
Vol.:(0123456789)

Silicon 
https://doi.org/10.1007/s12633-024-03092-8

RESEARCH

Performers of Si3N4 Concentrations on Morphology and Electrical 
Behavior for New Quinary Fabrication PEO‑CMC‑PANI/GO@Si3N4 
Nanocomposites for Electronic Devise and Gas Sensor Application

Rawaa A. Abdul‑Nabi1,2 · Ehssan Al‑Bermany1 

Received: 11 June 2024 / Accepted: 10 July 2024 
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract
Gas sensors are critical topics, attracting scientists and industries for their ability to work in different environments for safety 
and environmental monitoring applications. The impact of various concentrations of silicon nitride (Si3N4[Y%]) (Y = 0.2, 
2.2, and 4.2%) compact with synthesis graphene oxide (GO[0.8%]) as (GO[0.8%]@Si3N4[Y%]) hybrid nanomaterials loaded into 
newly ternary blend polyethylene oxide, carboxymethyl cellulose, and nano polyaniline (PEO[60%]-CMC[30%] -PANI[x%]) to 
fabricated newly nanocomposites for nanochemical NO2 gas sensor. Sol–gel and ultrasonic mixing methods were used to 
make nanocomposites, which were then dried out on glass slides using thermal evaporation to characterize the sensors. Images 
from field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) showed that the 
shape and porosity of the surface changed a lot. These changes, along with the attachment of nanomaterials, are key to how 
well it can sense gases. The Fourier-transform infrared spectroscopy (FTIR) spectra showed that the sample components 
had strong physical and network interactions. X-ray diffraction (XRD) indicated a semi-crystalline behavior in all samples. 
Dialectical constant and loss were reduced, whereas AC electrical conductivity improved with the increase in the content of 
Si3N4. The gas sensor ran at three temperatures (RT, 100 °C, and 200 °C). All of the nanofilm sensors behaved like p-type 
semiconductors, and when the oxidized gas NO2 was turned on, the electrical resistance went down. The best sensitivity 
to NO2 was (6.89%) at RT, with a response time of (16 s) and a recovery time of (19 s) for a loading ratio of 3 wt.% hybrid 
nanomaterials. The study provides an excellent nanochemical gas sensor for NO2 gas for manufacturing applications.
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1  Introduction

The modern period of high technology and sophisticated 
manufacturing has resulted in unbelievable growth and a 
remarkable increase in standards of living. Nevertheless, 
this has been accompanied by various severe environmental 
issues, including the discharge of various chemical contami-
nants into the atmosphere, which has led to global ecological 
problems, for instance, the effect of greenhouse, depletion of 

ozone, sick house syndrome, and acid rain [1]. Life's safety 
is of utmost significance since our environment consists of 
main occupants such as plants, humans, animals, etc. Dif-
ferent amounts of gases, such as volatile organic compounds 
(VOCs), NO, NH, SO, HCl, CO, fluorocarbon, etc., are pre-
sent in the air around us from industry, cars, and homes. 
These gases may harm the health of humans and pollutants 
of the atmosphere and be substantial to medical and indus-
trial developments. Consequently, detecting the presence of 
gas is crucial because it is essential to human life and plants 
and animals in our environment. Due to the requirement for 
accurate and immediate measurements of the concentration 
of a specific gas, conventional detection techniques, which 
result in devices that emit an auditory alert to alert people to 
dangerous or toxic gas leaks, are not exceptionally depend-
able [2].

A sensor is an electronic device. It detects and con-
verts information or stimuli into electrical signals [3]. An 
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alternative definition of a sensor is a device detecting and 
sensing various physical stimuli, for instance, pressure, heat, 
sound, magnetism, light, etc., and converts them into elec-
trical signals [4]. Sensors can be categorized into different 
groups based on the specific physical quantity or analyte 
being measured, as shown in Fig. 1. The categories encom-
pass energy source, physical contact, comparability, analog 
and digital, signal detection sensors [5, 6]. The list of the 
specifics for each classification is as follows.

One kind of sensor that can examine our surroundings is 
the chemical sensor, which examines our surroundings by 
identifying the presence and relative quantities of different 
chemicals. Humans possess five sensory organs bestowed 
upon them by a that God has given us. These sensory organs 
enable us to perceive visual, auditory, olfactory, and gusta-
tory sensations. Chemical sensors may be synthetic olfactory 
or gustatory organs [4].

The International Union of Pure and Applied Chemistry 
(IUPAC) defines a gas sensor as follows: a chemical sensor 
is an electrical device that transfers chemical information 
to an analytically usable signal. The chemical information, 
such as the single sample component concentration or the 
overall configuration analysis, might result from a physical 
feature or analytic chemical reaction of the system under 
investigation. Sensors are generally made of two main ele-
ments: a receptor and a transducer. The receptor presents 
the energy that transforms from the chemical information, 
whereas the transducer converts this energy into a typically 

electrical, practical, and analytical signal [7]. The receptor 
component is based on many principles, including physical, 
in which no chemical reactions occur. At the same time, a 
chemical reaction takes place here. When the analyte reacts 
chemically with the receptor, it produces an analytical sig-
nal. Biochemical: In this case, the analytical signal origi-
nates from the biochemical process, including but not lim-
ited to immunological sensors and microbial potentiometric 
sensors. This kind of sensor is called a biosensor [7, 8].

