 
oxides functionalized (decorated) with carbon 
nanotubes. In addition, todays’ sensors should be 
cheap, have small sizes for some applications, its easy 
include into microelectronic integral circuits. We 
shortly report below results of our investigations of 
metal oxide carried out with the aim to decrease the 
temperature of their work body. 

Note that different gas, smoke, and ion-selective 
sensors were developed at Yerevan State University. 
Gas sensors were made from Bi2O3, SnO2, ZnO, TiO2, 
In2O3, Ga2O3, Fe2O3, NaBiTi2O6, LaAlO3-CaTiO3, 

Bi2V4O11 thin films and ceramic materials as well as 
porous silicon [5-8]. Our Bi2O3 smoke detectors are 
competitive with photoelectric (optical) and ionization 
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detectors of smoke, which currently can be widely 
used in fire-alarm systems [9-10]. Independent testing 
of our adsorptive type smoke detectors in the USA 
confirmed it. We also investigated simple and mixed 
metal oxide photo-electrodes for photo-
electrochemical conversion of solar energy [11]. 

We will report below results obtained by other 
authors also. 

 
 

2. Metal Oxide Hydrogen Sensor 
 
Let shortly report our results of development of 

metal oxide hydrogen sensors. Many types of H2 
sensors are known (see, for example, review-papers 
[5, 7-8, 12-13]). One of the main objectives for 
researches at YSU was to decrease the metal oxide 
particles size which increases the effective surface 
area for gas adsorption. The nanosized particles, 
porosity of the films, and the large surface/ volume 
ratio ensure high sensitivity. At certain critical nano-
crystallite size, the sensitivity of the gas sensor 
increases sharply when the nano-crystallite size 
becomes comparable with the double space-charge 
layer thickness of the semiconductors. 

There are different methods for getting 
nanoparticles with required sizes. The sol-gel 
techniques are among these methods. The sol-gel 
process has many advantages with respect to other 
processes. Among them, low processing temperatures 
and possibilities of chemically tailoring the starting 
solutions can lead to manufacture of new compositions 
and better control of the final microstructure as well as 
high specific area of the sensing layer. Our efforts 
were mainly focused on improving the nanocrystalline 
SnO2 processing technique [14-15]. 

Results of our R&D works are presented in  
[12-13]. We studied the response of sensors to detect 
the presence of H2 in air at various temperatures of pre-
heating of work body (25-300 °C). The maximal 
response is registered in the 80-130 °C range of 
operating temperatures. At the same time, rather  
high sensitivity to H2 gas at room temperatures  
was observed. 

The measurements were carried out at different 
concentrations of H2 and carbon monoxide (CO) in the 
air to check selectivity of sensors (Fig. 1). 

Our hydrogen leakage sensor is shown in Fig. 2. 
Most part of it contain batteries for pre-heating of 
work body of the sensor. A decrease in operating 
temperature leads to a decrease in the size of the sensor 
due to a necessity smaller quantity of batteries. 
Comparison of heater power consumption shown that, 
in particular, it is 5 and more times lower for our 
sensor, but the sensitivity to hydrogen is much higher. 
Data of Figaro ТGS 2442, 2611, 3870 and 821 sensors, 
as well as our sol-gel and porous silicon sensors 
developed at YSU, are presented in Fig. 3. 

Other reviews of hydrocarbon, NOx and carbon 
monoxide gases metal oxide sensors were published  
in [3, 14-16]. 

 
 

 
 

Fig. 1. Response to the 1000-ppm concentration of H2 
or CO gases versus sensor operating temperature [5]. 

 
 

 
 

Fig. 2. Hydrogen leakage sensor. 

 
 

 
 

Fig. 3. Sensitivity of different sensors to gases [4]. 
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Several studies [16-20] have been focused on the 
doping of the SnO2 matrix in order to increase the 
sensitivity of sensors. Introduction of transitional 
metal cations into an oxide matrix leads to an increase 
in surface states, active sites and free carriers, which is 
important for applications. For example, the addition 
of Nb into TiO2 enhanced the response to CO as it 
induces the formation of new electronic states due to 
its donor-type behavior. Doping of tin dioxide with 
vanadium leads to higher response towards SO2 gas, 
because of their redox activity for SO2 oxidation to 
SO3. Doping with CuO, MoO3 and Fe2O3 leads to 
lowering of pre-heating temperature of the work body 
and increasing in gas response. Vanadium cations 
serve as reducible catalytic centers to promote 
oxidation reactions and enhance O2 consumption [20]. 
It is known also that dispersed V–O-support structure 
adsorbs CO gas at ambient temperature. 

 
 

3. Carbon Nanotubes 
 
Carbon nanotubes (CNTs) are graphene sheets of 

covalently bonded carbon molecules rolled into 
hollow cylinders. There are two main types of CNTs: 
single-walled nanotubes, which have a single carbon 
layer with a diameter of ~1–5 nm, and multi-walled 
nanotubes (MWCNTs), which have multiple layers of 
carbon (with an interlayer spacing of 0.34 nm) 
concentrically nested together. Multi-walled carbon 
nanotubes (MWCNTs) have outer diameters as small 
as 5.5 nm and inner diameters as small as 2.3 nm. 
CNTs show many interesting effects and properties, 
which are marked, in particular, in the first publication 
in the field of S. Iijima [21], books of P. Harris [22], 
M. Endo, et al. [23] as well as many reviews and 
papers. Many modern synthesis methods (arc 
discharge, laser ablation or chemical vapor deposition 
etc.) leading to enhanced production of CNTs are 
discussed in the literature.  

CNTs demonstrated unique mix of electrical, 
optical, thermal and mechanical properties. The 
potential of applications of CNTs is shown in a wide 
range of science and technology: nanoelectronics, 
sensors, displays, hydrogen storage, batteries etc. (see, 
for examples review-papers [24-28]). 

