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Application of carbon nanofiber films for gas sensors NO2
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Introduction

Development of the global industry and increasing

number of vehicles cause more emissions of hazardous

gases to atmosphere [1,2]. The impact of these gases at

the human body is negative even at low concentrations.

Therefore it becomes increasingly necessary to develop

effective methods of quick and selective detection of toxic

and fire hazardous gases [3,4]. Despite the presence of

many physical and chemical methods to detect substances

in a gas phase, the design of the devices for monitoring

of the environment condition and air in industrial areas

remains a relevant task. One of such areas includes

development of gas sensors [5–12]. Gas sensors — is

one of the areas for potential use of carbon nanomaterials

(CNM) [9–11], together with the applications as electrodes

of supercapacitors [9,10], fillers for membranes [7,8] in

composites with metals [13,14] and many more. If we

consider sensors on their basis, two main types are most

common in the scientific literature: chemiresistors and field

effect transistor sensors (FET sensors). Moreover, there

are also chemicapacitive sensors [15], surface acoustic wave

sensors [16], optic fiber sensors [17] and quartz crystal

microbalance sensors [18], but little attention is still paid

to the issues of application of carbon nanomaterials for

the sensors. Recently more and more attention is paid

specifically to chemiresistors, as more functional, cheap

and simple. Today the chemiresistors are made on the

basis of semiconductors and differ with a comparatively

small response (relative gas sensitivity) in respect to gases.

Their another disadvantage is the condition of operation at

material temperatures above 200 ◦C–250 ◦C [19], which is

rather ineffective, especially in the area of integration into

mobile/portable devices and analyzers, which require low

energy consumption (including for the objectives of exhaled

air analysis [20]). Besides, there are certain problems related

to the need for such high temperature, which increase

explosion and fire risk of such devices. A novel approach is

to design sensors based on CNM (carbon nanotubes, carbon

nanofibers, graphene, reduced graphene oxide etc.). If the

range of operation is considered (temperature of active

material layer) for the sensors based on CNM, it is believed

that they are stable in the range of 25 ◦C–250 ◦C [21], but
most often such materials are used as room temperature

sensors [22,23]. It is assumed that the gas sensors based

on most CNM have much higher quick action compared

to semiconductor ones [24] and the detection limit, which

in certain cases may reach the levels of tens and hundreds

ppb [25].
Main gases that the devices above may be oriented at

are NH3 [26–33], NO2 [34,35], CH4 [36,37], H2 [38],
H2S [39–42], CO2 [43] and others. The most promising

area is the development of gas sensors to detect some key

hazardous compounds: ammonia, hydrocarbons, nitrogen

dioxide, volatile organic compounds. That is why the envi-

ronmental monitoring using such sensors makes it possible

to identify leaks and confine dangerous effects of such gas.

One of such gases is NO2. Increase of its concentration

in the air of industrial enterprises may be lethal and cause

certain diseases in the personnel. Besides, nitrogen dioxide

is a corrosion-active gas, which may cause damage of

the equipment elements and reduce the level of industrial

safety. The objectives of nitrogen dioxide concentration

monitoring in the ambient air (urban environment air) are

also important. Therefore, the important task is to create

a sensor, the relative response of which will be as high as

possible in a combination with all other characteristics (low
actuation time, low detection limit, high selectivity etc.).
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The promising CNMs for the gas sensors NO2 include

carbon nanofibers (CNFs), which have a wide spectrum of

applications due to their structure and properties [44–49].
Use of CNFs as an active materials in gas chemiresistors

is a relevant task due to higher yield in their production

and low cost compared to carbon nanotubes (CNTs), and
also the ability to produce the material in the form of

granules [15–17].
CNFs in the sensors may be applied on the substrates

in the form of films by spin coating [18–20], drop

casting [21–24] technique, and also when applied on

dielectric substrates by CVD (chemical vapor deposition)
and PECVD (plasma-enhanced chemical vapor deposition)
methods [50–54]. Most studies in this area are focused on

using new materials for gas sensors [24], while little atten-

tion is paid to optimization of parameters for application of

the carbon material on a dielectric substrate. For the scaled

production of sensors with CNF films as an active layer, it is

necessary to analyze the parameters of material application

on the sensor substrate and their gas sensitive properties.

