IJETST- Volume||01||Issue||08||Pages 1309-1319||October||[ISSN 2348-9480

2014

) 4

onzcessiumel - |Nternational Journal of Emerging Trends in Science and Technology

Comparative Study of VOC Sensors Based on Ruthenated MWCNT/SnO,
Nanocomposites

Authors

Vladimir Aroutiounian®, Zaven Adamyan?, Artak Sayunts®>, Emma Khachaturyan®

Arsen Adamyan’, Klara Hernadi®, Zoltan Nemeth’, Peter Berki®
12345yerevan State University, Center of Semiconductor Devices and Nanotechnologies,

1, A. Manoukian, Yerevan 00, Armenia
®78University of Szeged, Department of Applied and Environmental Chemistry,
Rerrich B. tér 1, 6720 Szeged, Hungary

Corresponding Author
Vladimir Aroutiounian
Yerevan State University, Center of Semiconductor Devices and Nanotechnologies,
1, A. Manoukian, Yerevan 00, Armenia

1. Introduction

Up-to-date advancement of the sensing technology
is generated a need of mankind safety and security
as well as monitoring of air pollution. So, air
pollution influences human health and can cause a
number of diseases. The main air pollutants are
some inorganic gases (e.g. CO, NOy, and SO,) as
well as various volatile organic compounds
(VOCs). Toxic and pollutant VOCs such as
acetone, toluene, and formaldehyde are found in
indoors. The main sources of the same VOCs in
outdoor are industrial emissions, combustion
processes, traffic vehicles and fuel evaporation [1].

Email: Aroutiounvi@gmail.com

In indoor environments such as homes,
workplaces, cars and shopping centers, these
contaminants originate from building materials
such as paints, varnish thinners, coatings and
furniture [2]. Since, the probability of over
exposure to these contaminants now is very high,
gas sensing devices’ installation in such places and
develop of advanced monitoring systems for their
early detection are necessary.

The VOCs detection may also be applied in
breathalyzers and medical processes such as
disease diagnoses and controlling. Some VOCs
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such as acetaldehyde, ethanol, methanol and
acetone [3]-[5] are dangerous else because they do
not only pollute the environment but also break
down to more toxic substances directly deteriorate
human’s health depending on such a VOCs used
amount [6],[7]. So, ethanol used in drink reduces
human’s consciousness and reaction and becomes
a major cause of car accidents. In addition,
acetaldehyde is formed in the body as a result of
mucosal and microbial oxidation of ethanol [8].
But, it is known that acetaldehyde itself is an
irritant of the skin, eyes, mucous membranes,
throat, and respiratory tract. This occurs at
concentrations up to 1000 ppm. Symptoms of
exposure to this compound include nausea,
vomiting, headache.

Acetone widely used in industries and labs. It is
extensively used to dissolve plastic, purify
paraffin, and dehydrate tissues in pharmaceutics.
Inhalation of acetone causes headache, fatigue and
even narcosis and harmfulness to nerve system.

Acetone is another important VOCs in breath.
Highly sensitive acetone gas sensors are essential
for identification of diabetes and monitoring health
conditions and treatment of diabetic patients
[9].[10]. As a case in point, if the maximum
acetone concentration in breath more than 1.8 ppm
could indicate high ketone level in blood symptom
of insulin-dependent diabetes [3],[11].

The rapid and sensitive analysis of acetone gas
concentration in human breath is a key technique
for noninvasive diagnosis of diabetes. The
traditional gas chromatography system as well as
calorimetric and optical methods [12],[13] or some
others [14] used for this purpose is expensive and
requires special knowledge for operation [15],
which is not suitable for real-time measurements.

Gas sensors based on nanostructured
semiconductor metal-oxides materials such as
nanoparticles [16]-[18], nanowires [19]-[21],
nanobelts [22], polycrystalline nanotubes [23],
nanorods [24], hollow spheres and nanofibers
[25],[26], 3D aloe-like [26] and/or their
nanocomposites with carbon nanotubes (CNTSs)
[28]-[32] are considered as the most promising for
applications in gas detection systems and devices.

