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Abstract

In this paper, SnO,/MWCNT nanocomposites with different types of MWCNTs, namely as-received, acid treated
and Ag-decorated, were synthesized via a facile method and their CO gas sensing properties were investigated.
Microstructure and phase formation of the synthesized composites were studied using FE-SEM and XRD,
respectively. Fourier transform infrared spectroscopy (FTIR) was employed to study the functional groups on
the surface of MWCNTs after acid treatment. CO gas sensing results showed that the samples containing
0.8wt.% MWCNT with 2 h acid treatment by HNO; have the best response to CO gas.
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I. Introduction porous structure of CNTs present effective binding sites
for gas molecules. Carbon nanotubes show great poten-
tial in making of the next generation sensor technology
because they are chemically, thermally, and mechani-
cally very stable. Minimal sensing material requirement
and high sensitivity make carbon nanotubes suitable for

Carbon monoxide (CO) is a colourless, tasteless and
odourless gas which is notorious as invisible silent killer
[1]. It is a highly toxic gas and even in low concentra-
tions death is likely. Indeed, a 10-minute exposure to

5000 ppm cor.lcentrati.on is lethal to humar}s [2,3]. CO .is developing highly sensitive, low power and low cost
produced mainly by incomplete combustion of organic  iniaturized gas sensors. Because of all those advan-
materials. Risk of exposure to this gas arises from oil or tages, composites of multi wall CNTs (MWCNTS) with
gas burners which are improperly adjusted, for instance  ,ther metal oxides have been widely used in sensor
from a burning stove or from a burning wood or candles o -hnology [13-16]. The selectivity of CNT sensors can
ina closed room [2,3]. This has stnpulated considerable be improved either by modifying the nanotube surfaces
interest for researqhes to develop 51mple. and cheap sen- i desirable functional groups utilizing the selective
sors for the detection of low concentrations of CO gas. adsorption of the target molecules on these centres or
Thus, recently many efforts have been devoted to the  py geveloping a nanocomposite architecture consisting
synthesis of novel sensing materials with high sensitiv- iy roanic nanoparticles dispersed in an unfunctional-
ity towards CO gas [4-6]. _ ized MWCNT matrix [17].

SnO, is a stable n-type wide band gap semiconduc- The perfect single wall CNT (SWCNT) is without
tOF (Eg - .3'6CV) and is well-known for potential ap- functional groups and therefore chemically quite inert,
phcat10n§ m transparent electrodes, £aS SENSOrs, stor- and CNTs react only to some strong oxidizing or reduc-
age applications gnd solar ceII.S. Itis w1de ly useq as ing gases due to stable electronic structure. The simplest
gas sensor due to its low cost, high sensitivity and sim- functionalized SWCNTS were nanotubes with —COOH

ple synthesis procedure [7-11]. In addition, a combi- . . . .
nation of SnO, with carbon nanotubes (CNTs, discov- groups formed upon purification treatment in refluxing
2 ’ HNO, [18]. In other words, the sensing capability of

db io lijima in 1991 [12 ising f . . .
erec ySum19 ytma m 991 [12]), seems promising for CNTs can be increased by sidewall surface modifica-
applications in different nanotechnology fields. Thus, . S . .
large surface to volume ratio, presence of defects, and tions such as oxidization, doping, and mechanical defor-

’ ’ mation [19-23]. Acid treatment or modifying CNTs by
* Corresponding author: tel: +98 917 1197591, HNO3.0r H,S0, leafls to formatlop of functional groups
fax: +98 3613 415628, e-mail: hashemib@shirazu.ac.ir on their surface. This causes the improvement of sens-
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ing properties, dispersing ability and surface reactivity
[22,24,25]. Acid treatment forms some defects on the
CNTs surfaces, therefore, the surface adsorbs the gas
molecules and it changes the electrical conductivity of
CNTs [21,22]. Filling or decorating of CNTs is another
way to change their properties [19,21,23].

In this research, SnO,/MWCNT nanocomposites
were synthesized by a low cost conventional method
and the effect of different types of MWCNTs (as re-
ceived, acid treated with HNO, and Ag-decorated) on
the CO gas sensing properties was investigated. To find
the best sensing properties, SnO,/MWCNTs nanocom-
posites with different amounts and different types of
MWCNTs were fabricated.

