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Abstract

Keywords

This article is devoted to the investigation of the influence of the sol-
vent on sensing properties, such as response and recovery rate, of
chemiresistive gas sensors. Multi-walled carbon nanotubes were
used as an active material for the sensors. The initial material was
investigated by scanning electron spectroscopy and transmission
electron microscopy, low-temperature nitrogen adsorption, Raman
spectroscopy, and X-ray diffraction. The active material was pro-
duced by drop casting. Different polar solvents (acetone and ethanol)
were used for suspension preparation. Textolite with copper contacts
on the edges of one side was used as a sensor substrate. The gas
sensing properties (the response and the recovery time) were inves-
tigated in the range of 100-500 ppm NO, at room temperature. The
films made using different solvent suspensions showed high sensitiv-
ity and rapid recovery rate to nitrogen dioxide. It was found that the
method of film preparation has an effect on the measured sensing
properties. The films prepared using different suspensions possessed
different properties: the film made from the acetone suspension had
the response values from 8.49% to 20.26%, and the recovery values
from 0.06%/min to 0.16%/min. The response of the film made from
the ethanol suspension increased , being from 12.25% to 23.63%; the
recovery rate were also increased (from 0.19%/min to 0.39%/min).
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1. Introduction

The detection of hazardous and toxic gases in industry and
everyday life is of interest from environmental and occu-
pational health and safety points of view. This is because
exposure to such gases, even at low concentrations, can
cause visual disturbances, respiratory diseases and even
death [1-4]. That is why the development of effective
techniques with rapid, sensitive and selective real-time
monitoring capabilities is an urgent task.

There are several ways of detecting gases in the air.
One of the most commonly used methods of analysis is gas
chromatography-mass spectrometry due to its reliability
and accuracy [5, 6]. However, this method has a number
of disadvantages, such as high cost and complex equip-
ment, as well as time-consuming preconcentration of
samples [7-9], which prevents real-time monitoring and

analysis of gas content in the air. Because of the problems
described above, this method of analysis is not suitable for
the real-time detection of hazardous gases. Chemiresistive
gas sensors are preferable for gas detection due to the
obvious advantages. In addition, with the development of
MEMS (microelectromechanical systems), chemiresistive
gas sensors can be integrated into smart devices such as
smartphones, smartwatches, and hand-held medical in-
struments [10, 11]. Thus, the use of chemiresistive gas
sensors will enable reliable real-time monitoring of haz-
ardous gases.

Compared to traditional semiconductor-based sensors
which consume high power and operate at high tempera-
tures, sensors operating at room temperature have many
challenges to overcome:
creasing sensor recovery rate, and finding ways to im-

improving sensor response, in-

prove sensitivity. Typically, gas sensors are implemented
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in the form of metal oxide semiconductor sensors, but they
operate at relatively high temperatures (200-350 °C),
which requires high energy input [12]. This is another
problem that can be solved by using new active materials.
In view of this, the development of sensors operating at
room temperature (25+2 °C) is an urgent task that needs
to be done.

A wide range of nanomaterials, including materials
based on carbon, noble metals, metal oxides or sulphides,
and organic semiconductors, opens up opportunities for
the development of functional gas sensors. Recently, car-
bon nanomaterials (CNMs) have received much attention
in this field and have found wide application as the mate-
rials of catalysts, biosensors and chemoresistive gas sen-
sors [13, 14]. This is due to their unique physical structure
and excellent electronic properties. Multi-walled carbon
nanotubes (MWNTSs) are a special type of material that
can be used for hazardous gas detection [15-17]. The use
of MWNTs as an active material for chemiresistive gas
sensors is preferable due to the low cost, high sensitivity,
and the possibility of incorporation into portable devices.
Carbon nanomaterials can be implemented in sensors both
in the form of films and compacts (pellets). The method of
implementation has a significant impact on the properties
of the sensors.

