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Beneficial effect of Pd and MWCNT co-loading in
SnO, nanoparticles towards the low temperature
detection of n-butane gas: synergistic effect on
sensing performancef
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A significant enhancement in sensor response and the lowering of operating temperature towards the
detection of n-butane gas have been achieved by compositing SnO, with a small amount of multi-walled
carbon nanotubes (MWCNTSs) and Pd. The sensor nanomaterial was prepared by a facile chemical route
and characterized by multiple sophisticated techniques, viz., TGA, XRD, TEM, HR-TEM, and /-V. The thick
film, chemiresistive sensor was fabricated following the Taguchi model. While Pd induces chemical
sensitization, both Pd and MWCNTs enhance the depletion layer thickness in SnO, nanoparticles, leading
to enhanced sensor response (93% to 2000 ppm n-butane), fast response time (2 s), repeatability, and
stability. This sensor is suitable for applications in coal mines, oil refineries, LPG processing and storage
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1. Introduction

The demand for n-butane (C,H,,) gas sensors has been
growing rapidly for their uses in coal mines, oil refineries,
LPG processing and storage plants, gas turbines, kitchens,
automobiles, and chemical plants. However, as mandated by
different occupational health and safety organisations across
the world (OSHA, NIOSH, and ACGIH) the maximum
permissible exposure limit of n-butane for a worker in a 10 h
shift is not exceeding 800 ppm. Considering the safety aspect,
a huge effort has been made to develop energy efficient gas
sensors for detecting the presence and the leakage of
n-butane.'™ Some n-butane sensors are commercially
available, such as TGS2610 (Figaro Engineering Inc., China),
TGS6812 (Figaro Engineering Inc., China), and MQ-6 (FUT
Electronic Technology Co Ltd., China). However, these
sensors are general flammable liquid petroleum gas sensors,
and thus detect methane, butane, propane, etc. Precisely, they
do not have any specificity towards n-butane. In literature also
multiple n-butane sensors are available (see Table 1).

Most of the sensors operate at high to very high
temperatures and have slow response and recovery times and
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insufficient sensitivity and selectivity. Tin dioxide (SnO,) has
been extensively investigated to detect combustible gases
during the last few decades to develop combustible gas
sensors owing to its excellent sensitivity and good
stability."**® Improvement towards the sensitivity and
selectivity of SnO, has been achieved by incorporating
catalysts/promoters' or by changing particle size/
morphology.’®™® Palladium is almost an imperative
component and widely used as a catalyst for SnO, sensors to
enhance sensitivity, especially towards methane and butane
detection.?*> Pd improves the sensitivity through the spill-
over mechanism and/or Fermi level modulation.”'"
However, the major bottleneck of such SnO, based gas
sensors is their very high operating temperature, which
normally varies between 350 °C and 500 °C,>>* and poor
selectivity. Therefore, the reduction of operating temperature
and improvement of selectivity are the need of the hour to
prepare smart and energy efficient gas sensors. In SnO, the
reduction of operating temperature to around 240 °C has
been reported in two-layer thick film gas sensors (SnO, as the
first and alumina-supported Pd as the second layer) for the
detection of butane.”*

Carbon nanotubes (CNTs) have turned out to be a
promising material for gas sensing applications because of
their high surface area and unusual electrical properties.
Depending upon the type of analyte gases, CNTs (and surface
functionalized CNTs) can donate or accept electrons, which
makes them a good gas sensing material. The sensing
properties of CNTs have been reported towards gases like
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Table 1 Sensing performance of some interesting n-butane sensors
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Sensor

Response to n-butane (S(%) :}% ><100)

Operating temperature (°C) Response time Recovery time

SnO, (ref. 5)

0.1% Fe doped SnO, (ref. 5)

0.5% Fe doped SnO, (ref. 5)

7.5 mol% Pd-TiO, (ref. 6)

5% W doped TiO, (ref. 7)

ZnoO (ref. 8)

MgFe,0, (ref. 9)

LaFeOj; calcined at 700 °C (ref. 10)
CrNbO, (ref. 11)

ZnGa,0, (ref. 12)