Gas sensors are very significant chemical sensors. The 
gas sensor has various essential parameters that need atten-
tion to enhance the sensor's performance. These parameters 
include sensitivity, selectivity, response and recovery time, 
stability, detection limit, linearity, hysteresis, and detection 
limit. Currently, no sensor exhibits complete selectivity for a 
single gas. However, ongoing research aims to produce sen-
sors that can achieve optimal operational efficiency [9, 10]. 
The gas sensor device can detect the presence and quantity 
of a specific gas molecule. These sensors may be used for 
controls on air quality, the prevention of hazards, the inspec-
tion of food, and the monitoring of human health. It can get 
a warning from these gas sensors if the concentration of a 
particular gas exceeds the range of permissible, acceptable 
levels [10]. Gas sensors are fabricated using diverse materi-
als based on the application's requirements. Every type of 
gas sensor can detect the existence of a particular chemical 
molecule, which in turn produces a distinct response from 
the sensor. Sensors were categorized into various types 

Fig. 1   Sensors classification 
according to material, energy, 
physical contact, comparability, 
specification, signal conver-
sion or output, and applications 
(Reproduced from White et al. 
Ref [5, 6])
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according to information in the kinds of literature [11, 12] 
into two different groups based on their underlying function-
ing principle, as shown in Fig. 2.

Polyethylene oxide (PEO) is a large molecular weight 
polymer recognized for its ability to dissolve in many sub-
stances, compatibility with living organisms, and wide range 
of applications. It serves as a vital component in medicinal, 
pharmacological, industrial, and environmental contexts 
[13]. The capacity to create hydrogels and their lack of tox-
icity renders them highly valuable in drug delivery systems, 
medical devices, and tissue engineering. The vast range of 
applications for PEO underscores its significance in multiple 
domains, including the improvement of product formulations 
and the advancement of biomedical technologies [14]. The 
PEO molecule can be represented by the generic formula 
(CH2CH2O)n, where "n" denotes the quantity of repeating 
ethylene oxide units. PEO commonly denotes polymers with 
larger molecular weights (more than 20,000 g/mol), while 
PEG generally refers to polymers with lower molecular 
weights. Nevertheless, the names are occasionally employed 
interchangeably [15].

Carboxymethyl cellulose (CMC) is a multifunctional and 
extensively employed cellulose derivative. Due to its nota-
ble characteristics, such as its ability to dissolve in water, 
its thickness, and its compatibility with living organisms, 
it is a crucial component in the pharmaceutical, cosmetics, 
food, and industrial [16]. Carboxymethyl cellulose (CMC) 
is a very efficient thickening agent, stabilizer, emulsifier, 
and film-forming agent, improving various products' texture, 
stability, and overall performance. The extensive uses and 
lack of toxicity highlight its significance in consumer and 
industrial goods. CMC is a cellulose derivative, a naturally 
occurring polymer [17]. The substance is created by chemi-
cally altering cellulose by adding carboxymethyl groups 

(-CH2-COOH) to the cellulose structure [18]. CMC exhib-
its excellent water solubility, resulting in the formation of 
thick solutions. The solubility and viscosity of the polymer 
are contingent upon the degree of substitution (DS) and the 
molecular weight of the polymer. Carboxymethyl cellulose 
(CMC) is characterized by its non-toxicity and biocompat-
ibility, rendering it very appropriate for application in the 
fields of food, medicines, and cosmetics [19].

At early 1980s [20], conducting polymers, including 
polypyrrole (PPy), polythiophene (PTh), polyaniline (PANI), 
and its derivatives. Among them, polyaniline (PANI) has 
gained significant interest recently due to its numerous 
advantageous characteristics to be applied as the active 
layers of gas sensors. Additionally, its ability to strongly 
absorb visible light, relatively high electrical conductivity, 
intriguing redox properties, lower density compared to met-
als, energy storage capabilities, straightforward synthesis 
process, moderate conductivity, suitable environmental and 
thermal stability, and low cost. Regarding its chemical com-
position, PANI combines oxidized quinoid diamine repeat-
ing in addition to reduced benzenoid diamine and units. 
Depending on the value of reduced benzenoid diamine, 
the oxidation state of PANI may be determined [21]. PANI 
chemical structure is a vinyl ring with an N–H Group. 
Each repetition unit has three benzene rings, separated by 
(− NH) amine groups and one quinoid ring surrounding 
imine groups (− N =). Nitrogen creates double bonds with 
the quinoid ring. In the ring, there are two carbon atom pairs 
and four π-electrons. The polymer's macroscopic structure 
is a complex network of long chains of repeating units [22].

Graphene nanomaterials have recently been found to have 
sensing applications [23, 24]. This is because of graphene's 
numerous remarkable properties, including its high carrier 
mobility, low electrical noise, large surface area, ballistic 
conductivity, and excellent thermal stability at room tem-
perature resulting from their unique 2D honeycomb lattice 
[25, 26]. The fact that gas molecules adsorb strongly to gra-
phene's electrical characteristics is the most crucial reason 
for its potential as a nanomaterial for gas sensing. Regarding 
sensitivity, graphene is unrivaled; the planar structure of gra-
phene, simplicity of processing, and other possible benefits 
are also shown by graphene [27, 28].

Novoselov's group announced in 2007 the first gas sensor 
based-graphene [25], demonstrating that micrometer-sized 
graphene sensors can detect individual gas molecules. It can 
detach or adhere to the surface of graphene nanosheets. They 
demonstrated that the adsorption of the molecules modified 
the local carrier concentration in graphene by one electron. 
It assists in a gradual difference in resistance. The change 
showed the ability of the gas to act as an electron acceptor, 
for example, iodine, NO2, and H2O, or an electron donor, for 
instance, ethanol, CO, and NH3 [24, 29]. The critical per-
formance-enhancing approaches in sensors-based graphene Fig. 2   Different types of sensors used in gas sensing
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have been discovered to be hybridization, functionalization, 
and doping. Graphene oxide (GO) is a carbon nanosheet 
that has recently evolved and is commonly recognized to 
be connected to graphene [30]. GO is a single-atomic layer 
material with similar properties to graphene but an extra set 
of functional groups on its surface [31]. These groups have 
converted GO to hydrophilic states that make them simple to 
disperse in water and various solvents. In addition, they have 
a wide surface area that makes them suitable for deposition. 
In particular, GO can strongly interact with various small 
molecules and macromolecules [32].