 
 

4. Preparation of Nanomaterial 
and Measurement Setup 
 

MWCNT membranes, which were used for the 
preparation of nanocrystalline MWCNTs/SnO2 
powder, were kindly provided by our colleagues from 
the University of Szeged, Hungary. Membranes were 
prepared by the decomposition of acetylene (CVD 
method) using a Fe, Co/CaCO3 catalyst [29-30]. The 
hydrothermal method of the manufacture of the 
nanocomposite is presented in details in articles  
[31-33]. The surface of MWCNTs/SnO2 thick films 
was ruthenate by dipping samples into the 0.01 M 
RuOHCl3 aqueous solution. Reasons for the choice of 

ruthenium as a catalyst were reported in [31-35]. Gas 
sensors reported made of such a nanomaterial. 

The morphologies of prepared SnO2/MWCNT 
nanocomposite powders were studied by scanning 
electron microscopy using Hitachi S-4700 Type II FE-
SEM equipped with a cold field emission gun, SEM-
EDX and an X-ray diffraction method using the 
Rigaku Miniflex II diffractometer (single range:  
2- D10–80, utilizing characteristic X-ray (CuK) 
radiation). Results of these investigations were 
presented in detail in [31-32]. 

We used the setup developed in [33] for 
measurements of parameters of gas sensors. 

 
 

5. Metal Oxide Gas Sensors Decorated 
with Carbon Nanotubes 
 
There is strong demand of cheap, high-sensitive 

and selective gas sensors involves domestic safety, 
homeland security, quality control, environmental 
monitoring et al. The development of gas nanosensors 
and sensor arrays made from CNTs has attracted 
intensive research interest in last years because of their 
potential for the selective and rapid detection of 
various gaseous species by novel nanostructures 
integrated in miniature and low-power consuming 
electronics. When electron-withdrawing molecules 
(e.g. NO2, O2) or electron-donating molecules (e.g. 
NH3) interact with the p-type semiconducting CNTs, 
they will change the density of holes in the nanotube, 
which changes the conductance of CNTs. This creates 
the basis for applications of CNTs as chemical gas 
sensors [8]. 

As is shown in [26-27, 36], seems, the use of 
pristine CNT as sensors does not usually promising. 

Special interest is attended to investigation of 
possibilities of manufacture of different metal oxide 
composites functionalized (decorated) with CNTs. 
MWCNTs are mostly used for the functionalization of 
metal oxide gas sensitive materials as MWCNTs have 
a huge specific surface area and a nanoscale structure, 
which exposes a large number of sites at which the 
gases can react. Detection of various gases can be 
realized at different temperatures of pre-heating of 
nanosensor, which open possibilities to make selective 
sensing. Electrical conductivity of CNTs is much 
higher in comparison with the conductivity of metal 
oxides, that can open possibilities to increase the 
sensitivity of sensors. The CNTs lead mostly to 
reducing in the resistance of the sensing materials. The 
metal oxide nanoparticles mainly control the sensing 
properties. Since metal oxide film has mainly n-type 
of conductivity and MWCNTs have p-type, there are 
two different depletion regions in these hybrid films. 
Note that the first depletion region is located at the 
metal oxide surface and the second one is located in 
the interface between the metal oxide nanoparticles 
and MWCNTs. The adsorption of gas molecules 
changes both the thickness of depletion layers at the 
surface of SnO2 nanoparticles and at the  
p-MWCNTs/n-SnO2 heterojunctions. The appearance 
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of nanochannels and formation of heterojunctions lead 
to an enhanced sensitivity of such a hybridized gas 
sensor as the change in barrier height or in the 
conductivity of the metal oxide sensitive layer may 
modulate the depletion layer at the p–n junction. Latter 
may cause the improvement in the performance of the 
gas sensor at low operating temperature. For example, 
when the MWCNTs/SnO2 composites are exposed to 
the NH3 gas, NH3 molecules may interact with the 
MWCNTs by replacing the pre-adsorbed oxygen, 
resulting in oxidation of NH3 gas at the surface and 
removing the oxygen accordingly. Therefore, the 
potential barrier of the heterojunction formed by 
MWCNTs and SnO2 can be modulated and the 
conductivity of the composite material during the 
exposure to the NH3 gas can be changed. 

We mentioned above that MWCNT membranes 
prepared at Yerevan State and Szeged (Hungary) 
Universities were mainly used for the manufacture of 
the nanocomposite SnO2/MWCNT thin film gas 
sensors by the sol-gel method (see, for example, [14]). 
Note also that the surface modification of the 
CNTs/metal oxide hybrid gas sensors with noble 
metals (Pt, Pd, Au, Ru, Rh) promotes an improvement 
of the gas sensors sensitivity and selectivity because 
of these metals or its oxides are the catalysts for 
chemical reactions taking place on the surface [37, 
38]. As usual, the response (sensitivity) to gases of the 
MWCNT/SnO2/Pd sensors was determined as the ratio 
of the sensor resistance in the air (Rair) to the sensor 
resistance in the presence of the pollutant after 
reaching a steady state (Rgas). The increase in the 
electrons concentration in the conduction band of the 
n-type semiconductor oxide leads to the reduction of 
its resistance in the case of the detection of  
reducing gases. 

It is known also that Ru is a sensitizer for SnO2 and 
allows thus enhance the sensor response and 
selectivity to hydrocarbons. Ruthenium stimulates an 
increase in the rate of oxidation and other surface 
reactions, involving adsorption of oxygen from the air 
on the surface of structure which causes an increase in 
the depletion layer of semiconductor near-surface 
region and hence leads to the enhancement of the 
sensor response. Our investigations have shown that 
high response appears only after sensibilization of the 
MWCNT/SnO2 tablets in 0.01 and 0.03 M Ru(OH)Cl3 

water solution. Sensors made from the 
MWCNT/SnO2/Pd tablets sensitized with 0.03 M 
Ru(OH)Cl3 solution during 20 min demonstrated their 
high response to hydrogen and isobutane already at 
120 °C (Fig. 4). 