~82% to 1000 ppm
~70% to 1000 ppm
~62% to 1000 ppm
32.93% to 3000 ppm
15.8% folds to 3000 ppm
57% to 1660 ppm

71% to 2000 ppm

93% to 1660 ppm

85% to 1000 ppm

60% to 500 ppm

oxygen, carbon dioxide, nitrogen dioxide and ammonia.”>>*

SnO,-MWCNT composite sensors have been reported to
sense ammonia, sulphur dioxide, ethanol, formaldehyde and
nitrogen dioxide.**>> However, only a handful of reports on
the gas sensing of the SnO,~-MWCNT composite towards
butane and methane are available to date having operating
temperatures above 300 °C.**7* A literature review shows
that only one effort has been made using the Ru(OH)Cl; pre-
soaked SnO,~-MWCNT-Pd nanocomposite toward the
detection of butane.*® Although it was able to obtain high
sensitivity toward butane at lower temperature, the extremely
high recovery time (30 min for 120 °C and 10 min for 350 °C)
made this sensor unacceptable for practical usage. It may be
noted that single walled carbon nanotube (SWCNT) based
chemiresistive sensors have also been reported in the
literature. SWCNTs, owing to their higher surface to volume
ratio with respect to MWCNTs, are theoretically better suited
for gas sensing applications. However, in thick film gas
sensors, SWCNTs owing to their very high surface to volume
ratio tend to bundle up whereby the effective surface area
accessible for the gas molecules reduces drastically. Thus, the
purpose of using SWCNTs is defeated. Therefore, in thick
film sensors MWCNTs appear to be a better alternative.
Further, MWCNTs are cost-effective, and easier to disperse in
aqueous systems, which is critical for homogeneous
distribution of CNTs in final nanopowders synthesized from
aqueous precursor solutions.

Here, we report a low temperature operated highly
sensitive butane sensor prepared by co-loading Pd and
MWCNTs on SnO, nanoparticles. This sensor is very selective
as well as ultrafast in nature. The gas sensing characteristics
of the fabricated SnO,~-MWCNT-Pd sensor and discussion
related to the sensing mechanism are also presented.

2. Experimental
2.1. Synthesis of the SnO,~-MWCNT-Pd composite

A weighed amount of tin chloride pentahydrate (99%, Sigma
Aldrich) was dissolved in water and stirred for half an hour to
make a clear solution. A stable dispersion of MWCNTs
(Shenzhen Nanotech Port Co. Ltd, China, 100 nm dia.) was
made through sonication using CTAB (Cetyl Trimethyl
Ammonium Bromide, Merck KGaA, Germany) as a dispersant. A
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required amount of dispersed MWCNTs was added drop-wise
into the tin chloride solution under continuous stirring. The
ratio of MWCNTSs to SnO, was 0.25 (wt%). Citric acid was added
as a chelating agent and after 4 h of stirring the prepared gel
was dried at 100 °C for 24 h. Subsequently, the dried samples
were calcined in air for 4 h at 350 °C. An aqueous solution of
palladium nitrate (99%, Sigma Aldrich) was then added to the
prepared SnO,-MWCNT composite powder and also to pure
SnO, powder. The concentration of palladium was varied from
0.5 to 2.0 wt%. The schematic of the preparation procedure is
presented as Fig. S1 in the ESIT section for more clarity.

The as prepared nanopowder was used to fabricate a
Taguchi type thick film sensor. An alumina tube having 3.5
mm length, 1 mm outer diameter, and 0.5 mm inner
diameter was taken and a gold electrode was applied at the
two ends of it. Then, Pt lead wires were attached to these
gold electrodes. In order to heat the sensor a Kanthal heating
coil was inserted into the hollow core of the alumina tube.
SnO,~-MWCNT-Pd nanopowder was taken in an agate mortar-
pestle and pestled with IPA in order to prepare a slurry. The
slurry was drop coated on the tubular alumina substrate and
the coated sensor was oven dried at 60 °C for 12 h. The
sensor was installed in a customized plastic package to
develop the sensor module. A DC power source (Agilent
B2901A), connected to the heating coil, was used for heating
purpose and the resistance of the sensor was measured using
a multimeter (Keysight 34470A). The detailed process has
been described elsewhere.*®

