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Abstract 

The consequences of carbon nano materials incorporation for gas sensing applications received noteworthy consideration in 
the recent preceding years. Owing to their desirable physical and chemical specification, the carbon nanomaterials and 
combinations with other materials are well suited for the gas sensing applications as it satisfies the condition of elevated 
surface area and reduced bandgap. Herein, we start this review by reviewing the importance and preparation methods of 
carbon nanomaterials. Varied carbon based nanomaterials as carbon nanoonions, carbon nanohorns, nanodiamonds and 
carbon quantum dots are explored. Graphene and its derivatives are normally combined with CNTs, thus. We introduce after 
that the graphene synthesis, specifications, and g
sensing. This review summarized the keypoints for the gas sensing area that relied on carbon nanomaterials. Furthermore  
different types of sensors toward different gas species have be
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The consequences of carbon nano materials incorporation for gas sensing applications received noteworthy consideration in 
the recent preceding years. Owing to their desirable physical and chemical specification, the carbon nanomaterials and 

th other materials are well suited for the gas sensing applications as it satisfies the condition of elevated 
surface area and reduced bandgap. Herein, we start this review by reviewing the importance and preparation methods of 

carbon based nanomaterials as carbon nanoonions, carbon nanohorns, nanodiamonds and 
carbon quantum dots are explored. Graphene and its derivatives are normally combined with CNTs, thus. We introduce after 
that the graphene synthesis, specifications, and graphene/metal oxides, noble metals, and polymers nanocomposites for gas 
sensing. This review summarized the keypoints for the gas sensing area that relied on carbon nanomaterials. Furthermore  
different types of sensors toward different gas species have been reported and discussed.  
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Carbon is one of the most abundant elements on 
the planet, as it grasps the ability to produce 
anenormous number of bonds that can be formed 
with different materials or with itself. Besides, carbon 
allotropesexistsas the carbon can hybridize in sp, sp2 
and sp3 configurations.    

From another point of view, carbon is exclusive 
among the elements due to its ability to adopt 
extended two-dimensional sheet structures in 
elemental form. Since the in-sheet bonding is 
tremendously strong, these sheets are stable both as 
isolated objects (graphene), and when turned into 
cylindrical geometries (nanotubes) or quasispherical 
geometries (fullerenes) wherein, e.g., pentagonal 
rings provide the needed Gaussian curvature. The 
carbon nanocone, is an intermediate state between 
graphene and fullerene wherein a single pentagonal 
ring or assembly of nearby pentagonal rings defines a 
conical apex, which is then extended by a pure-
hexagon graphenic network into a larger conical  
structure [1]. 

In this review,we shed light on the carbon 
nanomaterials and their composites with different 
materials (i.e., metal oxides, polymer, metals, etc.) 
and theirapplications as gas sensors.  These carbon 
nanomaterials comprise carbon nanohorns, carbon 
nano-onions (CNOs), nano diamond, carbon quantum 
dots (CQDs), carbon nanotubes (CNTs), and 
Grapheneas represented in fig. 1.Remarkable 
attention has been devoted to bothCNTs and 
graphene as they are extensivelyconsidered. In what 
follows we point out the most characteristic sorts of 
carbon nanomaterials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:The illustration of allotropes of carbon nanomaterials, 
from [2]CC BY 4.0 

2. Carbon nanohorns (CNHs): 

Carbon nanohorns (CNHs) is belonging to the 
carbon nanomaterials family that have horn shaped 
tips and are closely similar to single wall carbon 
nanotubes (SWCNTs) as exposed in fig. 2. The 
essential characteristics of CHNs are their affinity to 
group together to form spherical clusters with overall 
dimensions of 2–5 nm in diameter and a length 
around 40–50 nm [1]. The three different forms of 
CNHs are dahlia-like flowers, bud-like flowers, and 
seed-like flowers [3]. The despite their unique 
advantages that are represented as high surface area, 
elevated electrical and thermal conductivity, and ease 
of functionalization, they are synthesized by laser 
ablation of pure graphite without the use of catalyst at 
room temperature with high yield and production 
rate[4][5]. 