CNTs in itself possess by a number of useful
behaviors such as a wide range of electrical
properties, small size, high structural and chemical
stability, high strength and so on. Dew to
introduction of CNTs to metal-oxide matrix or
deposition of metal-oxide nanoparticles on the
nanotubes walls, specific surface area of such gas-
sensitive nanocomposites increases still more.
Moreover, additional nanochannels in the form of
hollow CNTs for gas diffusion appear [33]-[35].
Hence, it can be expected that application of
nanocomposite hybrid structures composed of
functionalized CNTs and metal oxide in gas
sensors technology should improve the gas sensor
parameters, particularly, gas sensitivity, response
and recovery times as well as reduce the operating
temperatures.

As a gas-sensitive materials meant for the use in
high performance gas sensor applications both
taken separately and as a component of hybrid
system, researches have mainly focused their
efforts on n-type nanostructured metal-oxides such
as SnO,, In,03, ZnO, WO;3;, TiO, and their
compounds  [3]-[7].[9],[11],[15]-[18]. Among
them, SnO, is the most prospective and widely
used gas-sensitive material for the gas sensor to
detect a wide variety of pollutant gases dew to its
attractive features including high gas sensitivity,
relatively low specific resistance and operating
temperatures, chemical durability, low cost,
nontoxicity, and simple preparation [36].

In previous works [31],[32], we had shown that
the functionalization of multi-walled carbon
nanotube  (MWCNT)/SnO, with thick-film
structures by Ru leads to considerable increase in
response signal to methanol and ethanol vapors as
well as to i-butane gas. However, the selectivity
problem of studied sensors relative to other gases,
particularly to some harmful and toxic VOCs
exposure remained not solved. The goal of present
work is bring to light on optimal conditions at
which the best level of the selectivity these sensors
to various VOCs achieves.

In this paper, we report the some VOCs sensing
properties of various ruthenated MWCNT/SnO,
nanocomposite structures as thick films obtained
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by hydrothermal synthesis and sol-gel techniques
as well as theirs combination. The choice of
corresponding treating conditions and regimes for
CNTs functionalization as well as thick films
surface modification with Ru catalyst were
focused on obtaining the sensitivity to such target
gases as ethanol, methanol, acetone and toluene.

2. Materials and samples preparation

2.1. Materials preparation
MWCNTs/SnO, nanopowders for thick film
preparation were made by the following three

ways: using sol-gel preparation technique,
hydrothermal synthesis and their two-step
combination.

To making the nanocomposite structures

according to the first way, MWCNTSs membranes
were used for preparation of nanocrystalline
MWCNTs/SnO,  powder. MWCNTs  were
prepared by the decomposition of acetylene (CVD
method) using Fe, Co/CaCO; catalyst [37,38].
This growth procedure using CaCOj catalyst
enables a highly efficient selective formation of
clean MWCNTSs, suitable for effective bonding
between CNT and metal-oxide, particularly, SnO,
precursors.

For a functionalization of nanotube walls with
oxygen-containing  hydroxyl (OH), carbonyl
(C=0), and carboxylic (COOH) functional groups,
MWCNTs from the membranes were transferred
to slurry in HNO3/H,SO, acids mixture during 1 h.
Such a functionalization of the CNTs is very
important and necessary for the following
synthesis of SnO, nanoparticles on the MWCNTSs
walls since these oxygen-containing groups act as
sites for the nucleation of nanoparticles. After
rinsing by distilled water and drying at 80 °C,
MWCNTs were poured and treated in deionized
water in ultrasonic bath for 5 min.

In the next step, the purified MWCNT and the
calculated water solution of the SnCl;-5H,0
precursor were mixed for a further 5 h at 140°C.
After that, precipitate was collected for the
following synthesis of hybrid material. For that,
the precursor solution was added to all of the
precipitate. Obtained mixture was exposed to

ultrasonic treatment for 5 min. The mixed
suspension was left overnight at 80 °C, whereupon
MWCNTSs/SnO, composite powder with 0.1%
addition of the MWCNTs was rinsed, dried,
grinded and annealed in air at 400 °C for 1 h. The
final mass ratio of MWCNTSs/SnO, composite was