II. Experimental procedure

SnO, powder (purity >99%, Merck) with average
particle size 4-5 um and MWCNTs (purity >95%) with
10-20 nm in diameter and 5—15 pm in length were used
as raw materials. The size of SnO, particles was reduced
to 50-300 nm by attrition milling with zirconia balls in
Teflon vial. Milling was done with ball to powder ra-
tio of 20:1 and rotational speed of 300rpm in ethanol
medium for 2 h.

Acid treated MWCNTs: In order to modify the sur-
faces of MWCNTs, they were placed in an ultra-
sonic bath (Luc-405/410/420) containing HNO; (99%,
Merck) for 1-4 h. Then they were agitated by magnetic
stirrer for 2 h at RT. This operation was done to open the
top and bottom ends of MWCNTs and to put (—COOH)
and (—OH) groups on the MWCNTs surfaces [21,22].

Ag-decorated MWCNTs: To prepare Ag-decorated
MWCNTs, 0.05g of 2h acid treated MWCNTSs were
dispersed in 20 ml distilled water by ultrasonic vibra-
tion and then 20 ml of silver nitrate (98%, Merck) was
gradually added to above suspension and sonicated for
3 h. For precipitation of Ag nanoparticles on the sur-
faces of MWCNTs, 0.1 molar NaOH (99%, Merck) was
added drop by drop to the suspension to reach pH = 10.
Subsequently, the Ag-decorated MWCNTs were filtered
washed and dried at 75 °C for one hour.

SnO,/MWCNT nanocomposites: In order to synthe-
size SnO,/MWCNT nanocomposites, required amounts
of MWCNTs were dispersed in 40 ml ethanol by ultra-
sonic probe (FS600N) for 15 minutes. Then the milled
SnO, powder was added to ethanol suspension under
ultrasonic vibration for 30 minutes and finally the sus-
pension was placed on magnetic stirrer at 40°C to
evaporate the ethanol. Three different SnO,/MWCNT
nanocomposites were prepared, with the as-received,
acid treated and Ag-decorated MWCNTs. Amount of
MWCNT (PMWCNT in wt.%) in composites was cal-
culated by the following equation:

MmywcNT

ey

Pyuwent =
MmywceNT + Msno,
where mywenr is weight of MWCNT and mgyo, is
weight of SnO, powder.

After drying of the nanocomposite powder, it passed
through a 100-mesh sieve. The pellet samples with di-
ameter of 10 mm and height of 2 mm were made by uni-
axial pressing of the powder with pressure of 100 MPa.
The samples were put in a quartz tube with the diame-
ter of 15 mm which was evacuated in order to avoid their
oxidation during sintering. The samples were sintered at
800 °C for 3 h. Then the surfaces of samples were coated
with Ag paste to measure the electrical properties. Re-
sistance was measured at 250 °C in air and in the pres-
ence of 50 ppm CO gas. The flow rate and concentration
of CO gas were controlled by mass flow controller. The
response of sensor (S z) was defined as the ratio of the
resistance of the samples in dry air (R;) to that in the
presence of CO gas (R,):

2

The response time was defined as the time required for
the sensor resistance to reach 90% of the equilibrium
value after ethanol is injected and recovery time was
taken as the time necessary for the sensor resistance to
reach 90% of the baseline value in air.

Morphology of the sintered samples was investigated

Figure 1. FE-SEM image of SnO, powder: a) before and b) after attrition milling
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Figure 2. FTIR spectra of MWCNTs after modification by
HNO,; for (a) 1 hour, (b) 2 hours and (c) 3 hours (d)
untreated MWCNT (after Tehrani et al. [28])

by field emission scanning electron microscopy (FE-
SEM, HITACHI-SU70). X-ray diffractometer (Brucker
D8 advance) with CuKa radiation (1 = 1.548 /0\) was
used for the phase analysis of the prepared sam-

ples. Fourier transform infrared spectrometer (FTIR,
PerkinElmer RX1) was employed in order to study the
functional groups formed on the surfaces of MWCNTs.

II1. Results and discussion

3.1. Materials characterization

Figure 1a illustrates the FE-SEM micrograph of the
untreated SnO, powder. As seen, the average particle
size of the untreated powders was about 4-5um with
broad particle size distribution, whereas after attrition
milling (Fig. 1b), particle size was in the range of 50—
300nm with some agglomeration. By decreasing the
particle size, surface area of powders increases and it
is expected that the gas sensitivity will increase accord-
ingly [4].