Despite of the traditional method of sensors prepara-
tions, called drop casting, is well investigated, there are
no data on the ultrasonic parameters influencing the sen-
sory properties of films. The choice of a solvent used for
the ultrasonic suspension preparation is necessary to drop
casting method. It is well known [18, 19], that the nature
of a solvent affects the dispersion, stability and electrical
properties of MWNTs. So, it is important to evaluate the
solvents’ effect on the sensing properties of MWNTSs.

This work is devoted to the study of the solvent’s effect
on the sensing properties of multi-walled carbon nano-
tubes for chemiresistive gas sensors of nitrogen dioxide.

2. Experimental

Commercial multi-walled carbon nanotubes (MWNTSs)
were used as an active material for chemoresistive gas
sensors for NO: detection. The MWNTs were manufac-
tured by Shenzhen Nanotech Port Co. (China).

The MWNTSs were studied by transmission electron mi-
croscopy (TEM) on a JEM-2010 electron microscope (Jeol,
Japan) with a resolution of 0.14 nm at an accelerating
voltage of 200 kV. The morphology of the MWNT surface
was investigated by a S-3400N scanning electron micro-
scope (SEM) (Hitachi, Japan).

The structure characteristics of MWNTs were deter-
mined by Raman spectroscopy (Raman spectroscopy) on a
Horiba Jobin Yvon T64000 (A = 514 nm). The degree of
degree was estimated by the ratio of intensities of peaks D
and G.
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The surface area of MWNTs was investigated by low-
temperature nitrogen adsorption at 77 K on a Quanto-
Chrome Nova 1000 e.

In addition to Raman spectroscopy, the structural fea-
tures of MWNTs were also determined by X-ray diffraction
(XRD). The degree of graphitization was calculated from
the interlayer spacing using the following equation:

0,688 - 2d002 (1)
- . 0,
Y =0.688 06708 00%

where doo: is the interlayer spacing, nm.

The chemiresistive gas sensor was made in the form of
a film of active material deposited by drop casting onto a
textolite substrate. MWNT films were obtained from ace-
tone and ethanol suspensions. The mass of MWNTs, the
duration of ultrasonication and the volume of polar sol-
vent are presented in Table 1.

The preparation of films included dispersion of an ini-
tial sample of polar solvent in an ultrasonic bath (150 W,
22 kHz) for 20 min followed by the deposition of suspen-
sion on a heated substrate. Slurry deposition was carried
out on the substrate heated to 70 °C.

The sample formed a square film that partially covered
the copper contacts. A scheme of the sensor is shown in
Figure 1.

The sensing properties were studied in a custom dy-
namic type station shown in Figure 2.

The station consists of the lines of analytes and carrier
gas. In the study synthetic air (79% Nz, 21% O, a verified
gas mixture) was used as a carrier gas, nitrogen dioxide
mixture in the air (5000 ppm NO: in air, calibrated mix-
ture) of constant composition was used as the analyte.

Table 1 Parameters for the preparation of MWNT films.

Duration of
Mass, e Volume of
Sample Solvent ultrasonication,
. solvent, mL
min
Acetone
MWNTs —— ., 0.01 20
Ethanol 5

Figure 1 Obtained sensor (a): copper contacts (1), film of
CNMs (2), dielectric substrate (3) and its scheme (b).
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The response and recovery time of the sensors were
studied. The response (%) of chemoresistive gas sensors
was calculated according to equation 2:

AR R-R,
Ry Ry

(2)

-100 %,

where R is the sensor resistance during the contact with
the analyte, Q; Ro is the sensor resistance during the car-
rier gas flowing, Q.

The rate of recovery of sensors (%/min) was calculat-
ed according to equation 3:

R-—R (3)
=——-100 %.
Ro(tr —t)

U
where R: - the sensor resistance after regeneration in air
flow, Q; & - the time of measurement when the sensor
resistance was Rr, min; ¢ - the time of measurement when
the sensor resistance was R, min.