1:50, respectively. This sol-gel process is
presented elsewhere [31], in detail.
The preparation of SnO,/MWCNT

nanocomposite materials with a hydrothermal
method was carried out in two steps. The
preparation of nanocomposite materials with a
hydrothermal method was carried out in two steps.
At first, purified MWCNTs was well dispersed in
water via sonication. After that, a calculated
amount of the SnCl,-2H,O precursor was
dissolved in another beaker in water, whereupon 3
cm® HCI was added to the solution. In the next
step, the MWCNT suspension and the solution of
the precursor were mixed and sonicated for 30
min. In order to prepare the nanocomposites we
poured the above-mentioned solutions into
autoclaves where hydrothermal synthesis was
carried out at 150 °C for 1 day. At the end of this
procedure, all obtained nanocomposite powders
were filtered and then dried at 90 °C for 5h. The
final mass ratios of the MWCNT/SnO,
nanocomposite obtained with the hydrothermal
method were 1:4, 1:8, 1.66, and 1:200,
respectively.

The third type of composite material using both
hydrothermal and wet chemical methods was
obtained by following route. Firstly, we were
prepared 45 ml 0.5M SnCl, 5H,0 deionized water
solution. Then, 11 mg hitherto obtained
MWCNT/SnO, powder synthesized by above-
mentioned hydrothermal method was added to the
solution with thorough mixing by a magnetic
stirrer. Simultaneously, ammonium was added
drop by drop to the solution at 42°C on reaching
pH=9. After that, the solution was left in the
thermostat at 80°C for 24 hours. Resulting slurry
with deionized water addition was centrifuged at a
spinning rate of 7000 rpm with further washing of
the precipitates. Spinning and washing processes
were carried out as long as chlorides in the
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solution disappear entirely. Then, the purified from
chlorides sediment was left at 140°C overnight.
Obtained powder was annealed in air at 400°C for
3 hours. The final mass ratio of obtained by such a
way MWCNTs/SnO, composite components was
1:24, respectively.

The chose water as a solvent, instead of e.g.
ethanol, in all presented here three material
preparation methods was preferably for us in the
view of expected improvement in gas sensing
characteristics, taking in account the fact that
cover the overwhelming parts of CNTs with SnO,
nanoparticles is ensured at that [39].

2.2. Samples

The thick films were obtained on the base of all
MWCNTSs/SnO, composite powders. The paste for
the thick film deposition made by mixing powders
with a-terpineol (“Sigma Aldrich”) and methanol
was printed on chemically treated surface of the
alumina substrate over the ready-made Pt
interdigitated electrodes. The thin-film Pt heater
was formed on the back side of the substrate.
Obtained composite structures were cut into 3x3
mm pieces. Drying and annealing of the resulting
thick films were carried out in two stages: heating
up to 220°C with 2°C min™' rate of temperature
rise, hold this temperature for 3 h and then further
temperature increase until 400°C with 1°C min™
rate and hold again for 3 h. Then, the thick-film
specimens were cooled down in common with the
oven.

After annealing and cooling processes, the
MWCNTs/SnO, thick films were surface-
ruthenated by dipping its into the 0.01 M
RuOHCI; aqueous solution for 20 min whereupon
dried at 80°C for 30 min and then annealing
treatment was carried out again at the same above-
mentioned mode. The choice of the ruthenium as a
catalyst was defined by its some advantages [31].
Further, ruthenated MWOCNT/SnO, chips were
arranged in TO-5 packages and after leads bonding
offered gas sensors were ready to measurements.
2.3. Gas sensing measurements

VOCs vapors sensing properties of the
MWCNTs/SnO, composite  structures  were
measured by home-made developed computer-

controlled static gas sensor test system [40]. The
sensors were re-heated at different operating
temperatures. When the resistances of all the
sensors were stable, saturated target vapor was
injected into a measurement chamber by a
microsyringe. The target gases including, ethanol,
methanol, acetone, toluene vapor were introduced
in the measurement chamber on special hot plate
designed for the quickly conversion of the liquid
substance to its gas phase (<12 s). After the sensor
resistances reached a new constant value, the test
chamber was opened to recover the sensors in air.
The sensing characteristics were studied at a
temperature range of 100-300°C. The gas response
S, of the sensors was defined as RJ/Ry where R,
and Ry are the electrical resistances in air and in
target VOCs-air mixed gas, respectively. The
response and recovery times are determined as the
time required for reaching 90% resistance change
from the corresponding steady-state value of the
signal.