Vapors of isobutane gas are hazardous to the 
human health and used in the cooling plant as well as 
a fuel. Note that we did not detect isobutane by our 
sensors made of pure SnO2 and pure CNTs. So, we 
have here sin-energetic effect. Sensor response to the 
5000 ppm isobutane for our sensors made of the 
nanocomposite MWCNT/SnO2/Pd sensitized with the 
0.01 M (a) and 0.03 M (b) Ru(OH)Cl3 solution [89] 
was registered at operating temperature 100–350 °C. 
The resistance of the sensor decreased 10 times during 

~10 and ~30 s after the injection of isobutane and 
hydrogen, respectively. The dependence of the 
response on the concentration of isobutane is almost 
linear for the WCNT/SnO2/Pd sensors (see the inset  
in Fig. 5). 

 
 

 
 

Fig. 4. Sensor response to the 500 ppm hydrogen 
and isobutane for the sensor made of the nanocomposite 

MWCNT/SnO2/Pd sensitized with the 0.03 M Ru(OH)Cl3 
solution at 120 °С [39]. 

 
 

 
 

Fig. 5. Sensor response to different concentration 
of isobutane of the MWCNT/SnO2/Pd sensors sensitized 

in the 0.01 M Ru(OH)Cl3 solution. 
 
 

We manufactured also the thick film MWCNT/ 
SnO2 powder nanocomposite using the sol-gel 
preparation technique (obtaining samples with 
MWCNTs/ SnO2 ratio 1:50) as well as the 
hydrothermal synthesis (samples with MWCNTs/ 
SnO2 ratio 1:4 and 1:8). They have good response to 
isobutane at temperatures higher than 200 °C. The 
sensitization of films in the 0.01 M Ru(OH)Cl3 
solution leads to better response at 250 °C. Prepared 
sensors were sensitive to isobutene already at its 
concentration of 50-200 ppm. Maximal response 
reached about 50 at the 5000 ppm concentration. The 
increase in operating temperature up to 250 °C leads 
to sharp decrease in both response and recovery times 
down to 1–2 and 10 seconds, respectively. With the 
following increase in operating temperature  
(≥300 °C), adsorbed oxygen desorbs increasingly 
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from the surface. As a result, the response to isobutane 
is sharply decreased. 

A set of samples made without any catalysts has 
relatively high response to methanol and ethanol 
vapors. But sensors made from MWCNT/ SnO2 
nanocomposites with Ru catalyst shown an 
improvement in sensitivity and selectivity to alcohol 
vapors. Sharp rise in response to methanol and ethanol 
vapors up to 103 and higher was detected. At that, the 
cross-sensitivity to other gases decreases. The 
response to methanol and ethanol vapors is maximal 
at the operating temperature of 200 °C and decreases 
exponentially with temperature rise up to 300 °C. 

The surface-ruthenate nanocomposite containing 
large amount of SnO2 (1:50) nanocrystallites shows 
high response both to methanol and ethanol vapors.  

Gas sensors can be made from SnO2-coated CNTs, 
SnO2-filled CNTs and SnO2-doped CNTs [40-49]. 

Using mixed SnO2 nanoparticles with 1 wt% CNTs 
(100:1) sensing materials, gas sensors were fabricated 
on micro-platforms made of thin SiNx membrane [48]. 
Such sensors were characterized to NO2, NH3 and 
xylene gases, respectively, as a function of operating 
temperature from 180°C to 380°C. 220°C was the 
optimal temperature to have the best sensitivities. 
Nanosensors have good selectivity at power operation 
below 30 mW, at the same time the selectivity of the 
NO2 gas was better than it for the NH3 and xylene 
gases. The measured highest sensitivities for the NO2, 
NH3, and xylene at 220 °C were 1.06 at 1.2 ppm,  
0.19 at 60 ppm and 0.15 at 3.6 ppm, respectively, were 
also observed. 

Thick-film ruthenate SnO2/MWCNTs VOCs were 
prepared using three methods: hydrothermal synthesis, 
sol-gel technique and their combined process. It was 
shown that the optimal conditions for applications as 
acetone, toluene, ethanol and methanol vapors sensors 
in view of high response and selectivity relative to 
each other depend on choice of material synthesis 
method, mass ratio of the nanocomposite components 
and selected operating temperature (see Fig. 6) [32]. 

 
 

 
 

Fig. 6. Response of samples to VOCs vs operating 
temperature [32]. 

 
 

With increase in operating temperature, the 
response to acetone vapor rises up to 360.4 value at 
250 °C while the selectivity remains sufficiently high. 
The largest response to acetone vapors is fixed for the 

set of samples with 1:200 mass ratio of the 
components to 1000 ppm acetone vapors exposure at 
250 °C operating temperature (Fig. 6). Response and 
recovery times of these sensors are about 22 s and  
27 s, respectively.  

MWCNTs/ SnO2 sensor structures having the mass 
ratio of the components 1:4 and 1:24 exhibit selective 
sensitivity to acetone and toluene vapors at 150 °C 
operating temperature, respectively. The samples with 
a mass ratio of 1:200 were selective and sensitive to 
vapors of acetone at operating temperatures  
200–250 °C. The high sensitivity to vapors of 
methanol and ethanol was detected in structures made 
by various methods with the mass ratios of 1:8, 1:24, 
1:50 and 1:66 at the operating temperature  
200 °C [32]. 

Thin film ethanol sensors made from α-
Fe2O3/MWCNTs (25:1 weight ratio) were 
manufactured by the electron beam deposition method 
[49]. The response of manufactured sensors was 
investigated at different temperatures of the sensor 
work body and concentration of gas vapors (Fig. 7). 
Best response of prepared sensors to ethanol vapors 
was detected already at work body temperature  
of 150 °С. 