2.2. Characterization

The as-synthesised samples were characterized using different
characterisation ~ techniques. ~X-ray diffraction  (XRD)
spectroscopy was performed using an X'Pert pro MPD XRD
(PANalytical). A NETZSCH 449C thermogravimetric analyser
was utilized to perform the thermal study of the prepared
sample in the temperature range 30-600 °C with a heating rate
of 10 °C min™. The particle shape and lattice fringes were
viewed using a Tecnai G2 30ST (FEI) transmission electron
microscope (TEM). I-V characterization and all sensing related
electrical experiments were conducted using an Agilent
computer interfaced U1253A multimeter. The detailed sensor
measurement setup has been described elsewhere.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1. Thermal stability study

The thermal stability of the nanocomposite sensors has been
checked using a DTA/TGA instrument and the traces are
shown in Fig. 1. The TGA pattern clearly shows that MWCNTs
decompose above 400 °C. Also it is observed that there is no
significant weight loss of the sol-gel derived SnO, beyond
350 °C, which implies the absence of any unreacted organic
compound. Accordingly, the curing temperature has been
chosen to be 350 °C to get stable nanocomposites completely
free from any organic impurity/unreacted substance.

3.2. Structural study

The structural characterization of the nanocomposite sensors
has been carried out using XRD, which is delineated in Fig. 2.

It is observed that the intensity and position of all the
peaks match well with the standard data (JCPDS card no. 41-
1445), confirming the formation of pure and single phase
SnO, in the tetragonal form. The presence of Pd and
MWCNTSs is not detected in the XRD pattern due to their low
concentration. In addition, we have also estimated the
average crystallite size from the Debye-Scherer equation
using two most prominent XRD peaks (110, 101), which was
found to be in nanometer dimensions, which indicates the
formation of nanocrystalline SnO,. The crystallite size
increases from 2 nm to 74 nm when the calcination
temperature varies from 350 °C to 650 °C. The inherent
tendency of any particle is to reach low Gibbs free energy
state by reducing the surface energy that manifests itself as
the curvature of the particle in the solid particles. The energy
of a curved surface is more than that of a flat surface
following the below equation:

KV
Pcurve - Pﬂat <1 + %) (1)
100 - -—h.,._ SnO
| —'—MWCNT
80
X 60
g 40 -

20: \
\
"

0 100 200 300 400 500 600

Temperature (°C)

Fig. 1 (A) TGA plot of SnO, powder with 3 h of socking at 350 °C. (B)
TGA plot of MWCNTs.
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Fig. 2 XRD patterns of SnO, and its composites prepared by the sol-
gel route: (a) the SNO,-MWCNT-Pd composite calcinated at 350 °C,
(b) the SNO,-MWCNT composite calcinated at 350 °C, (c) SnO,
calcinated at 350 °C and (d) SnO, calcinated at 650 °C.

where P, is the curvature of a curved surface, Py, is the
curvature of a flat surface, x is the surface curvature, V is the
volume of formula unit of the compound/element constituting
the particle, yg, is the surface energy of the particle, £ is the
Boltzmann constant, and T is the temperature in K. It is clear
from the above equation that with increasing temperature
P.urve decreases and gets progressively closer to Py, Le., the
curvature of the particle increases gradually. This means that
the particle size increases. This has exactly been observed here.
For further details the reader is suggested to read ref. 37.

3.3. Electron microscopic study

Microstructural characterization of the prepared samples was
carried out using TEM and a representative micrograph of SnO,
nanoparticles is presented in Fig. 3(a). The micrograph shows
that the particles are almost spherical in shape and slightly
agglomerated. The average particle size is found to be 2.76 nm
(standard deviation 0.31 nm) as estimated using a standard
lognormal distribution function, as shown in the inset of
Fig. 3(a). Fig. 3(b) is the high resolution (HRTEM) image of the
sample taken from a region of Fig. 3(a). Clear lattice fringes are
visible in the HRTEM picture and the estimated separation
between them is found to be 0.33 nm and 0.27 nm,
corresponding to the (110) and (101) planes of SnO,,
respectively. The TEM study corroborates the XRD results and
confirms the formation of nanocrystalline phase-pure SnO,.
Fig. 3(c) shows SnO, decorated MWCNTs, whereas Fig. 3(d)
shows the TEM of pristine MWCNTSs.