The volume part of the gas in air was calculated
by the following equation [41]:

PpXVIXRXT
Covm = 3 px v <10

where p (g/cm?) is the density of injected liquid, V,
is the volume of the injected liquid, R is the
universal gas constant, T is the absolute
temperature, M (g/mol) is the molecular weight, B,
is the pressure after the vaporization of the injected
liquid, V., is the volume of the chamber.

3. Results and discussions
3.1. Material characterization

The  morphologies of the  prepared
SnO,/MWCNT nanocomposite different powders
were studied by the scanning electron microscopy
(SEM) using Hitachi S-4700 Type Il FE-SEM
equipped with a cold field emission gun operating
in the range of 5-15 kV. The samples were
mounted on a conductive carbon tape and
sputtered with a thin Au/Pd layer in Ar atmosphere
prior to the measurement.

Fig. 1 shows SEM image of the pristine carbon
nanotubes lying in the MWCNTs membrane. The
rough estimation of the CNTSs sizes shows that the
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average diameter of carbon nanotubes not covered
with SnO, nanoparticles clusters is about 25 nm.

In previous published results [31], we were
shown that with increasing the weight ratio of the
MWCNT/SnO, nanocomposite components from
1:4 to 1:50 the inorganic coverage of carbon
nanotubes  becomes thicker and thicker.
Comparison of these results with ones obtained for
the samples with the weight ratios 1:66 and 1:200
were verified this tendency.

The micrograph for specimen with the 1:4
weight the ratio of the components presented in
Fig. 2 shows that spherical tin oxide nanoparticles
covered the CNTs are well dispersed and separated
from each other whereas in the case of the 1:66
one (see Fig.3) SnO, nanoparticles are conjugated
into the clusters. .

Tum
Fig.3. TEM image of MWCNT/SnO;
nanocomposite with the 1:66 ratio of the
components.

The presence of an oxide layer was confirmed
by SEM-EDX and the crystalline structure of the
inorganic layer was also studied by an X-ray
diffraction method using Rigaku Miniflex 1l
diffractometer (angle range: 20 [°] =10-80
utilizing characteristic X-ray (CuKa) radiation).
Results of these studies are presented in [31] in
detail. Here, we are only noted that average
crystalline size of SnO, nanoparticles are less than

. - 12 nm for all using synthesis methods.
‘?:5;2350;% meg mode Wo_ Td&.):'&)vw’", 8 3.2. Gas sensing characteristics

1 CEM imane of At first, we consider the response from presence
of methanol and ethanol vapors in the
measurement chamber atmosphere. As a result of
our studies, we were revealed that the most
response from these alcohols inherent to sets of
MWCNT/SnO, nanocomposite samples made by
all mentioned above material synthesis methods
with corresponding ratios of the components
beginning from 1:8 up to 1:200, at 200°C
operating  temperature.  Results of these
measurements and  samples codes  with
corresponding synthesis methods are summarized
in Table 1 and bar chart (Fig.4) below.

g 200 [
Fig.2. TEM image of MWCNT/SnO,
nanocomposite with the 1:4 ratio of the
components.
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Table 1. The response of studied MWCNT/SnO, samples to 1000 ppm of different gases at 200°C

operating temperature.

Sample code Process parameters Rair/Rmeth | Rair/Reth
KCS1-3 Hydrothermal synthesis, 1:4 22 14
KCS2-2 Hydrothermal synthesis, 1:8 1500 500
EKCS3-2 Hybrid method, 1:24 1000 750
ECS7-2 Sol-gel, 1:50 1000 2000
ZCS-66 Hydrothermal synthesis, 1:66 700 600
ZCS-200 Hydrothermal synthesis, 1:200 384 400

10000

1000 &

B Methanol

Response, Ra/Rg
=
= o
o o

M Ethanol

1

1 2 3 4 5 6

Weight ratio of the nanocomposite components
(MWCNT/Sn02): 1-1:4; 2-1:8; 3-1:24; 4-1:50; 5-1:66;
6-1:200, respectively

Fig.4. Response to 1000 ppm methanol and
ethanol vapors at 200°C operating temperature.