Dependence of sensor response to acetone vapors 
concentration is linear from 100 ppm up to 2000 ppm 
(Fig. 8). Morphology of α-Fe2O3/MWCNTs 
nanocomposite powder is shown in [50]. 

 
 

 
 

Fig. 7. Response of the α-Fe2O3/MWCNTs sensors 
at different operating temperatures. The gas concentration 

was 5000 ppm [49]. 

 

 
 

Fig. 8. Dependence of sensor response to acetone vapors 
concentration. 
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Various 1D heterostructural coaxial nanotubes 
were obtained. Such α-Fe2O3/MWCNTs 
heterostructural coaxial nanotubes may find great 
potential applications in photocatalysis, gas-sensing, 
and magnetic fields [51]. The Co1−x 

NixFe2O4/MWCNT nanocomposites (x = 0.2, 0.4, 0.5, 
0.6, 0.8) were synthesized, they have a high selectivity 
for ammonia [52]. A composite film of cobalt oxide 
nanosheet and CNTs were manufactured, which 
adsorbed or desorbed CO gas at low concentrations 
(e.g. low ppm level) [53]. The advantages of such a 
sensor include work at room temperature, short 
response/recovery times and easy post process. The 
sensitivity of the CO sensor was about 0.19 at 
34 mV/ppm, and the response and recovery times were 
23 and 34 seconds at 200 ppm CO, respectively. Nano-
composite structures made of cobalt oxide and single-
walled CNTs (SWCNTs) for a gas sensor application 
(NOx and H2) shown a response of ∼200 % upon 
exposure to 4 % H2 at room temperature [54]. 

Copper (II) oxide (CuO)/MWCNT thin film based 
ethanol-sensors were manufactured, their sensing 
response was the maximum at an operating 
temperature near 400°C [55]. Thin film gas sensors 
made from undoped and 1 wt% MWCNT-doped 
tungsten oxide (WO3) were fabricated [56]. Hydrogen 
sensing properties of the thin films have been 
investigated at gas concentrations ranging from 
100 ppm to 50,000 ppm. The results indicate that the 
WO3/MWCNT thin film exhibited high sensitivity and 
selectivity to hydrogen at reduced operating 
temperatures [57-58]. 

Gas sensors made from doped- SnO2 /CNT 
composites for NO2 detection at room temperature 
were reported in [59]. It has been reported earlier [41, 
60-61] that the incorporation of CNTs to a SnO2 
matrix results in a dramatic increase in sensor response 
at low operating temperatures and even at room 
temperature. Probably, the main reason for such 
response enhancement is the co-existence of two 
different depletion layers and associated potential 
barriers [41, 60]: one at the surface of the metal oxide 
grains and the other one at the interface between 
MWCNT and metal oxide. Nitrogen or boron doped 
CNTs were added into a SnO2 matrix, it enhances the 
CNTs conductivity. Such a hybrid sensor was 
prepared to detect low ppb concentrations of NO2 in 
air and shown at least 10 times higher response 
towards NO2 at room temperature in comparison with 
the pristine SnO2 and N- or B-substituted CNT 
sensors. Nitrogen doped MWCNTs sensors exhibited 
response and recovery times of the order of a  
few seconds. 

It was also established [62] that sensors based on 
pure tin oxide nanoparticles and on pure plasma 
treated CNTs did not show responsiveness to nitrogen 
dioxide and carbon monoxide. In contrast, sensors 
made of SnO2-decorated plasma treated CNTs are gas 
sensitive soon at room temperature. Recovery time to 
1 ppm NO2 was 4 min and 3 min when sensors are 
operated at room temperature and 150°C, respectively. 
Note that the CO response was far lower than the one 

for NO2. Response time was 5 min for 2 ppm of CO. 
Such sensors showed a decrease in resistance with 
exposure to CO when operated at room temperature. 
This experimental result is qualitatively consistent 
with what has been observed by Zhao, et al. [63], 
Yang, et al. [64] and Lu, et al. [65]. All these research 
teams have attributed such behavior to the decrease in 
the work function of SnO2 in the presence of CО and a 
decrease in sensor resistance. 

The SnO2 / MWCNTs nanocomposite sensors are 
prepared and their response to ethanol, CO, NO and 
CH4 are investigated in [66]. The COOH groups 
attached on the surface of CNTs lead to a significantly 
enhanced surface area. The enhancement in the 
response to methane up to 45 times is observed when 
0.05 % MWCNTs were incorporated into SnO2. 
Further increase in the MWCNTs content reduced its 
responses. Maybe, the MWCNTs agglomeration 
declines the effective contact between SnO2 
nanoparticles and MWCNTs–COOH. Addition of 
0.05 wt% CNTs to SnO2 reduces the optimum 
operating temperature from 200 to 150°C for ethanol 
and CO detection and also from 300 to 200◦C for CH4. 
An increase in the operating temperature drastically 
reduces the response of MWCNTs/ SnO2 sensors. 
Maybe it attributed to the limited diffusion of the 
target gas through MWCNTs nanochannels and their 
change from the p-type semiconductor to metal at high 
temperatures, as well as the desorption of chemisorbed 
oxygen species. 

Maximal Co3O4– SnO2 sensor’ response to CO 
[67] in the working temperature was found at 25 °C. 
Doping of 0.1 % CNT into Co3O4– SnO2 enhanced the 
CO response of non-doped Co3O4– SnO2. The sensor 
response varied under CO concentrations ranging 
from 20 to 1000 ppm. 

The fast-LPG response of the -Fe2O3/CNT 
nanocomposite thin film sensors was reported in [68] 
at room temperature The composite film of nano-oxide 
cobalt and CNT (CoOOH/CNT) prepared by the 
precipitation-oxidation method changes the resistance 
when the film adsorbed and desorbed the carbon 
monoxide. The adsorption of its small quantity (the 
very low ppb level) has led to the significant change 
of the CNT conductivity. Such micro CO sensor was 
integrated with the corresponding circuit 
manufactured by the use of commercial 0.35 μm MOS 
technology and the subsequent process. The sensor 
operated at room temperature, the small response and 
recovery times (23 s and 34 s at 200 ppm CO, 
respectively) were observed. 