 Due to their high surface area and a large number 
of cavities, CNHs are promising candidates in 
different applications [6]like drug delivery [7], 
magnetic resonance analysis [8], photodynamic 
therapy [9] biosensing [10] and gas sensors . Suehiro 
et al. utilized dielectrophoresis (DEF) technique to 
fabricate CNHs gas sensor.  The DEP-fabricated 
CNHs sensor was evaluated toward nitrogen dioxide 
(NO2) and ammonia (NH3) gas utilizing impedance 
spectroscopy. They demonstrated that the CNHs 
could detect the presence of ppm–levels of NH3 and 
NO2 gases at room temperature [11]. Sano et al. 
reported a simple and cost-effective method for 
producing CNHs and studied their gas sensing 
properties. They confirmed that the CNHs gas sensor 
can detect NH3 and O3 at room temperature. Their 
results demonstrated that gas sensors based on CNHs 
exhibited higher sensitivity compared to the sensor 
based on SWCNTs at the same conditions. They 
correlated this enhancement to mono-layer gas 
adsorption and the interaction of adsorbed gas 
molecules which affects the charge transfer from gas 
molecules to the sensor surface [12]. The 
applicability of carbon nanohorns can be extended as 
well for humidity sensing with the oxidized 
nanohorns as an active sensing layer. sensing 
performance was tested within a 10-90% humidity of 
nitrogen and air. The sensitivity in air outcomes the 
sensitivity in humid nitrogen with a factor of two. 
carboxylic groups existence can clarify this as the 
dealings with water molecules (as electron donors) 
declines the number of holes and oxidized single-
walled carbon nanohorns develops higher resistivity 
[13]  
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Figure 2:(a) Schematic demonstration of the carbon nanohorns, 
(b) The high-resolution transmission electron microscope 
(HRTEM) for the nanohorns, and (c) HRTEM for separate carbon 
nanohorn where the scale bar is set as 2 nm, from [14] CC BY 4.0 
 

3. Carbon nano-onions (CNOs): 
Carbon nano onions (CNOs) depicted in fig 3 are an 
allotrope of carbon nanomaterials belonging to the 
fullerene family, they are made of spherical, quasi-
spherical, and polyhedral with concentric graphitic 
shells [15][16].  CNOs consist of multiple graphitic 
shell structures which can be defined by the series: 
C60@C240@C540@C960@C1500@C60n …, 
where n is the shell number [17]. Many synthesizing 
methods like thermal annealing of nanodiamonds 
(NDs) [18], arc discharge [19], flame assisted 
pyrolysis [20], chemical vapor deposition (CVD), 
and non-thermal plasma [21] have been explored to 
obtain CNOs. The outstanding properties of CNOs 
represented in high specific surface area, amazing 
electrical conductivity, and excellent tribological 
behavior could be due to their exclusive shell-shaped 
structure [16] . The above-mentioned properties of 
CNOs nominate it as a suitable material to be applied 
in many applications such as optical limiting, 
catalysis, energy storage, supercapacitors, lubricants, 
electrochemical sensors, and gas sensors [15]. To the 
best of our knowledge, limited studies have been 
focused on the gas sensing properties of CNOs. 
Dhonge et al investigated the gas sensing mechanism 
of CNOs toward volatile organic compounds (VOCs) 
at room temperature. They demonstrated that there 
was a linear relationship between sensitivity and gas 
concentration in the range of 34–148 ppm [22] as 
displayed in fig.4. 

 
Figure 3: Carbon nanoonions, taken from[23] CC By 4.0. 

 
 
 

 
Figure 4: The sensitivity and gas concentration relationship for 

varied gases, obtained from [24]CC BY 4.0. 

 
4. Nano diamond (ND): 
Nano diamond (ND) is a zero dimension carbon 

Nano allotrope consisting primarily of short-range 
order tetrahedral SP3 bonded carbon atoms[25][26]. 
ND can be produced by three main industrial 
production technologies. The first technology is the 
mechanical grinding of high-quality diamond 
microcrystals produced under extreme conditions 
(High -temperature and high-pressure HTHP) from 
graphite.The second one is comprising the detonation 
synthesis from explosives. While the third one is 
CVD. The ND produced at extreme conditions is 
available with a particle size around 10–25 nm. The 
typical size of ND produced by the detonation 
method as estimated from XRD is 4–5nm [27]. 
Recently atmospheric pressure microplasma (AMP) 
has been considered as better choice as compared to 
the most commonly used detonation, HTHP and 
CVD [28].  NDs can be implemented in many 
applications such as magnetic resonance imaging, 
chromatography, electrochemical double-layer 
capacitors and batteries. Furthermore, lubrication, 
drug delivery and gas sensors [26][29]. This could be 
attributed to their exceptional chemical mechanical 
and optical properties. Referring to the gas sensing 
area of application,  the synthesis of MWCNTs was 
executed employing nanocrystalline diamonds and 
the CVD procedure. In brief, the synthesized 
materials possess a rapid response for H2 gas 
detection. Further selectivity and repeatability were 
affirmed for a sustained duration of 2 months. The 
elevated response/recovery attitude might be referred 
to the rise of defect locations because of ND grains 
existence which subsequently promotes the formation 
of multiple binding sites for the hydrogen 
molecules[30].  
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5. Carbon Quantum Dots (CQDs):  
Carbon quantum dots (CQDs) are a novel member 