There are practically no papers dedicated to study of the

contribution of the parameters for application of CNTs and

CNFs [55].
This paper studied the process of film application by the

drop casting technique. To assess the area of rational pa-

rameters of application, regression analysis was performed.

Regression equations were produced, which indicate the

area of parameters to be used for application. It is shown

that not only the type of the carbon material may be

changed when developing a sensor, but the method of its

application onto the dielectric substrates as such, since this

is quite a cheap and fast method to optimize the relative

response of the sensors in respect to the nitrogen dioxide.

1. Materials and methods

1.1. CNFs

To prepare the active layer of the sensor, CNF samples

produced by catalytic decomposition of methane (gas flow

rate 550 l/h, process temperature — 550 ◦C) on a catalyst

90%Ni/10%Al2O3 in the pilot vibrofluidized bed reactor

were taken. The process of synthesis was described in

more detail in paper [56]. The feature of the process is

production of CNFs in the form of granules, which are

formed by vibration fluidization is used on a catalyst with

high content of active component, providing for higher rate

of carbon growth on Ni nanoparticles. These factors result

in formation of not a powdered material, but granules that

consist of tightly interwoven CNFs.

1.2. Method to produce CNF-based films

To develop the gas sensors, the CNF sample was

not exposed to any special chemical treatment, therefore

material contribution to the sensor properties is formed

specifically by its initial physical and chemical properties

and the method of its application onto the substrates.

The objectives of searching for the rational parameters of

the CNF application onto the laminated fabric substrate

(i.e. textolite) for the nitrogen dioxide sensor were solved

using the planning of the experiment and the regression

analysis [57]. This paper studied the effect of three factors

at the relative response of the gas sensors in the range

of concentrations of the analyzed gas 10−50 ppm. An

experimental design matrix was made of 23 type, and

experiments were conducted under the plan of the complete

factorial experiment [57,58]. It should be noted that each

experiment for film production was reproduced three times

to obtain a statistically significant value. All the estimates

done to search for the optimal conditions were carried

out under paper [58]. Since the sorting of all parameters

of application causes significant number of experiments,

the planning made it possible to reduce the number of

experiments and to obtain the regression equations that

relate the relative response of the sensors and parameters

of its application.

In this paper the relative response of (1R/R0, %) gas

sensors vs NO2 concentration was affected by such factors

as (variation intervals are indicated as x+
i , x−

i ):
• x1 — time of ultrasonic dispersion of the suspension

(τ , min), x+
i = 30, x−

i = 10;

• x2 — CNF weight (m, g), x+
i = 0.08, x−

i = 0.04;

• x3 — solvent volume (V , mL), x+
i = 20, x−

i = 10.

Experimental design matrices are shown in the Annex.

The method of CNF application in the substrate was

the following. To prepare the active layer of the sensor

NO2, first a CNF weight portion was taken with fraction

below 80µm and constant mass, which was exposed to

the ultrasonic dispersion in a bath UZV-3/200 (RELTEK,
Russia) with the power of 85W at frequency of 22 kHz for

10−30min in ethanol (97%).
Using the drop casting technique, the finished suspension

was applied onto the surface of the preheated substrate

at heating temperature of 80 ◦C. The gas sensor substrate

was a base of laminated fabric with the copper contacts

applied on the edges of the upper side. The substrates

were mechanically polished by sand paper and cleaned with

ethanol solution. To obtain the films of one geometry by

suspension drop casting, a template 5× 5mm was used,

which partially coats the copper contacts. The photographs

of the gas sensor substrate are presented in fig. 1.