FTIR spectra of the surface treated MWCNTs (after
1-3h acid treatment) are shown in Fig. 2. Four peaks
in the ranges of 1056-1376cm™!, 1450-1618cm™,
1749 cm'! and 2846-3309 cm™ can be assigned to C-0,
C=C, C=0 and O-H bonds, respectively [22,26,27].
These peaks show that functional groups have been suc-
cessfully formed on the surface of MWCNTs after acid
treatment. For comparison FTIR spectrum of the un-
modified MWCNT without acid treatment is shown in
Fig. 2d [28]. As it can be seen, there is no peak due to
the presence of the functional groups on the surfaces of
the unmodified MWCNT.

Figure 3 shows the morphology of the as-received
and Ag-decorated MWCNTs. According to Fig. 3b and
EDX analysis, Ag nanoparticles with an average size
of about 100 nm have been formed on the surface of

MWCNTs.
FE-SEM cross sectional micrograph of the
SnO,/MWCNTs  nanocomposite — containing Ag-

decorated MWCNTs is shown in Fig. 4, where good
distribution of MWCNTs in the nanocomposite is
noticeable. Good dispersion of MWCNTs is the conse-
quence of the functional group presence at the surface
of MWCNTs [23,26].

Figure 5 shows the XRD pattern of the SnO,/Ag-
decorated MWCNTSs nanocomposite. As it is seen,

Figure 3. FE-SEM image of MWCNTs: a) before and b) after precipitation of silver nanoparticles
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Figure 4. Cross section FE-SEM image of SnO,/Ag
precipitated MWCNTSs nanocomposite
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Figure 5. XRD pattern of SnO,/Ag precipitated MWCNTSs
nanocomposite
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Figure 6. Resistance changes of the samples containing
different types of MWCNTs (as-received, acid treated
and Ag-decorated) in presence of 50 ppm CO gas

diffraction peaks are related to SnO,, carbon and silver
and other phases are not seen in the pattern. The XRD
peaks of MWCNT are positioned at 26 = 26.2° (002),
44.3° (101) and 54.9° (004).

The peaks centered at 26.5° and 34° were chosen to
calculate the crystallite size of the composites by the
Scherrer formula [29]:

100

_ K-2

~ B-cosf
where D is the crystallite size, K is the shape f%ctor
(0.90), A is the wavelength of X-rays used (1.5406 A), 8

is the full-width at half maximum and 6 is the diffraction
angle in degrees. The average value was about 68 nm.

3)

3.2. Gas sensing properties - Resistance data

Figure 6 shows resistance changes of the sam-
ples containing the as-received, acid treated and Ag-
decorated MWCNTs in presence of 50ppm CO gas
at 250°C. Based on the results, the resistance val-
ues of the samples containing the as-received and Ag-
decorated MWCNTs were in the range of 0.3292-
0.048kQ (Ra/Rg = 6.85), while for the sample contain-
ing the acid treated MWCNTs, resistance changed in the
range of 16.46-0.464kQ (Ra/Rg = 35.45). It is obvi-
ous that response of the latter sample is much higher
than the other two samples. This could be attributed to
the presence of functional groups such as C-0O, C=0
and O—H on the surface of MWCNTs as a result of acid
treatment with HNO, [21,22].

The gas-sensing behaviour of a semiconductor gas
sensor is based on the change in resistance caused by the
adsorption and desorption of gas molecules on the sur-
face of the sensor material in the target gas ambience.
When the sensor was exposed to air, oxygen molecules
were adsorbed on the surface. The adsorbed oxygen
molecules extracted electrons from the conduction band
of the sensor material, and the electron depletion layer
was formed in the surface region, which increased the
resistance of the sensors. The reactions can be written
as follows:

O (0as) = Oraas) “4)
Ojads) T = Ojaay) &)
Og(ads) +e — 20(;(15) (6)
Ofugsy + ¢ — Ofgy) (7

When the nanocomposite sensors were exposed to
CO, the CO molecules were chemisorbed on the sur-
faces of the sensor material, and they reacted with the
adsorbed oxygen species to form CO, as follows:

COy45) + Opasy — CO, + e~ ()
This led to an increase in electron concentration in the
surface region of the sensor material, which eventually
decreased the resistivity of the sensor; this decrease in
resistivity was used for the detection of CO gas.