3.4. Electrical study

The current voltage (I-V) characteristics of fabricated sensors
have been studied under ambient conditions (at around 25 °C)
and in the presence of normal air and butane gas; a typical
curve is shown in Fig. 4. Being an n-type semiconductor the

Sens. Diagn., 2023, 2, 909-917 | 911
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Fig. 3 (a) TEM image of SnO, powder calcined at 350 °C (inset, particle size distribution from the TEM image), (b) HRTEM image showing lattice
fringes of nanocrystalline SnO,, (c) TEM image of nanocrystalline SnO, decorated MWCNTSs, and (d) TEM image of pristine MWCNTSs.

resistance of SnO, decreases in the presence of a reducing gas
(butane). Moreover, the I-V characteristics are linear within the
experimental range (+10 V), implying ohmic behaviour, which
is desirable for device application of sensors.

3.5. Gas sensing characterization

Gas sensing study has been carried out using air as the base
gas and in the presence of butane gas (balanced with

1.0

0.5+

0.0

Current(mA)

Air
“1.0-1— T T
-10 -5 0o 5 10

Voltage ( Volt)

Fig. 4 |-V curves of the SnO,-MWCNT-Pd sensor in 2000 ppm
n-butane and air at room temperature.
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nitrogen gas). The sensor response (S) at any particular
concentration (C) of a gas has been calculated by the
following formula:

R,

-R
-2 _"8%100 2
R (2)

a

S("/o) =

where R, is the resistance in air, and R, is the resistance in
the presence of a gas. The response of the sensor towards
2000 ppm butane at 300 °C has been investigated and the
results are presented in Fig. 5(a). As expected, we observed
that Pd incorporation in SnO, nanoparticles improves the
response. The addition of Pd to SnO, nanoparticles
moderately improves the response towards butane.
Interestingly, the addition of MWCNTs to SnO,-Pd shows a
synergistic effect and there is a prominent improvement in
response towards butane, as shown in Fig. 5(a) and (b). In
addition, faster response time is also observed. The log(s) vs.
log(C) plot of the SnO,-CNT-Pd sensor (see ESI Fig. S2) in
the range of 500-2500 ppm butane can be fitted with a
straight line with a slope of 0.157. Such a small slope
indicates that the sensor saturates quickly beyond 500 ppm
butane concentration.*® Details of improvement of response,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Sensor response in 2000 ppm butane at 300 °C temperature, (b) sensor response in different concentrations of butane at 300 °C

temperature, and (c) sensor response at different temperatures in 2000 ppm butane.
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Fig. 6

(@) SNO,-MWCNT-Pd sensor response in 2000 ppm methane at 75 °C to 300 °C temperature. (b) Selectivity of the SnO,-0.25% MWCNT-

1% Pd nanocomposite sensor. (c) SNnO,-MWCNT-Pd sensor's long time drift and moisture interference study in air.

and response time are presented in ESI{ Table S1. The sensor
response is maximum at 300 °C (see Fig. 5(c)).

It may be noted that the interval between gas on and gas
off has been kept the same for all the four experiments
exhibited in Fig. 5(a). The chosen interval was sufficient for

© 2023 The Author(s). Published by the Royal Society of Chemistry

all the sensors to recover completely except for the SnO,-
CNT-Pd In Pd-SnO,, Pd induces chemical
sensitization whereby the larger butane molecule is broken
down into simpler molecules. In CNT-SnO,, CNTs owing to
their large surface area induce strong adsorption of butane

Sensor.