The sensors were placed in a measurement cell (Figure
3) on a heater. The sensor resistance was measured using
the two-point method between the two electrodes using a
Keithley 2401 Source Meter at a bias voltage of 0.1 V at
room temperature (25+2 °C).

The total flow rate of the gas mixture fed into the
measuring chamber for contact with the sensor was
100 mL/min. The concentration of the analyzed gas in
the system was controlled by the flow of the air-analyte
mixture coming from the cylinder. The carrier gas flow
was varied so that the resulting mixture had a certain
gas concentration.

All sensor measurements were taken according to the
following procedure: firstly, before the experiment, empty
cell was blown by 100 mL/min of synthetic air for 10 min
to clean the system after the last measurement. After
cleaning, the sample was placed in the cell and was heated
by 70 °C by the same carrier gas flow for the same time
for desorption of moisture and adsorbed compounds. The
last preparation part included the cooling of the cell and
the sensor inside by the same flow rate for 10 min. After
the preparation, the humidity inside the cell was 18-19%
and the temperature of the sensor was 25+2 °C.

The measurement was started with baseline recording
for 60 min in the 100 mL/min of carrier gas flow followed
by three 10 min cycles of analyte flow (for 100 ppm, 250
ppm, 500 ppm of NOz) alternated with three 10 min cycles
in synthetic air flow.

3. Results and discussion

The SEM and TEM microphotographs are shown in Fig-
ure 4. The MWNTs sample consisted of relatively thick
carbon nanotubes and chain like carbon nanofibers with
a diameter of 60-80 nm and a narrow hollow channel
of 10-20 nm.
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Figure 2 Scheme of a station for gas sensor testing.

(a)

(b)
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Figure 3 Model of measurement cell for the characterization of
gas sensors (a) and its scheme (b): housing (1), cover (2), com-
mon contact (3), gas inlet connection (4), gas outlet connection
(5), clamping contacts (6), LEDs (7), heater (8), sealing (9), hu-
midity-temperature sensor (10), pressure sensor (11).

Figure 4 TEM-micrographs (a, b) and SEM-micrographs (c, d) of
MWNTSs.
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The MWNTSs were relatively defective, which was con-
firmed by Raman spectroscopy, namely, by a high value of
the I(D)/I(G) peaks ratio (/(D)/I(G) = 0.99), which, in
turn, corresponds to the disordered structure of the car-
bon material and the ordered structure of carbon in the
spz-hybridized state, respectively (Figure 5).

MWNTs had a 128 m?/g surface area, as measured by
low-temperature nitrogen adsorption. The data of Raman
spectroscopy is consistent with the graphitization degree
data obtained from XRD (Figure 6).

Table 2 summarizes the data obtained for the MWNTSs.

The MWNT samples showed a high response to NO- in the
concentration range of 100-500 ppm at room temperature
(Figure 7). For both sensors an increase in the response value
with increasing analyte concentration was observed.

However, the sample obtained in ethanol showed out-
standing results of response and recovery, more than 1.5-
2 times compared to that synthesized from the acetone
dispersion.
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Figure 5 Raman spectrum of MWNTs.
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Figure 6 X-ray diffraction pattern of MWNTs.

Table 2 Properties of the pristine MWNTs.
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The response values of the MWNTSs obtained in acetone
ranged from 8.49% to 20.26%; the recovery rate values
ranged from 0.06%/min to 0.16%/min. The response val-
ues of the MWNTs obtained in ethanol increased from
12.25% to 23.63%, the recovery values also increased
(from 0.19%/min to 0.39%/min). For clarity, the response
values and recovery rates are shown in Table 3.

The differences in sensing properties are based on the
nature of the solvent or, to be more precise, on the value
of dielectric permittivity. For ethanol, the permittivity is
higher than for acetone: 25 and 21, respectively [20].
Probably, the higher the permittivity of a polar solvent,
the better the dispersion during ultrasonication, the better
the adsorption of NO- on a surface of an MWNT.