1.3. Measurement procedure

Relative response of the gas sensors was studied by a unit

of dynamic type. For a detailed description, see [46]. This

unit comprised five gas channels. To measure the value of

gas sensors response, synthetic air (79%N2, 21%O2) was

used as a carrier gas, and the analyzed gas was — NO2.

The main parameter is the relative response of the sensor

(%):
1R
R0

=
R − R0

R0

· 100%,
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a b c

Figure 1. Photographs of the gas sensor substrate: a — polished substrate; b — template that partially coats the copper contacts; c —
CNF film produced by drop casting technique.

where R — sensor resistance when exposed to analyzed

gas, (�); R0 — sensor resistance when exposed to carrier

gas, (�). Sensor testing was carried out at temperature

25 ± 2 ◦C.

The studies were carried out in a cell by two-contact

method (Keithley 2401 Source Meter). Data were collected

by KickStart software.

Prior to the measurement, the empty closed cell was

blown with carrier gas for 5min with the gas flow rate of

200mL/min. To desorb the gas molecules from the surface

of the carbon material, the specimen was placed into the

cell, and for 30min the carrier gas was supplied with the

flow rate of 100mL/min and sensor heating temperature

70 ◦C. After degassing the cell with the specimen was

cooled for 30min at the following gas flow rates: the

first 25min — with flow rate of 500mL/min and for

the remaining 5min — with flow rate of 100mL/min.

Since the electrical resistance of the sensor in the air

medium varied, the basic line R(τ ) was measured for its

subsequent subtraction from the experimental data when

nitrogen dioxide is supplied. Further the basic line was

measured when the carrier gas was supplied for 60min

with flow rate of 100mL/min. After measurement of

the basic line for 10min, analyzed gas (NO2 in air with

certain concentration) was supplied to the cell, and then for

10min — pure carrier gas for blowdown of the system and

recovery of the sensor. Therefore, three cycles of the mix

NO2/air were supplied, which were separated by carrier gas

(air) supply cycles.

The studies of the sensor response to the action of NO2in

the air medium were carried out at room temperature

(25 ± 2 ◦C) in the range of concentrations 10−50 ppm

(relative air humidity 2± 0.5%).

1.4. CNF properties

The CNF sample was studied using transmission electron

microscopy (TEM) on electron microscope JEM-2010

(JEOL, Japan) at accelerating voltage of 200 kV and grid

resolution of 0.14 nm. Texture characteristics of CNF were

identified on adsorption unit Quantachrome NOVA 1000e

using the method of low-temperature nitrogen adsorption

(77K). Partial pressure of adsorbate gas (P/P0) was in the

range of 0.005−0.9995. To remove adsorption gases and

moisture from the specimens prior to the analysis, CNF

were exposed to vacuum at 130 ◦C for 12 h.

The morphology of the CNF films on the substrate

were assessed with scanning electron microscopy (SEM)
S-3400N (Hitachi).

2. Results and discussion

2.1. CNF physical and chemical properties

TEM microphotographs of CNFs are shown in fig. 2.

The CNF sample is a material with a
”
fish bone“

structure with diameter of 15−100 nm. The length of the

studied nanofibers reaches around several micrometers. The

specific surface of the studied specimen by the method

of low-temperature nitrogen adsorption was 119m2/g with

preferential contribution of mesopores (specific surface of

micropores — 3m2/g). The mean size of the pores was

8.9 nm. The average diameter of nanofibers determined by

analysis of microphotographs was 37.0± 5.9 nm.

SEM microphotographs of CNF films on the laminated

fabric substrate are shown in fig. 3.

Following the SEM, the thickness of the CNF film layer

varies in the range of 128−180 µm. Based on fig. 3, one

may note that in the images (fig. 3, b, d) the films have

a denser layer, and in the images (fig. 3, a, c) — uneven

layer. The difference may be explained by the fact that at

longer time of CNF suspension dispersion the size of the

produced particles is much less and, therefore, the particles

are packed more tightly when the suspension is applied onto

the substrate.