Santucci et al. [30] reported the interaction between
carbon monoxide and hydroxyl modified CNTs. They
demonstrated that interaction occurs due to the forma-
tion of hydrogen bond between the hydroxyl groups an-
chored onto CNTs and CO molecules. The bonding be-
haviour and charge transfer between carbon nanotubes
and C—O molecule is illustrated in Fig. 7. The hydro-
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Figure 7. Adsorption of CO gas molecule on the CNTs
functionalized with hydroxylgroup. Hydrogen bond is
formed between the hydrogen atom of the hydroxyl
group and the oxygen atom from carbon monoxide

gen atom of hydroxyl modified CNTs binds with the
electronegative oxygen of carbon monoxide. Hydroxyl
groups are attached onto CNTs during the purification
procedures for the removal of impurities.

Carbon nanotubes due to their strong sp? bonding in
a near perfect hexagonal network are rather chemically
inactive and this prevents the formation of chemical
bonds with most molecules. Functionalization of car-
bon nanotubes improves their chemical reactivity and
more adsorption of oxygen takes place at the surface
of nanocomposite. Therefore, the thickness of depletion
layers or the resistance of sensor increases [13]. In fact
CNTs act as a hollow p-type semiconductor with nano-
channels. The gas molecules can penetrate within these
channels. Therefore, the existence of p/n junctions be-
tween CNTs and SnO, particles and good penetration
of gas with inner interfaces increase the sensitivity char-
acteristic of SnO,/CNTs composite [14]. Dispersion of
MWCNTs in SnO, powder is one of the most important
factors since they have a high tendency for agglomera-
tion.

Decoration of Ag nanoparticles on the surface of nan-
otubes was not effective in sensing properties of the
sample. Decoration of Ag on the surface of acid treated
MWCNTs through chemical method may omit the func-
tional groups from the surface of MWCNTs. In addi-
tion, the sonication process applied for obtaining a good
mixture could separate Ag nanoparticles from MWC-
NTs. Therefore, the sensing properties of the sample
containing Ag-decorated MWCNTs were lower than
those for the samples containing the acid treated MWC-
NTs. This behaviour has been previously reported in lit-
erature [20,31].

3.3. Sensing properties - Effect of acid treatment time

Change of resistance with time for the samples con-
taining the acid treated MWCNTs for different periods
of time is shown in Fig. 8. The best response is related to
the sample containing two hours acid treated MWCNTs.
Acid treatment produces functional groups on the sur-
face of MWCNTs, but with increase of acid treatment
times, the surface of CNTs can be damaged extensively
and decrease the number of functional groups on the
surface [32,33]. Khojin et al. [34] studied change in the

output resistance of CNTs on adsorption of gases. Their
studies showed that the output resistance might vary
due to changes in potential barrier (i) between the car-
bon nanotubes and the electrodes, (ii) between intercon-
nected carbon nanotubes, or (iii) due to the variation in
the number of charge carriers within the nanotube itself
on adsorption of gases. They performed a comparative
study between the pristine, slightly defected, and highly
defected carbon nanotubes and found that the resistance
of the pristine CNTs changed because of variation in the
potential either at the junction of two adjacent CNTs or
at the metal CNT interconnect. Further, they observed
that with increase in the number of defect sites, num-
ber of charge carriers in the carbon nanotubes changes.
The changes within the carbon nanotubes are responsi-
ble for variation in its resistance. They concluded that
the gaseous molecules adsorb preferentially on defected
CNTs compared to pristine nanotubes [34]. Therefore in
our case as acid treatment time was increased up to 2h
probably the number of defects was increased, but after
that the surface of MWCNTSs was extensively damaged.