Silicon nitride (Si3N4) is a ceramic material with excep-
tional mechanical, thermal, and chemical characteristics, 
making it highly suitable for demanding applications. It 
is extensively utilized in applications requiring superior 
strength, thermal stability, and the ability to withstand wear 
and corrosion [33]. The versatility of Si3N4 makes it indis-
pensable in several industries like mechanical engineering, 
electronics, automotive, aerospace, and medical. Due to its 
durability and performance properties, it is highly valued as 
a material for vital components and innovative technologies 
[34]. Si3N4 comprises silicon and nitrogen atoms bonded 
in a robust covalent structure. It possesses a high electrical 
resistance and functions as an electrical insulator. Si3N4 is 
unreactive, impervious to oxidation, and immune to corro-
sion caused by most acids and alkalis [35].

Researchers have investigated chemical or physical 
methods to improve graphene's gas-sensing capabilities 
[36–39]. Over the last few years, many reviews dealing 
with polymeric materials in gas sensing technology have 
been published in this article, are reviewed. The present 
paper highlights gas sensors based on the impact loading 
ratio of Si3N4 nanoparticles with GO on characterizations 
of turnery blended biocompatible and conducting polymers 
as nanocomposites for AC electrical peripeties and toxic gas 
sensors.

2 � The Experimental Part

2.1 � Materials

PEO is a white color that has a (100 000) g.mol−1 molecu-
lar weight (Mw), crystal-granular with chemical formula 
(O-CH2-CH2)n, produced by Sigma-Aldrich Company, the 
UK. CMC has Mw of (700,000) g.mol-1, with viscosity 
(5000) min, linear and chemical formula (C6H9NO) n, white 
or yellowish color, powder, supplied from Cheng Du Micxy 
Chemical Co. Ltd., China. PANI Nano polymer with nano-
particle size of (20 nm), a molecular weight of (150,000) 
g/mol, and chemical formula (C6H7N)n dark/light green/
black powder or paste color, were purchased from Panichem 
Company, LTD, Korea. Silicon nitride nanoparticles with 

nanopowders size between (15–30) nm and a molecular 
weight of (140.28) g/mol, grey-white color and purity of 
(99%), a melting point of (1900 °C), and cubic crystallo-
graphic form, which was supplied from Telligent Materials 
Pvt. Ltd., India. Synthesized GO used a modified Hummer 
process [33] following our group's procedure with full char-
acterizations from a previous publication [40].

2.2 � Formation and Mixing of Samples

Samples were fabricated using the flowing procedure, as 
shown in Table 1 and Fig. 3.

1.	 All polymers were dissolved using distilled water (DW) 
independently, briefly, 9 gm dissolved in 150 ml. It was 
dissolved by mixing for 24 h at an ambient temperature 
to ensure complete dissolution, as presented in step 1 in 
Fig. 3.

	   Independently, nanomaterials were dispersed in DW 
with gentle sonication for better dispersion before loaded 
and mixing. Briefly, 0.5 wt. % of GO was dispersed in 
DW for 72 h with mixing and sonication for 10 min in 
a sonication bath for each 1 h of mixing time of the first 
3 h of combining to become 30 min as total, the only 
missing using stirrers to achieve nanosheet exfoliation, 
and Si3N4 with the same ratio of GO was also distributed 
in DW for 24 h with the assist of bath sonication for 
30 mints separated as 1o mint each time as process of 
GO. Si3N4-DW were loaded with different loading ratios 
(Y=0.2, 2.2, and 4.2)%. Each concentration was mixed 
with dispersed GO[0.8%]-DW to fabricated (GO[0.8%]@
Si3N4[Y%]) hybrid nanomaterials with three different 
ratios (1, 3, and 5) %, as presented in step 1 in Figure 3.

2.	 To prepare the first binary blended polymer, PEO 
and CMC polymers mixed with fixed ratios of 
PEO[60%]-CMC[30%] in proportions in (60:30) wt.% to 
fabricate (B). It was mixed for 72 h at an ambient tem-
perature to ensure complete homogeneity, as in step 2 in 
Fig. 3.

Table 1   The percentages of fabricated blend polymers and their 
nanocomposites

Sample ID Concentration wt. %

PEO 100 K CMC PANI GO: Si3N4

PEO 100 - - -
CMC - 100 - -
PANI - - 100 -
B 60 30 10 -
NC1 60 30 9 0.8: 0.2 = 1
NC2 60 30 7 0.8: 2.2 = 2
NC3 60 30 5 0.8: 4.2 = 3
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3.	 Different ratios of nano PANIX (X = 10, 9, 7, and 5) 
wt.% were used to fabricate the ternary blend polymers 
PEO[60%]-CMC[30%]-nano PANI[x%],, as presented in step 
3 in Fig. 3.

4.	 Using different loading ratios (1, 3, and 5) % of 
(GO[0.8%]@Si3N4[Y%]) hybrid nanomaterials into the 
ternary blended polymers in step 2 to fabricate novel 
quinary PEO[60%]-CMC[30%]-nano PANI[x%]/GO[0.8%]@
Si3N4[Y%] nanocomposites, as shown in Table 1. The 
nanocomposites were mixed for 7 days. It was spread 
with the assistance of sonication using an ultrasonic bath 
during the mixing process at a rate of 1 h of mixing, 
interspersed with 30 min of sonication in total to obtain 
good homogeneity, as shown in step 4 in Fig. 3.