2.2. Experiment planning and regression
equations

Typical dependences of relative response of gas sensors

vs NO2 concentration qualitatively demonstrated the con-

tribution of the application conditions to the change in the

electrical resistance of the sensors when in contact with

nitrogen dioxide at room temperature (fig. 4).

Technical Physics, 2025, Vol. 70, No. 3
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Figure 2. TEM microphotographs of CNF samples.

The mechanism of adsorption of NO2 with carbon

material may be presented as follows [59]:

O2(gas) → O2(ads), (1)

O2(ads) + e− → O−

2 (ads), (2)

O−

2 (ads) + e− → 2O−(ads), (3)

O−(ads) + e− → O2−(ads), (4)

NO2(gas) → NO2(ads), (5)

NO2(ads) + O−(ads) + 2e− → NO−

2 (ads) + O2−(ads),
(6)

2NO2(ads) + O−

2 + e− → 2NO−

3 . (7)

Equation (1) describes interaction of oxygen from sup-

plied air with carbon. Equations (2)−(4) show the

transfer of electrons from the conduction band to oxygen

to form negatively charged oxygen ions. Equation (5)
describes interaction of nitrogen dioxide with carbon. Then

equation (6) shows how the adsorbed NO2 interacts with

the negatively charged oxygen ion and electrons from the

conductive layer. Equation (7) shows the interaction of

detected gas with the previously formed oxygen ions to form

NO−

3 .

In process of the calculations, the regression equation

was made (with account of all interactions of factors), the

dispersion was studied for its homogeneity by Cochrane

criterion, and the produced model was tested for adequacy.

Experimental design matrices and experiment results are

given in Annex.

Electrical resistance of gas sensors, which were studied,

reduced when in contact with nitrogen oxide. Such behavior

is typical for carbon materials when in contact with the

electron-acceptor gas [60]. When the nitrogen dioxide

is adsorbed on the carbon surface, electron concentration

reduces in the surface layer of the material, and the concen-

tration of charge carriers in CNF (holes) increases, causing

electrical resistance to drop [61,62]. Relative response of gas

sensors 1R varied from 2% at 10 ppm to 40% at 50 ppm.

Sensitivity of such sensors is higher compared to the sensors

based on various materials, including polypyrrole [63],

ozone-functionalized graphene [64], reduced oxyfluorinated

graphite [65], fluorinated graphene films [66] etc.

Let us further consider the experiment planning and its

results. For each factor there is a center of plan x0
i (middle

of the range between the lower and upper intervals of

Technical Physics, 2025, Vol. 70, No. 3
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Figure 3. SEM images of CNF films (parameters: CNF weight, time of suspension dispersion, solvent volume): a — 40mg, 10min,

10mL; b — 40mg, 30min, 10mL; c — 80mg, 10min, 20mL; d — 80mg, 30min, 10mL.
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Figure 4. Dependences of relative response of CNF films on 10, 25, 50 ppm NO2 at (25± 1) ◦C (duration of feed cycle of mix

NO2-air — 10min; cycles are separated from each other by pure air supply for 10min): a — CNF film response in the first series of

experiments; b — CNF film response in the second series of experiments; c — CNF film response in the third series of experiments.

variation x+
i and x−

i ) and variation interval λi :

x0
i =

x+
i + x−

i

2
, (8)

where x+
i — upper level of the factor; x−

i — lower level of

the factor.

λi =
x+

i − x−

i

2
. (9)

The calculation results for other factors are given in

table 1.

Let us consider the impact of variation of the optimization

parameters separately for each concentration (10, 25,

50 ppm) of the analyzed gas supplied to the cell NO2.