Pt-doped TiO2/MWCNT composites have been 
synthesized in [69]. It was established that the 
TiO2/MWCNT composite samples with nominal C/Ti 
molar ratio ranging from 3.5 to 17.0 were the best. 
Hydrogen monitoring takes place only with the 
Pt/TiO2/ MWCNT ternary sensor, suggesting a 
synergistic action among metal oxide, noble metal and 
CNTs. Pt acts as a catalytic additive in the Pt-
TiO2/MWCNT-based sensors which were found to be 
sensitive to hydrogen at concentrations between 0.5 
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and 3 % in the air. They can be used as hydrogen leak 
detection devices. 

So, we and other authors shown that the use of the 
metal oxide/ MWCNTs composition is very promising 
for manufacture and practical use of sensors of many 
gases having high sensitivity, selectivity and stability. 
The modification of the our nanosensors’ surface with 
precious metals led to remarkable improve of the 
sensitivity and selectivity of sensors. They allow 
detect NH3, CO, NOx, H2, H2S, CO2, isobutane, O3, 
CH4, acetone, toluene as well as vapors of methanol 
and ethanol etc. We reported that our  
SnO2-MWCNTs sensor shown synergetic effect in 
process of detection of isobutane- it show large 
enhancement in sensitivity exceeding those of SnO2 or 
MWCNTs [26]. 

 
 

6. Hydrogen Peroxide Vapors Sensors 
 
Hydrogen peroxide vapors (H2O2) is characterized 

by a wide range of antibacterial properties, low 
toxicity [70-71]. However, hydrogen peroxide vapor 
belongs to the category of hazardous substances for 
humans with a certain maximum allowable 
concentration in the workplace. Hence, it is necessary 
to protect personnel outside the disinfected premises 
from accidental leakage of H2O2 fumes. Recently, the 
easily made peroxide based explosives most actively 
used by terrorists groups [72-75]. Thus, the 
development of sensors for detection of H2O2 vapors 
is actual and important.  

Several techniques have been proposed today for 
the detection of hydrogen peroxide, such as 
chemiluminescent, spectrophotometric, fluorometric, 
calometric, and optical interferometry. All these 
techniques are complex, expensive and require 
considerable time consuming. In addition, these 
methods did not always allow to measure low 
concentrations of H2O2. It is possible and promising 
the detection of H2O2 vapors using MWCNTs/SnO2 

gas sensors [31]. We are expected that sensitivity of 
SnO2/MWCNTs based nanocomposite gas 
nanosensors of H2O2 will be high. We developed two 
types of such nanosensors, which are presented  
below- made from ruthenate nanocomposite  
obtained using hydrothermal method and non-
ruthenate nanocomposite structures obtained using 
sol-gel technique. 

The target final mass ratio of the SnO2/MWCNT 
nanocomposite components manufactured by 
hydrothermal method [12] was chosen 1:200. After 
annealing and cooling processes, the MWCNTs/SnO2 
thick films were surface ruthenate SnO2/MWCNT 
Millimeter long MWCNTs grown by CVD were used 
to prepare membranes. Thick films were obtained on 
the base of SnO2/MWCNT nanocomposite powder 
made by sol-gel method with the 1:50 ratio of the 
components, respectively. The Multi-Sensor-Platform 
(purchased from TESLA BLATNÁ, Czech Republic) 
were used as substrates for printing the 
MWCNTs/SnO2 slurry (see Fig. 9). 

 
 

Fig. 9. The structure of the Multi-Sensor-Platform (a), 
and the sensor installed on the Multi-Sensor-Platform (b). 

 
 

7. Characteristics of Hydrogen Peroxide 
Sensor 
 
Measurement and testing of the developed 

hydrogen peroxide sensors’ characteristics were 
carried out in YSU using developed automated setup. 
As a result of temperature measurements, the optimal 
operating temperature of the sensors around of 100°C 
was revealed. Response of ruthenate SnO2/MWCNT 
(1:200) H2O2 sensor vs vapor concentration measured 
at 100°C operating temperature is shown in Fig. 10. It 
can be seen from Fig. 10, the linear part of the signal 
on the H2O2 vapor concentration (double logarithmic 
scale) extends from 2 to 120 ppm gas concentrations, 
but the minimal registered H2O2 vapor concentration 
is ~ 875 ppb. 

 

 
 

Fig. 10. Response of ruthenate SnO2/MWCNT (1:200) 
H2O2 sensor vs vapor concentration. 

 
 

Values of the non-ruthenate SnO2/MWCNT (1:50) 
nanosensor response as well as response and recovery 
times under influence of the various concentrations of 
H2O2 in air are presented in the Table 1. Hereinafter 
τres

 and τrec are response and recovery times, 
respectively. Gas sensing performance of ruthenated 
SnO2/MWCNT (1:200) structures in the presence of 
different concentrations of H2O2 vapor in the air at the 
100oC operating temperature are presented in Table 2. 

Dependence of the response of the non-ruthenate 
SnO2/MWCNT (1:50) H2O2 vapor sensor on gas 
concentration measured at 100oC of the operating 
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temperature of work body is presented in Fig. 11. 
Obviously that the high level signal is about three 
others of magnitude higher, it is typical for non-
ruthenate samples prepared by sol-gel technology. 

 
 

Table 1. Gas sensing performance 
of the SnO2/MWCNT (1:50) structures in the presence 
of different concentrations of hydrogen peroxide vapor 

in the air at 100oC operating temperature. 
 