The head mechanical mixer purchased by the Kama-type 
was used to fabricate all the samples, as revealed in Fig. 3.

2.3 � Characterizations

Table 2 summarizes the characterizations employed in this 
study.

3 � Results and Discussion

3.1 � Morphological and Structure Properties

FESEM was utilized to investigate the surface, morphology, 
and distribution of GO@Si3N4 and within ternary blended 
polymers (PEO-CMC-PANI) and their nanocomposites. 
Figure 4 demonstrates two FESEM image magnifications, 
micro-size and nano-size (inset images), for each pure poly-
mer, nanomaterials, ternary blend polymers, and novel qui-
nary PEO[60%]-CMC[30%]-nano PANI[x%]/GO[0.8%]@Si3N4[Y%] 

Fig. 3   Schematic of the experi-
mental process in this study

Table 2   The details of used 
characterizations

Characterization Type Details Company

FTIR Spectrum IR-10.6.2 4000–400 cm−1 PerkinElmer, the USA
X-ray AERIS 40 kV,7.5 Ma, Cu 

tube target
Malvern Pan Analytical, Netherlands

FESEM Inspect F50 30 kV, 120μA FEI Company, Netherlands
STEM II Nano NanoSEM 450 12 kV, 120μA FEI Company, Netherlands
AC electrical (3532–50, Hi TESTER) LCR meter Hioki, Japan
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Fig. 4   FESEM images with 
micron size and nanosize for (a) 
pure PEO, (b) pure CMC, (c) 
pure PANI, (d) Si3N4, (e) GO, 
(f) ternary blended polymers B, 
(g) NC1, (h) NC2, and (i) NC3
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nanocomposites with different concentrations of (GO@
Si3N4). The surface morphology of the pure PEO is shown 
in (Fig. 4a); it was a smooth surface with evident cavities and 
cracks [41] and displayed a highly porous structure respon-
sible for high ionic conductivity. The solvent removal and 
retention ability could be associated with pores in the polymer 
microstructure [42].

The CMC is also shown in Fig. 4 (b), a rough, uneven, 
layered, and wrinkled zigzag surface morphology and elon-
gated grooves or channels along the film [43]. Nano PANI 
(4c) FESEM image shows a rough structure, deep cavities, 
and agglomerated and macro-granular morphology [44] 
formed by the small globular aggregation in the structures. 
This could related to the rise in the inner interactions of pol-
ymer chains and separated cauliflower aggregation structures 
[45]. The SEM micrograph of pure Si3N4 (4d) shows rela-
tively uniformly distributed silicon (Si) in the remark area 
[46], having minimal gaps or areas exhibiting varying sili-
con concentrations. Figure 4e illustrates the flaky morphol-
ogy of GO that displays a nanosheet-like porous within the 
2D-dimensional and interconnected structure that formed 
through the exfoliation process and restacking [47].

When polymers are mixed, the surface of the ternary 
blend polymers is significantly changed. It presented a rough 
structure with some particles of different sizes [48], cavities, 
and threads or nanofibers belonging to the nano polyaniline 
polymer, as shown in Fig. 4f. In Fig. 4g, 1% of nanomate-
rial loaded into quinary PEO[60%]-CMC[30%]-nano PANI[9%]/
GO[0.8%]@Si3N4[0.02%] nanocomposites exposed some entan-
gled thread similar network of PEO, CMC, PANI, and nano-
material, became uniformly distributed.

The effect of GO and Si3N4 appeared on the polymers 
and became more bonded, and the surface was more like 
smoother [13], especially after increasing the concentration 
of Si3N4. The pores and cavities disappear and show parti-
cles of different sizes and agglomerates. When increasing 
the percentage of Si3N4 in the sample to 3%, as shown in 
Fig. 4h, more homogeneous materials in some areas and a 
smooth surface are noticed. The polymers are linked with 
each other in a way that resembles arms, interspersed with 
some pores; these pores reveal the creation of a porous com-
pact structure as a result of the nanograins or nanofibers 
contained in polyaniline [49]. In addition, increasing the GO 
ratio showed some aggregations [50]. The behavior of the 
presence of cavities and pores remains the same.

Increasing the nanomaterials to 5% associated with the 
presentation of the porous structure resulting from the 
nanograins and nanofibers of PANI increased, and the link-
ing became more extraordinary due to the excellent inter-
action associated with interlocated nanomaterials into the 
matrix and reduction on the surface that occurred because 
of continuous mixing between the components. In addition, 
the surface became smoother in other parts, and a radical and 

strong change happened in the sample's surface, as shown 
in Fig. 4i. This might indicate a growth as a homogenous 
process [50].

The internal structure of the sample and the arrangement 
of atoms within it were examined by applying TEM, which 
provides high-resolution transmitted electron imaging of two 
samples, GO@Si3N4 and NC3 nanocomposites, as presented 
in Fig. 5. In Fig. 5a and b, TEM micrographs of GO@Si3N4. 
GO showed fine homogeneous dispersion of single multi 
nanosheets of GO, and some nanosheets were aggregated in 
another place due to the physical attraction between them. 
This behavior was also observed in Si3N4 nanomaterials, 
which presented a spherical-like amorphous [51]. It revealed 
good dispersion in the samples; others were bonded with 
GO, as clearly presented in Fig. 5 b. Interestingly, Si3N4 pre-
sented surrounded by the GO nanosheets as core and shell in 
some places that were uniformly distributed [46]. The link 
appears in most regions between GO and Si3N4 nanoparti-
cles, in addition to flat and morphology aggregated sheets 
of GO, seems to be a flake such as a film that can propose a 
large specific surface area [50].