3.4. Sensing properties - Effect of MWCNT amount

Changes of resistance with time for the samples con-
taining different amounts of MWCNTs and acid treated

- « = 1hacid treatment
2hacid treatment
- = 3hacid treatment
e 4h acid treatment

0 100 200 300 400 500
Time [s]

Figure 8. Resistance changes of the samples containing 2 h
acid treated 0.8% MWCNTs at different times in

presence of 50 ppm CO gas.
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Figure 9. Resistance changes of the samples containing
different amount of MWCNTs after 2 h acid treated
in presence of 50 ppm CO gas
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Figure 10. The diagrams of response and recovery times for the Sn0,/0.8% MW CNTs nanocomposite samples containing:
a) 1h, b) 2h and c) 3h acid treated MWCNTSs

for 2h are shown in Fig. 9. Adding the acid treated
MWCNTs to SnO, improves sensing properties of the
nanocomposite due to high reactivity with gas and good
sensing properties of the acid treated MWCNTSs. The
best response was obtained in the sample containing
0.8 wt.% MWCNTs. An optimum amount of MWCNTs
avoids from percolation of the SnO, by the dispersed
acid treated nanotubes. However, at high amount of
CNTs, resistance decreases because of high conductiv-
ity of MWCNTs. A continuous network of CNTs forms
when high amount of CNTs is used and this increases
conductivity of the nanocomposite [13,31].

Table 1 compares CO gas sensing properties of differ-
ent metal oxide composites, as it can be seen the present
sensor shows good response to 50 ppm CO gas in com-
parison with other gas sensors. Also in comparison with
previous work of the authors about the pristine SnO, gas
sensor, the present sensor shows better sensitivity.

3.5. Response and recovery times

Response and recovery times of the nanocomposite
samples containing 0.8 wt.% MWCNTs acid treated for
different times are presented in Fig. 10. The sample con-
taining 2 h acid treated MWCNTs showed the shortest
response (200s) and recovery times (305s) in compar-
ison to other samples. For all samples there are some

102

drifts but only for this sample, the resistance almost re-
turns to its initial value after stopping of CO gas flow
which indicates good stability of this sample [15]. Long
response times are probably due to high tortuosity of
porous channels in the samples as a result of presence
of MWCNTs and short recovery times are due to rela-
tively high working temperature of the sensors.

IV. Conclusions

In a nutshell SnO,/MWCNT nanocomposites with
different types of MWCNT (as-received, acid treatment
and Ag-decorated) were synthesized using a simple con-
ventional method. FE-SEM micrograph revealed for-
mation of particles with a size in the ranges of be-
low 100nm and XRD analysis of the Ag-decorated
SnO,/MWCNT nanocomposite showed presence of Ag,
C and SnO,. Using the as-received MWCNTSs and
Ag-decorated MWCNTs in comparison with the acid
treated MWCNTs did not show good response to CO
gas detection in SnO,/MWCNTSs nanocomposite. The
best acid treatment time was 2 hours. By increasing acid
treatment time of MWCNTSs from two to four hours,
sensing properties of the SnO,/MWCNTSs nanocompos-
ite decreased due to damaging of nanotubes. The sam-
ples containing 0.8 wt.% two hours acid treated MWC-
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Table 1. Comparison of CO gas sensing properties of some metal oxide composites

Concentration Response Temperature

Composite Synthesis route [ppm] (Ru/Ry) °C] Ref.
CuO/Sn0,-In,0,4 Chemical route 1000 130 135 [6]
CeO, doped SnO, Sol-gel 100 4 350 [35]
0.1% CNT on Co,0,-Sn0O, Chemical route 600 8 (Vu/Vias) 25 [36]
In, O, thin film Chemical route 1000 25 400 [37]
Proton implanted In, O, Sputtering 1000 8% (AR/R) 200 [38]
Co-In,0, RF magnetron sputternig 250 7.5 350 [39]
5 wt.% Eu,05-In,0,4 Sol-gel 100 1.4 195 [40]
mixed In,0;+Zn0O Commercial powders 4600 24 460 [41]
In, O, thin film Chemical route 500 25 350 [42]
In,O; nanofibers Electrospinning 100 550% (AR/R) 300 [43]
In,05-Sn0O, Sol-gel 50 4 250 [44]
Fe,05-In,0, Sol-gel 50 1.25 350 [45]
MWCNT/SnO, Two step mixing 50 16 250 This work
SnO, Ball milling 100 5 RT [46]°

“Previous work of the authors

NTs showed the highest response to 50 ppm CO gasand 9. T.A. Miller, S.D. Bakrania, C. Perez, M.S.

the shortest response and recovery times.
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