It can be seen from diagram, beginning from 1:8
weight ratio of the nanocomposite components up
to one 1:50, sensors response to methanol and
ethanol vapors not vary practically. Moreover, we
can assert that in this range of weight ratio of the
nanocomposite components, the sensors made by
using the mentioned above different three
technologies react to these alcohols something
like. But, further increase in the SnO, component
of the nanocomposite result in gradual decrease in
ethanol and methanol vapors responses.
Nevertheless, sensitivity to these alcohols vapor
remains as long as high. As distinct from previous
study [31], here we consider the more range of
weight ratio of the nanocomposite components as
well as addition of new hybrid nanocomposite
synthesis method. Results of our investigations
were shown that the sensitivity of studied sensors
to methanol and ethanol vapors not so much
depends from material synthesis methods as rather
than sensors operating temperature and required
definite amount of SnO, nanoparticles covered
with MWCNTSs walls.

It should be noted that 200°C is optimal
operating temperature for detection of methanol
and ethanol vapors by such nanocomposite
sensors. But, we were set ourselves as an object to
find conditions and corresponding material
technology at which the best selectivity to one or
another gases achieves. With this purpose, we
were carried out the testing of all samples at
different operating temperatures in other to
compare responses to various considered here
target VOCs. Results of these investigations
fulfilled for set of ECS7-2 series samples
summarized in Fig. 5. The relatively high 1000
ppm concentration is chosen for selectivity better
shows.

10000 1 W ECS7-2

Acetone
W ECS7-2
Toluene
ECS7-2
Ethanol

MW ECS7-2
Methanol

100 -

150 200 250 300
Operating temperature, °C

Response, Ra/Rg

Fig. 5. Comparison of ECS7-2 series sample
responses to 1000 ppm different VOC exposure vs
operating temperature.

It is obvious that the best selectivity relative to
other VOC and high response values are registered
at methanol and ethanol vapors exposure at 200°C
operating temperature. Unfortunately, separate
detection of methanol and ethanol vapors is not
come in as yet. There is not selectivity at 250°C
operating temperature though at that relatively
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high response observed for all target VOCs.
While, the same series samples are shown the
sufficiently selective detection of acetone vapors at
300°C.

Taking into account the fact that KCS1-3 set of
samples with 1:4 ratio of the nanocomposite
components also selectively sensitive to the
alcohols only at 200°C but with lesser responses,
we were hoped obtaining selective sensitivity to
acetone or toluene vapors at lower or higher
operating temperatures. The responses of KCS1-3
samples to studied VOCs vs operating temperature
IS presented in Fig.6. It can be seen that the
selective sensitivity these samples to acetone
vapors at the same concentration of all vapors is
observed as early as at 150°C operating
temperature. With the increase in the operating
temperature, the response to acetone vapor rises up
to 360.4 value at 250°C while selectivity remains
high. Undoubtedly, functioning at lower operating
temperature (150°C) with ensuring the best
selectivity is preferably in all cases.

& 400 mKCS1-3
g 300 A Acetone
< m KCS1-3
@ 200 Toluene
g_ KCS1-3
2 100 Methanol
x W KCS1-3
Ethanol

150 200 250 300
Operating temperature, °C

Fig. 6. The responses of specimens on KCS1-3 set
of samples to studied VOCs exposure vs operating
temperature.

As for EKCS3-2 set of samples made by
applying of the hybrid technology, we should be
noted that the high response to acetone and toluene
vapors of these sensors appears at 200°C but
selectivity at that is poor. The selective response to
toluene vapors is observed at 150°C (Fig.7). Thus,
KCS1-3 and EKCS3-2 series samples functioned
at relatively low operating temperature (150°C)
could be use as toluene and acetone vapors
sensors, respectively.

& 800

W EKCS3-2
n:‘ 600 Acetone
§ 400
g_ 200 W EKCS3-2
(7]
Q 0 i i | — Toluene
[

150 200 250 300
Operating temperature, °C

Fig. 7. Response of EKCS3-2 set of samples to
500 ppm acetone and toluene vapors vs operating
temperature.

Sufficiently selective response to acetone
vapors is registered by ZCS1-200 set of samples at
all operating temperatures in the range of 150-
300°C. Results of the test measurements are shown
in Fig. 8.

& 1500 M Acetone

®

& 1000 H Toluene

iy

o} Ethanol

S 500

by B Methanol
A 0

-4

150 200 250 300

Operating temperature, °C

Fig. 8. The responses of specimens on ZCS1-200
set of samples to studied VOCs exposure vs
operating temperature.