The TEM micrographs of NC3, presented in Fig. 5c, d, 
and e, depict the homogeneous dispersion of the tertiary 
polymer blend particles that sounded GO@Si3N4 nano-
materials and the bonded appear in most regions between 
nanomaterials. Additionally, nano PANI, Si3N4, and GO are 
dispersed on the surface, and the polyaniline is presented 
as a rod-like structure in agreement with literature [52], the 
Si3N4 nanoparticles are spherical-like amorphous [51]. The 
flat structure of GO is a flake, such as a film, that can provide 
a large specific surface area and is beneficial for the loading 
of nanomaterials. Core–shell appears in some places where 
the surfaces of the GO@Si3N4 are coated or surrounded by 
a few tertiary polymer blend [53].

Figure 6 displays the FIR spectra of the blended poly-
mers and their nanocomposites after doping (GO@Si3N4) 
nanomaterials in the ternary blended polymers. Ternary 
blended polymer (B) revealed several prominent functional 
group peaks at 3346, 2890, 1636, 1351, 1258, 1088, and 
948 cm−1. The presence of several hydroxyl and carboxyl 
groups in PEO and CMC led to the fabrication of strong 
hydrogen bonds, which can be identified by the O–H stretch-
ing vibration exhibited by these bands [48] and Si3N4 and/or 
N-JH stretch vibration in PANI [45], C-H stretching vibra-
tion, stretching C = C of quinoid ring (N = Q = N) [54], C-H 
bending, C–O–C stretching vibrations [55], C-O and other 
reported C-H in the hydrogel networks [56], respectively.

The functional peaks that related to PEO presented 
at 1351 and 948 cm−1 correlated to the CH2 asymmetric 
wagging band [57] and contributed to the rocking vibra-
tion C–H absorption peak in the methylene group in the 
ternary blended polymer (B) [58]. A single peak (1258 cm 
−1) associated with the CH bending mode also appears with 
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a weak intensity related to PEO [59]. The most functional 
peaks competition the contained polymer peaks within the 
spectrum of ternary blended polymer (B). The results of 
the spectrum of quinary nanocomposites (NCs) presented 
the main beaks of the ternary blended polymer (B) spec-
trum. The exact position peaks at 3346, 1636, 1351, and 
1088 cm−1. At the same time, a clear peak was presented at 
696 cm−1, which could be associated with the Si–H bond 
[60]. It became clearly presented by increasing the concen-
tration of Si3N4 In the matrix.

All samples generally showed strong absorption peaks at 
3346, 1636, 1088, and 696 cm−1 as hydrogen interactions 
between ternary blended polymer (B) and nanomaterials. 
The contribution of the binary nanomaterial in nanocompos-
ites appeared, which is responsible for the decrease in the 
intensity of most peaks. This is connected with creating the 

network among GO and Si3N4 nonmaterial and polymers, 
which strongly agrees with other findings [61]. Structural 
features of the blended polymer were not affected after the 
fabrication of the nanocomposites in agreement with another 
report [62]. The FTIR spectra characteristic of vibration 
bands formed in ternary blended polymers and quinary 
nanocomposites are displayed in Table (1S) in the (SI).

Figure  7 presents the XRD patterns for the ternary 
blended polymers (B) and their nanocomposites (NCs). 
The XRD pattern of polymers blend demonstrations four 
sharp peaks at (2Ɵ = 18.4°, 22.7°, 30.8°, 44.7°) and other 
small intense peaks or features at (2Ɵ = 14.3°, 25.4°, 26.2°, 
30.8°, 34.6°, 35.5°, 38.8°, 44.7°, 55.8° and 74°) attributed 
to the characteristic peaks of all the matrix components 
PEO, CMC, PANI polymers [63]. The XRD pattern of ter-
nary blended polymers (B) revealed the semi-crystalline 

Fig. 5   TEM images of (a and 
b) GO@Si3N4 and (c, d, and 
e) NC3
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nature of the polymer matrix due to the presence of the 
semi-crystalline structure of the PEO polymer. Where the 
main peaks at 18.4° and 22.7° are linked to PEO [13]. CMC 

semi-crystalize peak exhibited at 22.3° [64] overlapped with 
PEO peaks, whereas PANI revealed other small peaks [45].

The XRD patterns of the blend filled with the contributed 
of (GO@Si3N4) nanomaterials at different ratios (1, 3, and 
5 wt. %) revealed redaction of the peak intensity with the 
adding and raising of (Si3N4) nanoparticles ratio. Moreover, 
the peaks revealed slight shifting in most of the peaks from 
their original positions. Specifically, NC1 revealed a sign of 
GO in 11.1° and 40.02° [65] and all other XRD diffraction 
peaks might be indexed to the Si3N4, a hexagonal structure 
matched (JCPDS Card no. 41–0360), and other reports [33].

In addition, the obtained XRD results proved the strong 
interaction and good distribution of the (GO@Si3N4) nano-
particles and the matrix blend, as demonstrated by FT-IR 
results and literature [55, 66]. Most peaks were shifted, and 
the intensity at around 19 increased to become higher com-
pared with other peaks and blended samples; moreover, the 
dissolution of (GO@Si3N4) nanoparticles within the struc-
ture of the PEO-CMC-PANI polymer blend.