H2O2, ppm Rg/Ra τres, min τrec, min 

175 2856 4.4 8 

105 2855 3 13 

35 2688 2 4.5 

17.5 595 3.5 5.7 

3.5 1.89 1.5 4 

1.75 1.33 0.8 4 

 
 

Table 2. Responses of the sensor and time characteristics. 
 

H2O2, ppm Rg/Ra τres, min τrec, min 
175 17 0.5 - 
17.5 8.17 2.68 76.5 
3.5 4.86 3.7 34.7 

1.75 3.3 5.85 41.75 
0.875 1.41 4.16 - 

 
 

 
 

Fig. 11. The response of the non-ruthenate SnO2/MWCNT 
(1:50) H2O2 sensor vs vapor concentration. 

 
 

The linear part of the response vs concentration 
curve is in the range of about 3-13 ppm gas 
concentrations. Further, dependence of the response of 
the non-ruthenate SnO2/MWCNT (1:50) H2O2 sensor 
on vapor concentration comes to the saturation. The 
latter most likely indicates that the H2O2 vapor reaches 
its saturation (dew point), after which the H2O2 vapor 
turn into a liquid state in the form of an aerosol in the 
air, or begins to condense on the surfacе [74]. 

As example, the response/recovery curve of the 
non-ruthenate H2O2 sensor measured at the presence of 
17.5 ppm gas concentrations in air at 100 oC operating 
temperature is shown in Fig. 12. 

Dependences of response times for both types of 
studied sensors vs H2O2 concentration in air are 
presented in Fig. 13. 

 
 

Fig. 12. The response/recovery curve of the non-ruthenate 
SnO2/MWCNT (1:50) H2O2 sensor measured at presence 

of 17.5 ppm gas concentrations in air. 
 
 

 
 

Fig. 13. Dependences of response times for both types 
of studied sensors vs H2O2 concentration in air measured 

at 100oC operating temperature. 
 
 

It can be seen from Fig. 13 and Tables 1 and 2, 
response times for both cases are changed in the range 
of 0.8-5 min. But, recovery times of non-ruthenated 
SnO2/MWCNT (1:50) H2O2 gas sensors are 
significantly smaller for ruthenate SnO2/MWCNT 
(1:200) sensors. 

 
 

8. Study of Propylene Glycol, 
Dimethylformamide and 
Formaldehyde Vapors Sensors made of 
the SnO2/MWCNT Nanocomposite 
 

Detection of harmful and hazardous vapors is very 
important for environmental protection, industrial 
manufacturing, medicine and national defense  
[76-77]. Propylene glycol (PG), dimethylformamide 
(DMF) and formaldehyde (FA) are known as 
industrial chemicals in foods products and antiseptics 
[76]. DMF, PG and FA have a huge impact on human 
organs (e.g. liver, skin, eyes and kidneys) [76, 78-82]. 
PG can cause nausea and vomiting, headaches, 
dizziness and fainting. Moreover, it is known as a 
combustible liquid, which can explode in fire. FA gas 
can cause burning sensations in the eyes, nose and 
throat as well as cause coughing, wheezing, nausea 
and skin irritation. Besides, exposure to relatively high 
amounts of FA can increase the risk of leukemia and 
even cause some types of cancer in humans. 
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We did not find scientific papers related to the 
development of resistive-type sensors for PG and 
DMF gases. There are only studies on sensors working 
on other principles (for example, sensors working on 
a modification of the color of the substance) [83-84]. 
As opposed to this case, there are various types of FA 
gas sensors made from graphene or polymers and 
working at a room temperature [85-86]. Pure metal 
oxide structures react on FA at higher operating 
temperatures (300–400 °C) [87-88] or room 
temperature with the assistance of UV LEDs [89-90]. 

We discussed below how carbon nanotubes 
(CNTs) used for gas sensors ([31, 91-94]). When 
CNTs’ walls are covered with metal-oxide 
nanoparticles, the specific surface area of sensitive gas 
material enlarges. Furthermore, nanochannels in the 
form of hollows of CNTs promote penetration of gas 
molecules deeper down in the nanocomposite 
sensitive layer. Hence, it can be expected that 
application of nanocomposite structures composed of 
metal oxide functionalized with CNTs in the 
technology of gas sensors should improve gas sensor 
parameters, such as gas response, response, recovery 
times and operating temperature. The choice of SnO2 
as a component of SnO2/MWCNT nanocomposite 
structure is conditioned by the fact that SnO2 is a well-
known basic material for metal oxide gas sensors  
[95-96]. The choice of processing technique, treating 
conditions and regimes for CNTs functionalization as 
well as modification of films surface with Ru catalyst, 
see above. 

Here, we present characteristics of the PG, DMF 
and FA ruthenyated SnO2/MWCNT vapor sensors. 

Remember that the gas response of the sensors 
determines as Ra/Rg, where Ra and Rg are the 
electrical resistance in the air and target gas–air 
atmosphere. The response and recovery times are 
determined when the time required for reaching the 
90 % resistance changes from the corresponding 
steady-state value of the signal. Dependence of change 
in electrical resistance in the SnO2/MWCNT 
structures vs operating temperature measured in air at 
50 % RH is shown in Fig. 14. 

The maximal response PG, FA and DMF vapors 
are detected in the range of 200–225°C of operating 
temperatures (Fig. 15). Changes in the resistance of 
the structure vs PG and FA gas concentrations 
measured at the 200°C operating temperature are 
presented in Fig. 16 and Fig. 17, respectively. 

Dependencies of the response of MWCNTs/ SnO2 
sensors vs PG, DMF and FA vapor concentrations 
measured at the 200°C operating temperature are 
shown in Fig. 18 and Fig. 19, respectively. Obvious 
that the sensor response occurs down to small target 
gas concentrations (13 ppm of PG and 5 ppm of DMF) 
and the response depends approximately linearly (on a 
double logarithmic scale in Fig. 18 and in a half 
logarithmic scale in Fig. 19). 