Below you can see the example of calculation for the

data collected at relative response at 10 ppm. For the

given measurement results (see Annex, table 2) of the

Technical Physics, 2025, Vol. 70, No. 3
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Table 1. Experimental design matrix for result processing

Factors Response,%

No. of x1 x2 x3 1st series of experiments 2nd series of experiments 3rd series of experiments
experiment

t, min m, g V ,mL 10 ppm 25 ppm 50ppm 10 ppm 25 ppm 50ppm 10 ppm 25ppm 50 ppm

1 30 0.08 20 −2.568 −16.065 −37.324 −3.483 −13.975 −36.684 −2.595 −15.389 −38.087

2 10 0.08 20 −1.949 −15.421 −34.447 −2.025 −13.366 −35.983 −1.88 −14.491 −33.916

3 30 0.04 20 −2.356 −18.191 −37.335 −3.388 −15.565 −38.223 −2.272 −16.828 −36.545

4 10 0.04 20 −2.226 −19.666 −37.727 −2.126 −18.757 −35.971 −2.249 −19.972 −38.321

5 30 0.08 10 −3.112 −16.241 −37.621 −4.016 −14.873 −36.849 −3.04 −15.879 −37.221

6 10 0.08 10 −1.905 −10.654 −31.394 −2.013 −9.293 −33.285 −1.853 −12.343 −30.474

7 30 0.04 10 −2.948 −19.128 −39.485 −3.006 −17.569 −40.362 −2.921 −20.437 −38.846

8 10 0.04 10 −2.933 −18.167 −37.962 −2.938 −17.337 −38.396 −2.861 −17.926 −36.432

Table 2. Experimental design matrix for treatment of the results at 10 ppm

Factors Interactions Response,%

No. x1 x2 x3

x1x2 x1x3 x2x3 x1x2x3 10 ppm 10 ppm 10 ppm yof experiment
t, min m, g V , mL

1 (+) 30 (+) 0.08 (+) 20 + + + + −2.568 −3.483 −2.595 −2.882

2 (−) 10 (+) 0.08 (+) 20 − − + − −1.949 −2.025 −1.88 −1.951

3 (+) 30 (−) 0.04 (+) 20 − + − − −2.356 −3.388 −2.272 −2.672

4 (−) 10 (−) 0.04 (+) 20 + − − + −2.226 −2.126 −2.249 −2.200

5 (+) 30 (+) 0.08 (−) 10 + − − − −3.112 −4.016 −3.04 −3.389

6 (−) 10 (+) 0.08 (−) 10 − + − + −1.905 −2.013 −1.853 −1.924

7 (+) 30 (−) 0.04 (−) 10 − − + + −2.948 −3.006 -2.921 −2.958

8 (−) 10 (−) 0.04 (−) 10 + + + − −2.933 −2.938 −2.861 −2.911

concentration response 10 ppm we found the average values

of relative response:

y =
1

n
·

n∑

i, j=1

y ji , (10)

where n — number of parallel experiments; y ji — result of

a separate experimenrt (ith experiment in jth experiment).

Results of the calculation for the other concentrations are

given in table 3 and 4 of the Annex. The linear regression

equation model with account of paired interactions of

different factors looks as follows:

ŷ =b0 + b1x1 + b2x2 + b3x3 + b12x1x2

+b13x1x3 + b23x2x3 + b123x1x2x3. (11)

Coefficients of this equation were found by the least-

square method:

b0 =
1

N
·

N∑

j=1

y j , (12)

bi =
1

N
·

N∑

j=1

x jiy j , (13)

bq,p =
1

N
·

N∑

j=1

x jqx j py j , (14)

where N — number of experiments; X j(i,q,p) — vector-

column ( j — number of experiments and i, q, p — number

of experiment); y j — average values of response in jth
experiment.

The results of calculation for the other coefficients of the

regression equation are given in table 2.