Sens. Diagn., 2023, 2, 909-917 | 913
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Fig. 7 Response toward 2000 ppm butane at 300 °C temperature for different amounts of Pd doping (a) in the SnO, matrix and (b) in the SnO,-

CNT matrix.
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Fig. 8 Schematic of the gas sensing mechanism.

molecules. Both of these enhance sensor response. In the
SnO,-CNT-Pd sensor, Pd breaks down butane into simple
molecules, which are strongly adsorbed by CNTs. The
adsorption of these simpler molecules is much stronger,
more facile, and favoured than that of butane itself. So, the
SnO,-CNT-Pd sensor exhibits the highest sensor response.
Since SnO,-CNT-Pd exhibits maximum gas adsorption,
evidently desorption of reaction species is more laborious
and time consuming. This leads to a longer recovery time for
the SnO,-CNT-Pd sensor.

As both Pd and CNTs have higher work functions as
compared to Sn0,,*°™** evidently, the addition of both Pd
and CNTs will increase the resistance. However, the work
function difference between CNTs and SnQO, is less than that
between Pd and SnO,. Thus, electron transfer from SnO, to
CNT is more favoured than from SnO, to Pd. Thus, SnO,-
CNT shows higher resistance than SnO,-Pd. However,
contact points between SnO, and CNT are naturally less in
SnO,-CNT-Pd than in SnO,-CNT. Thus, the electron transfer

914 | Sens. Diagn., 2023, 2, 909-917

from SnO, to CNT is more in SnO,-CNT than in SnO,-CNT-
Pd. Therefore, SnO,-CNT has higher resistance than SnO,-
CNT-Pd.

Since the SnO,-CNT-Pd sensor exhibits
adsorption of gas molecules on the sensor surface, the active
sites are exhausted at lower concentrations of butane (~2500
ppm) (see Fig. 5(b)). However, for all the other compositions
the rate of adsorption of gas molecules on the sensor surface
is lower and thus the active sites on the surface would be
exhausted at higher concentrations of butane (>2500 ppm).

It is worth noting that all the sensors exhibit non-liner
behaviour at lower butane concentrations. These sensors are
operated at an elevated temperature where the adsorption
constant is low. This leads to regional depletion, resulting in
non-linearity in sensor response at lower gas concentration.
However, even with the low adsorption constant, at higher
gas concentrations volume depletion takes place, leading to
linear sensor response.*’ The SnO,-CNT-Pd sensor exhibits
fairly linear response in the 500-1000 ppm butane range (see

maximum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5(b)). A linear fitting of the sensor response in the 500-
1000 ppm butane range yields a slope of 0.026 ppm™". After
normalizing the dynamic response curve of the SnO,-CNT-
Pd sensor represented in green in Fig. 5(a), the standard
deviation (SD) in the baseline was calculated to be 0.138 on
the basis of 168 base points (N). The limit of detection (LOD)
of the sensor was calculated to be 1.229 ppm using the
following equations:**

RMSoise = /5% / (3)

RMS, i
LOD = 3— o (4)
Slope

The dynamic response of the SnO,~-MWCNT-Pd composite
sensor at different temperatures between 75 °C and 300 °C
towards 2000 ppm butane is shown in Fig. 6(a). Notably, the
sensor exhibits appreciable response at temperatures as low as
75 °C. Further, it is observed that at each temperature the
sensor exhibits repeatable response over at least 3
measurement cycles. Notably, in semiconductor metal oxides
resistance generally decreases with increasing temperature as
more number of majority charge carriers are freed. However, in
this composite material, MWCNTs act as the major conduction
pathway. MWCNTs induce metallic conductivity and thus with
increasing temperature the conductivity decreases.

The response of the composite sensor in ethanol, moisture,
nitrogen and other vapour has been checked and is shown in
Fig. 6(b). It is observed that the composite based sensor is very
promising for butane detection and its response towards
similar concentrations of important interfering analytes like
acetone, ethanol and moisture is very weak. In addition, we
have included six month data of the base resistance in Fig. 6(c)
to check the stability of the prepared sensor. Fig. 6(c) delineates
that the sensor becomes stable within 15 days and remains
almost constant at least for six months. Also, the SnO,-
MWCNT-Pd sensor exhibited 93 + 2% response to 2000 ppm
butane gas at 300 °C for 200 cycles, which speaks for the
excellent repeatability of the sensor.