Due to the high degree of disorder (according to the
Raman spectroscopy), good recovery without heating and
UV irradiation, it can be concluded that the physisorption
is a dominate mechanism of the gas detection.

g
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Figure 7 Response of MWNT films obtained in ethanol (a) and in
acetone (b) to 100-500 ppm NO, at room temperature.

Table 3 Response and recovery rate (values module) of MWNTSs
obtained in ethanol and acetone.

Response, % Recovery rate, %/min

Sample MWNTSs
Diameter, nm 60-80
I(D)/ K(G) 0.99
Surface area, m?/g 128
Interlayer spacing, nm 0.34
Degree of graphitization, % 46.51

R, After After After

Solvent 100 250 500
Q ppm ppm ppm 100 250 500
ppm pPpm ppm
Acetone 329 8.49 16.93 20.26 0.06 0.15 0.16
Ethanol 979 12.25 20.65 23.63 0.19 0.34 0.39
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It should be noted that sensing properties of the pre-
pared sensors are better compared to the other sensors
[21-23]. The detailed comparison is shown in Table 4.

Also, the sensing properties of the MWNT films were
compared with the sensing properties of the MWNT pel-
lets. In work [24] the pellets were made of the same
MWNTs under the pressure of 9-13 MPa. The graphs of the
response of the MWNT pellets compacted under 9 MPa and
13 MPa are shown in Figure 8.

Table 4 Comparison of sensing properties of proposed NO, sensor
with other published NO, sensors.

Operating Re-

. Concentra- Refer-
Material tion m tempera- sponse, ence
» PP ture, °C %
rGO-
CNTs- 100 RT 5,3 [21]
SnO,
SnO,-
GO 100 45 1,08 [22]
Zno- 00 150 [23]
SWCNT 5 > 9 3
MWNT
obtained 100 RT 122 This
in etha- 125 work
nol
2 = E ]
1 = — =) . = .
oG R 8 4
24
— -4 -
14
e
< 104
12
144
164 (a)
2000 3000 4000 5000 6000
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2- 2 L g
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Figure 8 Response of MWNT pellets compacted under 9 MPa (a) and
13 MPa (b) pressure to 100-500 ppm NO, at room temperature.
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According to the data shown in Figure 7 and Figure 8,
it was established that the films are better as active mate-
rials for chemoresistive gas sensors as compared to the-
pellets, made of compacted powder of MWNTSs. For the
pellets of MWNTSs the recovery was not observed, because
of the pores blocked and the plastic deformation of
MWNTs during pressure. Also, according to the XRD, the
degree of graphitization of the initial MWNTs was 46.51%,
and the degree of graphitization of the MWNT compacts
pressed under 11 MPa was only 26.82%.

The response of the MWNT compacts, pressed under
9 MPa and 13 MPa, increased in range of 2.94-16.65 %
and 2.35-14.33%, respectively. A comparison of films and
compacts of MWNTs showed the better response of the
former. The differences in gas-sensing properties between
films and pellets are in the thickness. For gas sensors
based on carbon nanomaterials, the thinner the active lay-
er, the better the properties. Because of the bigger re-
sponse and the better recovery rate, films are more ap-
propriate for active materials of gas sensors despite their
higher cost.

4. Conclusions

Chemoresistive gas sensors based on MWNT films have a
relatively high response toward NO: and a rapid recovery
rate compared to MWNT pellets.

The method of film preparation also has an effect on
the sensing properties. The films made using different
suspensions have different properties. The film made us-
ing the acetone suspension has the response values from
8.5% to 20.3%, and the recovery values from 0.06%/min
to 0.16%/min. The response of the film made from the
ethanol suspension increased, being from 12.3% to 23.6%;
the recovery values also increased (from 0.19%/min to
0.39%/min).

Because of the lack of the data on the solvent influence
on sensing properties reported in the literature, we sup-
pose that the differences in sensing properties are based
on the nature of the solvent, namely, the value of permit-
tivity, the surface tension, the dipole moment, etc.
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