12 Technical Physics, 2025, Vol. 70, No. 3
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Table 3. Experimental design matrix of treatment of the results at 25 ppm

Factors Interactions Response,%

No. of x1 x2 x3

x1x2 x1x3 x2x3 x1x2x3 25 ppm 25ppm 25ppm yexperiment
t, min m, g V , mL

1 (+) 30 (+) 0.08 (+) 20 + + + + −16.065 −13.975 −15.389 −15.143

2 (−) 10 (+) 0.08 (+) 20 − − + − −15.421 −13.366 −14.491 −14.426

3 (+) 30 (−) 0.04 (+) 20 − + − − −18.191 −15.565 −16.828 −16.861

4 (−) 10 (−) 0.04 (+) 20 + − − + −19.666 −18.757 −19.972 −19.465

5 (+) 30 (+) 0.08 (−) 10 + − − − −16.241 −14.873 −15.879 −15.664

6 (−) 10 (+) 0.08 (−) 10 − + − + −10.654 −9.293 −12.343 −10.763

7 (+) 30 (−) 0.04 (−) 10 − − + + −19.128 −17.569 −20.437 −19.045

8 (−) 10 (−) 0.04 (−) 10 + + + − −18.167 −17.337 −17.926 −17.810

Table 4. Experimental design matrix of treatment of the results at 50 ppm

Factors Interactions Response,%

No x1 x2 x3

x1x2 x1x3 x2x3 x1x2x3 50 ppm 50ppm 50 ppm yof experiment
t, min m, g V , mL

1 (+) 30 (+) 0.08 (+) 20 + + + + −37.324 −36.684 −38.087 −37.365

2 (−) 10 (+) 0.08 (+) 20 − − + − −34.447 −35.983 −33.916 −34.782

3 (+) 30 (−) 0.04 (+) 20 − + − − −37.335 −38.223 −36.545 −37.368

4 (−) 10 (−) 0.04 (+) 20 + − − + −37.727 −35.971 −38.321 −37.340

5 (+) 30 (+) 0.08 (−) 10 + − − − −37.621 −36.849 −37.221 −37.230

6 (−) 10 (+) 0.08 (−) 10 − + − + −31.394 −33.285 −30.474 −31.718

7 (+) 30 (−) 0.04 (−) 10 − − + + −39.485 −40.362 −38.846 −39.564

8 (−) 10 (−) 0.04 (−) 10 + + + − −37.962 −38.396 −36.432 −37.597

Average values of relative response are given in table 3.

Results of the statistical calculation are presented in

table 4.

Comparison of experimental and tabular values of the

Cochrane criterion for all three concentrations NO2 con-

firms the hypothesis on the dispersion homogeneity, since

the experimental values did not exceed the tabular ones.

Comparison of the Fischer’s criterion values F with their

tabular values at the significance level α = 0.05 showed

that the estimated value is below the tabular one, and all

three regression equations below are adequate. For all

three regression equations the negligible coefficients were

excluded, if their values b were less than the product of

the Student’s coefficient and mean square deviation t · Scoe f .

Therefore, three regression equations were obtained, which

connect the relative response 1R/R0 and parameters of

material application (for concentration of 10 ppm). Since

coefficients b2, b1,3, b2,3, b1,2,3 < 0.151 (the product of

the Student’s coefficient and mean square deviation of

coefficients), they were accepted as negligible and were not

included into the regression equations. For concentration of

10 ppm we have the following:

1R/R0 = −2.611 − 0.364τ + 0.185V − 0.235τ m.

If we analyze the produced equation at concentration

of 10 ppm NO2, we can note that at reduction of time of

ultrasonic dispersion of suspension below 20min and inter-

action of time of ultrasonic dispersion with CNF weight, the

response of gas sensors will increase (since coefficients at

τ and τ · m for pair interaction — are negative). Increased
volume of the solvent above 15mL will cause increase in

the response, and its drop — decrease (since the coefficient

at x3 is positive). The area of rational parameters will be

within the following limits: dispersion time — 10− 20min;

Technical Physics, 2025, Vol. 70, No. 3
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solvent volume — 15−20mL (CNF weight factor is not

significant compared to other parameters).
For concentration of 25 ppm the equation will look like

1R
R0

= − 16.147 − 0.531τ + 2.148m − 0.873τ m

+1.003τ V.

Similarly coefficients b2, b2,3, b1,2,3, smaller than 0.469,

were excluded from the equation as negligible.