 
 

 
 

Fig. 14. Dependence of electrical resistance 
of SnO2/MWCNT sensors vs pre-heating 

operating temperature. 
 
 

 
 

Fig. 15. Response of Ra/Rg vs. operating temperature 
at 650 ppm PG, 500 ppm DMF and 1160 ppm FA vapor 

exposure, respectively. 
 
 

 
 

Fig. 16. The response–recovery curves observed 
at different PG concentrations. 

 
 

 
 

Fig. 17. The response–recovery curves observed 
at different FA concentrations. 
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Fig. 18. Response of the SnO2/MWCNT PG and DMF 
vapor sensor vs gas concentration. 

 
 

 
 

Fig. 19. Response of the SnO2/MWCNT FA vapor sensor 
vs gas concentration. 

 
 

Good repeatability of the sensor response can be 
seen from Fig. 20, where the electrical resistance 
changes in PG sensor vs. time measured upon cyclic 
exposure of 650 ppm PG vapors in air at 200 °C 
operating temperature is presented. 

 
 

 
 

Fig. 20. The electrical resistance vs. time measured upon 
cyclic exposure of 650 ppm PG vapors in air. 

 
 

Changes in the response and recovery times of the 
sensors depending on PG, DMF and FA vapor 
concentration are presented in Fig. 21, Fig. 22 and 
Fig. 23, respectively. Changes in the response and 
recovery times of the PG and FA vapor sensors 
depending on operating temperature are presented in 
Figs. 24-26. Comparison of responses of 
SnO2/MWCNT sensors to 650 ppm PG, 500 ppm 
DMF and 1160 ppm FA vapor exposure vs. operating 

temperature is shown in Fig. 27. As shown in this 
figure, sensors demonstrate the best response against 
PG and FA vapors at 200 °C operating temperature 
and against DMF vapor at 225 °C operating 
temperature. 

Due to the reactivity of the target gas molecules is 
proportional to the speed of diffusion into the sensing 
layer, the target gas has the chance to penetrate 
sufficiently into the sensing layer and react with it. 
With an increase in operating temperature, desorption 
of the adsorbed ions from the surface of the sensor is 
growing. Therefore, the response falls at higher 
operating temperatures. 

 
 

 
 

Fig. 21. Response and recovery times of SnO2/MWCNT 
PG vapor sensor vs. gas concentration. 

 
 

 
 

Fig. 22. Response and recovery times of SnO2/MWCNT 
DMF vapor sensor vs. gas concentration. 

 
 

 
 

Fig. 23. Response and recovery times of SnO2/MWCNT 
FA vapor sensor vs. gas concentration. 
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Fig. 24. Response time of SnO2/MWCNT PG vapor sensor 
vs operating temperature. 

 
 

 
 

Fig. 25. Recovery time of SnO2/MWCNT PG vapor sensor 
vs operating temperature. 

 
 

 
 

Fig. 26. Response and recovery times of SnO2/MWCNT 
FA vapor sensor vs operating temperature. 

 
 

 
 

Fig. 27. Comparison of responses of SnO2/MWCNT 
sensors to 650 ppm PG, 500 ppm DMF and 1160 ppm FA 

vapor exposure at various operating temperatures. 

The molecular weights of investigated target gases 
are close to each other, the quantity of carbon atoms is 
just the same. Response from DMF-vapor exposure is 
smaller because the adsorbed oxygen ions demand the 
full oxidation reaction. Therefore, a chemical 
decomposition occurs. Nevertheless, the 1:200 weight 
ratios of the nanocomposite sensor components, with 
the relatively large amount of SnO2 particles, promote 
an initiation of the sufficiently large quantity of 
ionized adsorption centers which, in turn, ensures a 
relatively high response to DMF gas exposure. 

At exposure to low concentrations of both PG and 
DMF gases, recovery times become shorter than 
response times. We explain it by the fact that the 
chemisorption process is developing slower and on a 
larger scale than desorption of products, obtained 
during the chemical reaction. That is due to the 
necessity of having many adsorption centers for 
implementation of the oxidation reaction and because 
of desorption after the exposure by low concentrations 
of gases. Moreover, the presence of CNTs leads to a 
decrease in recovery times. We discussed in [33] why 
response and recovery times increased with 
concentration of propylene glycol. It is connected with 
its vaporization from the liquid. High-temperature 
heat source provides plenty of oxygen compared with 
a liquid state [98]. This promotes that at least part of 
the liquid can attain ignition temperature by heating 
(flash temperature is only just 64 °C) instead of plain 
vaporization. When combustion is complete, and there 
is plenty of oxygen pieces, the chemisorption reaction 
happens with formation just enough volatile CO2 and 
water to release the conduction electrons. If the 
combustion is incomplete and there is not enough 
oxygen, intermediate formaldehyde is formed along 
with the most thermodynamically stable CO2 and 
water [99]. We explain the sharp rise in PG response 
and recovery times at high PG vapor concentrations 
(beginning from about 300 ppm and higher) by 
intermediate formaldehyde formation. It is known that 
formaldehyde molecules are more stable than PG, but 
less stable than carbon dioxide [100]. We suppose that 
at least part of the formaldehyde gas molecules is 
adsorbed on the Ru catalyst. Based on the data of 
works [100-103], where decomposition of 
formaldehyde on Pt, Pd and Ru has been studied, we 
can assume that the catalytic decomposition of 
formaldehyde in our case on ruthenium also occurs. 