Data of acetone and toluene responses of
considered samples at different operating
temperatures are summarized in Table 2.

Response and recovery times are defined from
transient response-recovery  Ccurves and
corresponding dynamic resistance change. As
examples, here we adduce some of them for
different mentioned above gas sensors. These
times to differ for studied sensors. As can see from
Fig. 9, the reaction of EKCS3-2 sensors to acetone
vapors is rather slow. The recovery at 200°C takes
place incompletely. Using pulse supply mode for
heater full recovery is reached. But, response and
recovery times of KCS1-3 type sensors at 250°C
operating temperature and 1000 ppm toluene
exposure are about only 24 s and 14 s, respectively
(Fig. 10).
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Acetone 250-200°C 1000000 ” .I
c
1.E+06 =
&= gas 2007 ¢ 100000
EE+05 in E
5 0
§E+04 & 10000
©
§E+03 -
AR E— ‘ gas off 1000 . . . . .
0 300 600 900 1200 1500 5000 5200 5400 5600 5800 6000
Time, s Time, s

Fig. 10. The response and recovery of KCS1-3 set
of samples to 1000 ppm toluene vapors exposure
at 250°C operating temperature.

Fig. 9. The response and recovery of EKCS3-2 set
of samples to 500 ppm acetone vapors exposure
starting at 250°C and then cooling down to 200°C
operating temperature.

Table 2. Acetone and toluene vapors responses of all studied samples vs operating temperature.

°C Gas response, Ra/Rq
ECS7-2 KCS1-3 EKCS3-2 ZCS1-200
Acetone | Toluene | Acetone | Toluene | Acetone | Toluene | Acetone | Toluene
150 2.67 4.88 146.3 2 26.59 350 32.3 1
200 7.62 6.25 251.9 40.21 800 500 1002.34 5
250 86.93 52.96 360.4 | 84.198 200 60 555.6 334.6
300 46.5 1 2.21 1 1 1 375 4.34
The largest response to acetone vapors As an example, the dependence of the ZCS1-

(Ra/Rg=555,62) in steady-state regime (formed
after the first acetone vapor influence) is fixed for
ZCS1-200 set of samples with 1:200 mass ratio of
the components to 1000 ppm acetone vapors
exposure at 250°C operating temperature (Fig. 11).
Response and recovery times of these sensors are
about 22 and 27 s, respectively.

1000000

100000 -
10000 -+

1000 -

Resistance, kQ

100 +

10 i T T T 1
0 1000 2000 3000 4000
Time, s

Fig. 11. The response and recovery of ZCS1-200
set of samples to 1000 ppm acetone vapors
exposure at 250°C operating temperature.

200 sensor response vs acetone vapor
concentration at 150°C is presented in Fig. 12.
Obviously that gas response linearly increases with
acetone vapor concentration build up.

45
40 =
0o
£ 35 "
8 20 /
@ 15
8 10 L=
(U]
5
0 Ly
0 500 1000 1500 2000
Concentration, ppm

Fig. 12. Dependence of EKCS3-2 sensor response
Vs acetone vapor concentration.
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4. Conclusion

Thus, in this work are found definite conditions at
which of studied MWCNTs/SnO, nanocomposite
gas sensor exhibit the selective reaction to either
VOC. So, it is revealed that the nanocomposite
structures with 1:4 mass ratio of the components
selectively respond to acetone vapors at and
acetone and toluene vapors at 150°C and 250°C
operating temperatures, respectively.
Nanocomposite samples with greater mass ratio of
the components (1:8, 1:24, 1:50) behave as a very
sensitive and selective ethanol and methanol
sensors. We can assert that in this range of mass
ratio of the nanocomposite components and even
for 1:66 and 1:200 one, the sensors made by using
the mentioned above hydrothermal synthesis, sol-
gel technique and their combined process
technologies react to these alcohols something
like, e.g. alcohols responses practically not depend
from used processing methods. Acetone vapors
selective sensitivity of samples with 1:50 mass
ratio of the components appears only at the 300°C
operating temperature. The largest and sufficiently
selective response to acetone vapors (Ra/Ry more
than 1000 at 1000 ppm acetone vapor
concentration) is achieved at samples with 1:200
mass ratio of the components.
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