3.2 � Dialectical Properties and A.C Electrical 
Conductivity

The dielectric constant of the ternary polymer mixture 
(B) and its nanocomposite doped were considered at room 
temperature within the range of (100 Hz to 5 MHz) fre-
quency. The results are exposed in Fig. 8. Its dependency 
was computed by applying Eq. (1S) in (SI), as depicted in 
Fig. 8 (a). It exhibited a decrease for all samples as the fre-
quency increased. At lower frequencies, the results of all 
samples were high, and as the frequency raised, it substan-
tially reduced. When the dipoles are arbitrarily oriented in 
response to the external electric field, where the external 
electric field causes them to align parallel to it, creating an 
electric field that opposes the initial electric field, it reduces 
the strength of the initial electric field, enhancing the com-
posite's dielectric constant. As the frequency rose, the value 
of the dielectric constant of the samples was reduced. This 
could relate to stating that at low frequencies, the duration 
of each cycle is long enough for the dipoles to reorganize 
and orient the molecules in a way that aligns them with the 
electric field. At high frequencies, the period was short and 
less than the period needed from the molecules to rear-
range themselves in the external electric field direction, and 
also due to the difference in the phases of the base mate-
rial and the support materials (micro-particles and nano-
particles), which results in interfacial polarization, which 
led to improving the results of the dielectric constant. In 
addition, the polarization resulting from the electrodes has 
a close relationship with the formation of the charge of the 
sample present between the two electrodes, the distances 
of the sample, and the composition. The dielectric con-
stant value could also be impacted strongly by the ionic and 
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electronic polarization that could follow the rotation of the 
applied external electric field, reducing polarization. Hence, 
the dielectric constant decreased [67]. The contribution of 
(GO@Si3N4) nanomaterials was also presented in Fig. 8 (b); 
the dielectric constant at 100 Hz frequency decreased when 
increasing the loading ratio of (Si3N4); this reduction may 
be attributed to a rise in polarity. This action agrees with 
previous studies [68–70].

Figure 9 (a) calculated the dielectric loss from Eq. (2S) in 
(SI). It exhibited elevated values at high frequencies, which 
significantly diminished as the frequency rose. This phe-
nomenon can be attributed to improving the charge carriers' 
conductivity through the electric charge region. In addition 
to reducing the dielectric loss factor's magnitude. Further-
more, the electron energy is equivalent to the energy of the 
Fermi level. The dipoles caused the variation in the dielec-
tric loss results with frequency. It attracts the energy from 
the electric field in the system to counteract the resistance 
of the surrounding dense materials through rotation. This 
absorbed energy reduces, or the amplitude's charge carriers 
transferred between the boundaries increase with increasing 

frequency. Therefore, the dipoles need higher energy in the 
system to achieve relaxation. In this case, the dielectric loss 
factor decreases [71].

A drop in the dielectric loss factor values was detected 
when the frequency increased for all nanocomposites. This 
is illustrated in Fig. 9( b), where the value at the same 
frequency rose with a rise in the concentration of Si3N4 
nanoparticles in the polymer matrix, associated with the 
improved polarized diodes resulting from the surface [72].

A.C. electrical conductivity was considered by apply-
ing Eq. (3S) in (SI), and the result is presented in Fig. 10. 
at high frequencies, the conductivity increased with the 
increased frequency of the electrical field supplied, as pre-
sented in Fig. 10 (a). The observed rise in the findings can 
be attributed to the amplified charge polarization at higher 
frequencies and the movement of charge carriers. In addi-
tion, the presence of Si3N4 nanoparticles in the combined 
(GO@Si3N4) content increased the electronic polarization 
and the movement of charge carriers. This, in turn, results 
in an enhancement of the A.C. electrical conductivity, as 
exposed in Fig. 10 (b). The improved electrical conductiv-
ity of the nanocomposites is directly relative to the ratio of 
Si3N4 nanoparticles. This can be attributed to a growth in 
the number of ionic charge carriers and the development of 
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a continuous network between GO and Si3N4 nanomaterials 
within the polymer matrix [59, 73, 74].

3.3 � Gas Sensing Results of NO2 Oxidizing Gas 
Vapors

The gas sensors were prepared by depositing the film on a 
substrate using the drop-casting technique and depositing 
aluminum electrodes with a mesh structure with a thick-
ness (about 300 nm) on the sample's surface using thermal 
evaporation under vacuum conditions. The thermal evapora-
tion process was carried out using an (Edward 306-Thermal 
Evaporation Coating Unit) system. The basin type was (Spi-
ral Tungsten (w)). If the sedimentation was carried out under 
a vacuum or high sedimentation pressure of 10–5 mbar, The 
attainment of a high vacuum level was accomplished by uti-
lizing rotary and diffusion pumps. The monitoring was con-
ducted using Berani and Penning gauges. The two electrodes 
were linked with slender wires, and silver conductive paste 
was applied to them. Figure 11 (a) provides a diagram of the 
structures of gas sensors.

The gas sensor system comprises a stainless-steel cylin-
drical examination chamber, which consists of a 20 cm 
diameter and 10 cm height, then is evacuated by a rotary 
pump. The device features an entrance for the verified gas 
to enter and an air admittance valve to enable ambient air 
flow following evacuation. The chamber base is equipped 
with a multi-pin feed through, which allows the establish-
ment of thermocouples, sensor electrodes, and electrical 
connections to the heater. A temperature controller type 
GEMO DT109 PID was utilized to control the tempera-
ture of the sensor's operation, and a thermocouple type 
(K) was placed within the chamber, which controlled a 
hot plate heater. A laptop computer is utilized to monitor 
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the sensor's resistance over time when it is exposed to the 
gas. A PC-interfaced digital multimeter of type Vector 70 
C measures the resistance. The gas is circulated through a 
tube positioned above the sensor within the test chamber 
to ensure accurate sensitivity and quantify the changes in 
sensor resistance after exposure to a mixture of air and 
NO2. This circulation is achieved using flow meters with 
the assistance of the arrangement of a needle valve. Fig-
ure 11 (b) displays the gas sensor system employed.