If we analyze the produced equation at concentration of

25 ppm NO2, we can note that at increase of time parame-

ters of ultrasonic dispersion of suspension and interaction of

time of ultrasonic dispersion with CNF weight, the response

of gas sensors will increase (since coefficients at τ and

τ · m — are negative). Increase of CNF weight above

60mg and time of interaction of ultrasonic dispersion with

the solvent volume will cause response increase. The area

of the rational parameters will stay within the following

limits: dispersion time — 10− 20min; CNF weight —
60−80mg (solvent volume as a separate factor has no

significant impact).
For concentration of 50 ppm the equation will look like

1R
R0

= − 36.620 − 1.261τ + 1.347m − 0.763τ m

+0.609τ V − 0.707mV.

Similarly coefficients b3, b1,2,3, smaller than 0.424, were

excluded from the equation as negligible.

Note that with reduction of time of ultrasonic dispersion

of the suspension (below 10min), time of interaction of

ultrasonic dispersion with CNF weight and CNF weight

with the solvent volume, the response of gas sensors in

respect to nitrogen dioxide will increase (since coefficients

at τ , τ · m and x2x3 are negative). Increase of CNF

weight above 80mg and factors of interaction of ultrasonic

dispersion and time factors will cause increase in response,

and their increase - to decrease (since the coefficients at

m and τ ·V — are negative). The area of the rational

parameters will stay within the following limits: dispersion

time — 10− 20min; CNF weight — 60−80mg (solvent
volume as a separate factor has no significant impact).
Therefore, the common parameter to increase the rel-

ative response of dispersion is the duration of ultrasonic

dispersion that should amount to 10− 20min. Shorter

dispersion times act, evidently, softly to CNFs. The higher

CNF weight causes viscous suspension and formation of

films with higher thickness, i.e. long dispersion causes

formation of thin films, which is not desirable for increase

of the relative response. CNF weight increase and solvent

volume decrease factors cause higher concentration of the

suspension, which rightfully results in the formation of

films with thickness (∼ 150± 25µm, fig. 3, d) compared

to thinner films (fig. 3, a−c; for example, for fig. 3, a, b the

coating thickness will not exceed 75− 125µm). Despite

higher electrical resistance of such CNF layers, relative

response of such films will be higher compared to the

layers of small thickness since the coating is porous, and

gas penetrates in it, and therefore large surface is involved

for adsorption.

Table 5 presents the comparison of relative response of

the sensors with the published data, showing the efficiency

of the sensors with the very simple method of CNF coating

preparation, without modification of the material surface.

To conclude, we should say that such simple and cheap

tool to manage the relative response of the sensors as

the method of their application, may be used for some

optimization of their characteristics. This paper produced

and analyzed multiple specimens (24 sensors), and most

measurements made it possible to make statistically ade-

quate regression equations to describe the parameters of

CNF application onto the substrates from laminated fabric

by drop casting technique. Nitrogen dioxide response of the

material may be increased, if you take into account the fact

that this does not change the type of the sensitive material of

the sensor, no chemical treatment is used, or other methods

to improve the sensor parameters.

Conclusion

To prepare the gas sensors, the following parameters

were selected: CNF weight (40mg, 80mg), solvent vol-

ume (10mL, 20mL), ultrasonic dispersion time (10min,

30min), which were used to make the complete factorial

experiment design matrix 23. It was found that impact of

CNF application parameters on the substrates is not the

same for various concentrations of NO2, which must be

identified. Experimental design results demonstrated that

for concentration of NO2 10 ppm at reduction of suspension

ultrasonic dispersion time parameters (10−20min) and

increase of solvent volume (15−20mL), the response of

the gas sensors will increase. For concentration of NO2

25−50 ppm at reduced time of ultrasonic dispersion of

suspension (10−20min) and increase of CNF weight in the

suspension (60−80mg), the response of the gas sensors

will increase. It was shown that the parameters of carbon

material application onto the substrate made it possible

to manage the relative response of the gas sensor. Such

approach requires no substitution of the active material of

the sensor and differs by relative simplicity, requires no

treatment of carbon material or any other actions.
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