Conventionally, the response of metal oxide semiconductor
(MOS) sensors is improved by increasing the Pd content.
However, Pd is expensive; hence, a major objective of this
work was to minimize the Pd content without compromising
the sensor performance. For SnO,-Pd nanocomposites even
with 8% Pd the sensor response was ~87%, as shown in
Fig. 7(a). However, it is to be noted that when 1% MWCNTs is
loaded in the SnO,-Pd nanocomposite, 93% response is
achieved with only 1% Pd (Fig. 7(b)). Beyond 1% Pd addition
the sensor response reduces. In the composite Pd acts as the
sensitizer and maximum sensitization is observed at 1% Pd
addition in the presence of MWCNTSs. Further addition of Pd
will lead to blockage of active surface sites, thereby leading to
reduction in sensor response. This is quite remarkable. In
addition, we also observed faster response and recovery times
(see ESIt Table S1).

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

3.6. Gas sensing mechanism

The prepared sensor is resistive in nature and the gas
sensing phenomenon is based on resistance changes during
chemical and electronic interaction between the analyte gas
and semiconductor surface. When a semiconductor oxide
based sensor is exposed to air, oxygen will be adsorbed onto
the surface. This oxygen will capture electrons from the
conduction band of the sensor material and produce
different types of oxygen ions as described in the following
equation:*®

0,(gas) — Oa(ads) (5)

0,(ads) + ¢ — 0, (ads) (<100 °C) (6)
0, (ads) + ¢” — 207(ads) (100-300 °C) (7)
O (ads) + e~ — 0*(ads) (>300 °C) (8)

As a result, a depletion layer will be formed on the surface
and the barrier height will increase, which implies a
subsequent increase in resistance. When the sensor is
exposed to a reducing gas (here butane) it will react with
adsorbed oxygen ionic species and release the captured
electrons back to the conduction band.

C4H; ) +O — CO,+H,0+e (9)

This will lead to lowering of barrier height, resistance and
thickness of the depletion region. Change of thickness of the
depletion region occurs due to reaction between oxygen ions
and the gas molecules. A detailed illustration is shown in
Fig. 8 for clear understanding.

On the basis of experimental results, the plausible
mechanism of n-butane sensing has been established.
MWCNTs owing to their high surface area provide a large
number of active sites for oxygen chemisorption and gas
molecule adsorption, and thereby promote n-butane sensing.
Pd incorporation in SnO, improves response and selectivity,
which is well established, and a spill-over/chemical
sensitization mechanism?®’ is said to be responsible. Besides,
the work function of SnO, is about 4.4 eV,*® whereas the work
function for MWCNTs*! and Pd (ref. 42) is about 4.95 eV and
5.12 eV, respectively. Due to the difference of work function
electrons will transfer from SnO, nanoparticles towards
MWCNTs and Pd, leading to enhancement in depletion
region in SnO,. This will also contribute to the enhancement
of sensor response. Thus, the synergy of Pd and MWCNT co-
loading is beneficial for n-butane sensing.

Conclusion

In conclusion, we have successfully demonstrated high
sensing capability and lowering of operating temperature for
the first time towards the detection of n-butane by virtue of
Pd and MWCNT co-loading in nanocrystalline SnO,. This
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nanocomposite sensor is very selective towards n-butane even
in the presence of interfering analytes like acetone, moisture
and alcohol vapour. Also the operating temperature could be
as low as 75 °C. A combinatorial spill-over effect due to
incorporation of Pd and the modulation of the depletion
region in the presence of MWCNTs could be responsible for
this synergistic effect on sensitivity. In addition, we are able
to reduce the amount of expensive Pd drastically, which has
a great financial implication towards the cost of the sensor
by virtue of incorporation of MWCNTs. Low operating
temperature is also favourable to reduce power consumption,
as well as to prevent structural transformation of metal oxide
sensing materials. Such nanocomposite sensors may have
immense potential for practical applications in detecting
n-butane gas at low temperature.
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