 
 

9. Some Remarks about Theoretical 
Investigations of Metal Oxide Gas 
Sensors Decorated with CNTs 
 
Note that that the sensitivity to gases of sensors 

made from metal oxides (MOs) functionalized with 
CNTs is mainly controlled by the MO due the 
adsorption of chemisorbed ions, while CNTs mostly 
reduced the resistance of sensors. A MO has the n-type 
of conductivity and MWCNTs have p-type and cover 
MO nanoparticles or aggregates. Therefore, the 
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response of the MO/CNTs sensors falls at higher 
operating temperatures. We discussed before and in 
[104] the oxidation reactions of PG and DMF vapors 
on nanocomposite surface taking into account that the 
reactivity of the target gas molecules is proportional to 
their speed into the sensing layer. Hence, the target gas 
has the chance to sufficiently penetrate into the 
sensing layer and react with an appropriate speed. The 
competition between the amount of adsorbed target 
gases and their oxidation rate supports maximum 
response and its sharp declining. Change in the 
operation temperature of work body of the sensor 
allows to have different sensitivity for different gases. 
For example, noticeable gas response at the 200 °C 
operation temperature was detected in the 1:200 
weight ratio of SnO2/MWCNTs sensor for ethanol and 
250 °C for toluene vapor. 

Theory of processes in MO sensors functionalized 
with MWCNTs is absent today. Note that a much 
simple case of MO gas sensors is considered by us in 
[105]. It is necessary to consider presence in the case 
of MO/CNTs of p-n heterojunctions inside of sensor, 
Schottky barriers between MWCNTs and MO matrix, 
adsorption and desorption phenomena in such a 
complicate system, sensitivity and selectivity to 
different gases in different ratio (wt%) of such sensors, 
operating temperature of work body of sensor, surface 
effects, etc. Situation will be more complicated when 
structures will be manufactured in future on the base 
of very thin (2d) layers of MOs or covering of the 
surfaces of MO and MWCNTs with different metals, 
COOH groups etc.  

 
 

10. Conclusions 
 
1. There are commercial metal oxide gas sensors, 

which are mainly based on measurement of large 
change of their resistivity after gas exposure. These 
sensors need in high pre-heating of the work body 
above 300°C, i.e. high consumption of energy, lack of 
selectivity and long-term stability which limit their 
applications. The main problem today is to develop 
new semiconductor gas sensors working at lower 
operating temperatures or without pre-heating. In 
addition, sensors should be cheap and easy to be 
inserted in future into microelectronic integral circuits. 
Investigations of ways to decrease the operating 
temperature are necessary. 

2. Development of metal oxide hydrogen sensors 
in Yerevan State University showed that a decrease in 
metal oxide particle sizes led to an increase in the 
effective surface area for gas adsorption and large 
surface/volume ratio. Below a certain critical nano-
crystalline size, the sensitivity of sensor increases 
sharply. This occurs when the nanocrystalline size 
becomes comparable with the double space-charge 
layer thickness of the semiconductors  
under consideration. 

3. The development of CNT based gas sensors and 
sensor arrays has attracted an intensive research 
interest in the last years. But the use of pristine CNTs 

as sensors is not promising, the functionalization of 
metal oxides with CNTs should be made. A special 
interest is displayed to investigations of different metal 
oxide composites functionalized (decorated) with 
CNTs. It allowed detect H2, H2S, CH4, CO, O3, C6H6, 
NH3, NO2 and C2H5OH, VOC gases (acetone, toluene, 
ethanol and methanol) down to their ppm level. We 
were shown that the sensibilization of CNT- SnO2 
composites in water solutions of Ru(OH)Cl3 ensured 
high response to hydrogen, the synenergistic effect 
during detection of isobutene as well as lower 
operation temperature of sensors. Sensors of H2, NOx 

and CO were manufactured from Fe2O3, cobalt oxide, 
Co1-x NxFe2O4, CuO and WO3, TiO2 functionalized 
with CNTs. 

4. Research and development of nanosensors 
working without the pre-heating of their work body 
are started. The doping of metal oxides with CNTs 
leads to greater sensitivity to gases and a lowering of 
operating temperature to room one. 

5. Different types of conductivity of CNTs and 
metal oxides, change in the work function (potential 
barrier), the modulation of formed heterojunctions 
should be taken into account during the analysis of 
complicate processes and phenomena in the gas 
sensitive structures reported above. 

6. Influence of a change of operational temperature 
of work body of sensors to different gases on the 
sensitivity of metal oxide decorated with CNTs is 
investigated in details at first time. Results of such 
investigations are presented for hydrogen and carbon 
oxide sensors (see Fig. 1), methanol, ethanol, acetone, 
isobutane, and toluene (Fig. 6), H2O2 (Fig. 10), PE, FA 
and DMF (Figs. 15, 27). Choose of operating 
temperature of work body is very important. 

7. Two types of the MWCNTs/SnO2 
nanocomposite nanosensors for measurements of 
concentration of hydrogen peroxide vapors with a 
sufficiently high response at low concentrations of 
H2O2 gas in the air were developed. The minimal gas 
concentration registered by our nanosensors is less 
than 1 ppm. Gas concentrations in the linear part of the 
response vs concentration curves of the ruthenate and 
non-r ruthenate nanocomposite sensors measured at 
100oC operating temperature can be around  
of 2-120 ppm and 3-30 ppm, respectively. With the 
increase in the concentration of H2O2 vapor in one 
order of magnitude, the response of the non- ruthenate 
sensors increases in three orders of magnitude, 
reaching 2.5×103 and higher. 

8. In this paper, we have investigated the ruthenate 
SnO2/MWCNT thick-film nanocomposite sensors 
using hydrothermal synthesis and sol–gel 
technologies. It is revealed that such sensors give a 
sufficiently high response to harmful and hazardous 
gases like PG, DMF and FA at relatively low operating 
temperatures. The fast response of the sensors and 
acceptable recovery times are observed under all gas 
concentrations influence at 200oC operating 
temperature. The minimal PG, DMF and FA gas 
concentrations at which the perceptible signal is 
registered are 13, 5 and 115 ppm, respectively. Due to 
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the linear dependence of the response on the 
concentration of PG, DMF and FA vapors, it is 
possible to measure the concentration of mentioned 
gases in the atmosphere quickly. 
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