Figure 12 displays the behavior of the electrical resist-
ance with open and closed gas vapor time utilizing the 
needle valves at three different operating temperatures 
(RT, 100 °C, and 200) °C. A 500 ppm is the constant con-
centration of NO2 gas used in ambient air introduced into 
the testing chamber at each sample's ideal operating tem-
perature. Before opening the gas, the resistance is continu-
ously checked and eventually stabilizes over time. The gas 
is turned off after the resistance sharply rises to a stable 
level. Electrical resistance then went back to the original 
position. The nature of the interaction between the mol-
ecules of gas and the surface atoms of the detecting film 
considers the sensor's ability to detect the gas presence. 
The computer was used to measure the electrical resist-
ance of all the samples. The measurements were taken 
using a digital multimeter called Vector 70C, connected 
to an interface. The nanofilms sensor, PEO-CMC-PANI/
GO@Si3N4, was produced and tested at various working 
temperatures.

The data in Fig. 13 of nanofilm sensors exhibit p-type 
semiconducting behavior due to the electrical resistance 
exhibiting a negative correlation with time. For example, 
electrical resistance decreased when oxidizing gas such as 
NO2 was turned on, and resistance negatively correlated with 
time when the gas was turned on. It steadily increased, for 
instance, and recovered completely to its initial value after 
NO2 gas was turned off because NO2 is a chemical oxidant 
gas. When NO2 is present on the nanofilms sensor made 
of P-type semiconductors, it can receive electrons from the 
valence band, leading to a rise in the concentration of charge 
carriers known as holes. Consequently, the electrical con-
ductivity increases while the electrical resistance decreases. 
The reduction in electrical resistance and improved electrical 
conductivity of the nanofilm sensors could be credited to 
the NO2 adsorption onto the p-type semiconductors surfaces 
NC1, NC2, and NC3. The NO2 acts as a chemical oxidant 
gas, leading to these changes in the sensors' properties. Con-
sequently, the electrical resistance of every nanofilm-based 
sensor sample is reduced when exposed to NO2 gas. It is 
evident that when exposed to an oxidizing gas, NO2, the 
change in electrical resistance can be reversed entirely when 
exposed to a reducing gas like NH3. However, when NO2 
molecules were taken in, oxygen ions created a negatively 
charged NO2- species (chemical species) at the surface of 

the NC1, NC2, and NC3 nanofilms sensor. They are attached 
to the grain boundaries on the surface.

When a closed gas vapor is present, the electrical resist-
ance initially increases. However, after the removal of NO2, 
the resistance returns to its original value (Rair). This is 
because the NO2- reacts with oxygen ions absorbed on the 
surface at the grain boundaries. This reaction leads to a 
decrease in the density of holes and a reduction in electrical 
conductivity, which causes a rise in electrical resistance; this 
behavior was similar to another study [76], they used carbon 
nanotubes, F-SWCNTs/ silver nanoparticles (AgNPs), and 
porous silicon (PSi) to detect the NO2 gas as a sensor.

Figure 13 shows the improved electrical resistance of 
NO2 gas with the increase in operating temperature. It was 
noticed that increasing the loading ratio of Si3N4 nanoparti-
cles was an essential factor that affected the results.

Sensitivity (S%) (also often termed as the response) was 
calculated from Eq. (4S) in the (SI). According to results 
in Fig. 14 (a), (6.89%) was the highest sensitivity recorded 
to NO2 at RT for the NC2 in a response time of (16 s) and 
recovery time of (19 s). The sensitivity is generally reduced 
as the temperature rises for the sample NC2. This indicates 
that the gas sensor does not require activation energy to 
interact with NO2 gas and that the interaction is physical 
adsorption and polarity. This action agrees with previous 
studies [77]. However, for the NC1 and NC3 samples, the 
sensitivity increased with temperature at a specified range. 
This means that the gas sensor needs energy to activate the 
interaction with NO2 gas, and it has reached a high sensi-
tivity. This behavior is similar to the following studies [78]; 
they fabricated carbon nanotubes (SWCNTs)/ silver nano-
particles (AgNPs) and porous silicon (PS).

The maximum sensitivity of NC1 of 3.64% was 
obtained at 200 °C, while the sensitivity of NC3 of 4.84% 
was obtained at 100 °C. When the operating temperature 
increased, a thermally activated procedure was induced 
that will lead to more substantial adsorption of gas species 
owing to the higher interaction of intense gas with the mate-
rial's surface. It suggests enhanced chemical interactions at 
higher temperatures, possibly due to increased mobility of 
the NO2 molecules that facilitate better adsorption on the 
sensor surfaces.

Sensitivity increased with increasing sample concentra-
tion, and gas sensitivity saturation was observed at about 
5%. Increasing the nanoparticle concentration from 1 to 5% 
tends to stabilize or even increase the sensitivity at higher 
temperatures. It led to an increase in the chemisorbed NO2, 
which in turn enhanced the desorption rates, hinting at the 
role of GO@Si3N4 in providing thermal stability and pos-
sibly active sites for NO2 adsorption.

Nevertheless, when the concentration is extremely high, 
the enhancement in sensing ability may associated with 
the physical or chemical adsorption of NO2, as shown in 
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Fig. 12   The variation of resist-
ance vs. time of NC1, NC2, 
and NC3 thin film sensors upon 
exposure to NO2 gas at different 
operating temperatures RT, 100, 
and 200 ⁰C
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Fig. 14 (b). This outcome is from the combined action of 
the acid–base doping or dedoping of PANI and the trans-
fer of electrons between NO2 molecules and GO. The 
functional group in GO and its high surface area facili-
tate the effortless passage of gas molecules. Furthermore, 
GO aspires to facilitate the creation of continuous sheets 
that would enhance the effective transfer of electricity 
between electrodes. Nitrogen dioxide (NO2) exhibited 
potent oxidizing properties due to its great electron-with-
drawing ability. Consequently, the electron transfer from 
the nanosheet surface of graphene oxide (GO) to nitrogen 
dioxide (NO2) resulted in an increased concentration of 
positively charged holes and improved electrical conduc-
tivity in the GO. These variables facilitate the efficient 
adsorption of NO2 onto the surface of GO (p-type).

The relationship between response and recovery time 
with three different operating temperatures is depicted in 
Table 3. This time, the quick response time (15 s) for the 
NC3 sample at ambient temperature for NO2 gas is very 
short. It takes almost (37 s) to recover the sample resist-
ance back to normal. The longest response time at RT for 
the NC3 sample could indicate that the gas sensor needs 
energy to activate the interaction with NO2 gas. On the 
other hand, it illustrates how the recovery time for NO2 test 
gas decreases with increasing operating temperature [77]. 
The quick recovery time was (16 s) for the NC2 sample at 
200 °C for NO2 gas; the specific decreases with the surface 
reaction's activation energy and work function, potentially 
linked to an increase in vacancies. Improve the parameters 
for sensor operations. Recovery times vary inconsistently 
across the samples and temperatures, as depicted in Table 3. 
The recovery time is the time taken to return to the normal 
resistance when refreshed. The longest recovery time (37 s) 
at room temperature for the NC3 sample. This could indicate 
stronger or more stable adsorption characteristics at lower 
temperatures, which take longer to revert. Conversely, the 
increase in recovery time at 200 °C for the NC1 sample sug-
gests possible changes in the sensor surface or chemical state 
that slow the desorption process.

The well-dispersed and porous structure of the PEO-
CMC-PANI-doped GO@Si3N4 nanomaterials results from 
the optimum concentration and homogeneous distribution, 
contributing to its high surface area. The extensive sur-
face area of PANI facilitates optimal gas adsorption and 
enhances its catalytic properties, resulting in heightened 
sensor response and reduced response and recovery time. 
The comparison of several nanocomposites for NO2 sensing, 
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as found in the literature, is shown in Table 4 alongside the 
results of our current study.

4 � Conclusions

Fabricated new nanocomposites were successfully achieved 
using ternary blend polymers PEO-CMC-PANI reinforced 
by different concentrations of GO@Si3N4 nanomaterials. 
FE-SEM images showed the total surface change of sam-
ples a homogeneous surface. TEM micrographs of GO@
Si3N4 show that the homogeneous dispersion of GO and 

Si3N4 were uniformly distributed and linked in most regions 
between GO and Si3N4 nanoparticles and nanocomposites. 
All samples generally showed strong absorption peaks of 
blended polymer and signs of nanomaterials crosslinked in 
the fabricated nanocomposites by FTIR. The XRD pattern 
of ternary blended polymers revealed the semi-crystalline 
of the matrix with shifting of the peaks after the contribu-
tion of nanomaterials without impact on the semicrystalline 
behavior. The dielectric constant improved from (15 to 20), 
where there was a decrease in the dielectric loss values with 
a rise in the frequency for all nanocomposites. AC electrical 
conductivity increases for (NCs) nanocomposites with the 

Table 3   The response and 
recovery time for NC1, NC2, 
and NC3 nanofilm sensors at 
three different times, based on 
exposure to NO2 gas

Sample T (⁰C) Response time (sec) Recovery time (sec)

NC1
RT 26 21

100 24 16
200 25 31

NC2
RT 16 19

100 21 22

200 27 21

NC3
RT 15 37

100 19 17
200 28 26

Table 4   Comparison of nanocomposite ability as NO2 gas sensing from different literatures

Sensor material Operating 
temperature 
(°C)

Target gas/vapor Conc
(ppm)

Sensor sensitivity (%) Response 
time (sec)

Recovery 
time (sec)

Ref

Fe2O3-PANI RT NO2 20 2.29 * 102 141 228 [79]
GO
Al NPs–GO
Pd NPs- GO

150 NO2 1.2 1.44
2.89
0.46

5 min 30 min [23]

Ni@ZnO/PANi RT NO2 100 75% 82 399 [80]
rGO/ZnO–Au
Nanoparticles

80 (60–90) NO2 100(20–100) 32.55 27 86 [81]

Graphene/SnO2
Nanowires

150 (100–250) NO2 0.1 (0.01–0.1) 11 43 37 [82]

rGO/ZnO
Nanoparticles

RT NO2 5 (1–25) 25.6% 165 499 [83]

In2O3/RGO– RT NO2 30 8.25 4 24 [84]
PANI nanofibrous thin film RT NO2 50 207.04 23 3 [85]
PEO–CMC–PANI/GO@Si3N4 RT-100–200 NO2 500 6.86 16 19 Present work
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rise in the concentration of GO@Si3N4. All the nanofilm 
sensors exhibit p-type semiconducting behavior. Electrical 
resistance decreases when oxidizing NO2 gas is turned on. 
The resistance returned completely to its initial value (Rair) 
once the NO2 gas was deactivated as a result of the reaction 
between NO2 and oxygen ions absorbed on the surface at the 
grain boundaries. The electrical resistance of NO2 gas exhib-
ited a positive correlation with the operating temperature, 
reaching its peak at 200 °C. The NC2 sample exhibited the 
most incredible sensitivity to NO2 (6.89%) when operated 
at room temperature (RT), with a response time of 16 s and 
a recovery time of 19 s. The sensitivity generally decreases 
as the temperature increases for the sample NC2. However, 
for the NC1 and NC3 samples, the sensitivity increases with 
temperature at a specified range. Sensitivity increased with 
increasing sample concentration, and gas sensitivity satura-
tion was observed at about 5%. The response time for NO2 
test gas increases as the operating temperature rises. This 
time, the quick response time (15 s) for the NC3 sample 
at ambient temperature for NO2 gas is very short. It takes 
almost 37 s to recover the sample resistance back to normal, 
which is the longest response time at RT for the NC3 sample.
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