of zero-dimensional carbon-based nanomaterials 
having a particle size less than 10nm in diameter 
whichis characterized by relatively strong 
fluorescence, biocompatibility, high thermal stability, 
inactive chemical structure and ease  of 
functionalization [31]. CQDSs maintain a significant 
sum of elevated specifications, to recite some, decent 
photoluminance, facile preparation methodologies, 
low- cost, reduced level of toxicity, as well as simple 
functionalization. Recently, CQDs deemed the 
application in the sensing area with a fine detection 
limit within nano-, pico- or even femtomolar 
amounts[32]. The incorporation of ZnO onto CQDs 
matrix to form a composite through the conventional 
hydrothermal route is conducted. This composite is 
applied for the sensing and monitoring of nitric oxide 
(NO) gas. The seizing of a recovery/ response times 
of 34, 36 s correspondingly is attained for a 100 ppm 
concentration detection limitThe NO2detection is 
further detected using the silica aerogels 
functionalized CQDs. In this work, the verified 
selectivity of the NO2gas amongst diverse gases as 
O2CO2, and NH3 is confirmed [33].  Aligning with 
this gas sensing for carbon dots, the composite of 
carbon dots reinforced with MgO nanoparticles was 
synthesized and exploited for the detection of H2S 
gas using engineered Schottky apparatus. The I-V 
tendency for the sensor is assessed in air and targeted 
gas as well.  

Inherently, the external voltage of -0.7 V for the 
120 ppm gas concentration reports an elevated 
response of 11 times larger than the MgO. The 
noticeable diminish of the barrier height emerged 
during the H2S gas exposure is responsible for the 
raised response of the aforementioned gas than other 
gases[34] 

Ammonia gas sensor is employed using graphene 
quantum dots fabricated by a simple solution 
fabrication method at ambient conditions. 
Interestingly, a flexible modulation of the pH value 
from acidic to neutral results in a two contrary 
current responses for the gas[35].  

  
6. Carbon nanotubes (CNTs) 
Throughout the preceding three decades, the 

employment of CNTs in diverse applications is 
increased due to their eminent physical and chemical 
characteristics. Furthermore, CNTs have been in the 
eyes of researchers due to their exceptional thermal, 
electrical, chemical properties, stability, virtuous 
elastic modulus (1 ~TPa), high aspect ratio (50-500), 
strength ~100GPa), high stiffness and low density 
(~1.2 g/cm3 to ~1.8 g/cm3). 

Starting from 2013 the researchers directed their 
interest for the designing of metal-organic 
frameworks reinforced CNTs for the energy 
appliances[36][37]. Besides, they are employed in the 
solar system nanofluids as CNTs are significantly 
characterized by elevating thermal and optoelectronic 
specifications of the nanofluid[38]The evolving of 
medical applications for CNTs is provided as well 
thanks to the increased surface atoms ratio which 
might feasibly modulate the physicochemical 
specificationsand promote higher chemical reactivity 
[39]. Commonly, there are two sorts of CNTs relied 
on their morphologies, either as single-wall carbon 
nanotube (SWCNTs) or multiwall carbon nanotube 
(MWCNTs). TheSWCNTs are made up ofa single 
graphene layer rolled in a cylindrical form (Fig:5(a)) 
while, for MWCNTsmultiple layers of graphene 
(Fig:5(b)) are twisted into a cylindrical tube 
shape[40–42].The CNTs (SWCNTs and MWCNTs) 
have been examined and tested to be utilized in 
various applications. Nowadays CNTs can be found 
approximately in all applications and industries, 
including medicine, pharmacy, agriculture, materials 
science, engineering, electronics, water treatment, 
solar cells, etc. 

 
Figure 5: The visual illustration of  (left) single wall carbon 
nanotubes (SWCNTs), and (right) multiwall carbon nanotubes 
(MWCNTs), acquired from [23]CC BY 4.0 

 
 
6.1. CNTs synthesizing techniques: 
 
Due to their outstanding properties, many 

synthesizing methods have been utilized for CNTs. 
All of these methods are categorized into three main 
techniques, stated as: arc discharge[43], laser 
ablation[44], and CVD[45] as represented in fig 6. 
The first utilized technique was arc discharge which 
consists of two carbon electrodes (anode and 
cathode) connected to low voltage high current DC 
power supply underinert media.The anode is filled 
with a mixture of powdered carbon precursorsand 
catalysts.  

The arc discharge is the first introduced technique 
for CNTs synthesizing.Simply described as the 
generation of plasma because of the electrical 
breakdown of the gas[46]. Generally, an arc is 
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introduced between a couple of graphitic rods separated by few nanometers. This process produces highly pure 
and defect-free CNTs, and it delivers a low cost and reduced time compared with other methods for CNTs 
synthesis[47]. 

However it suffers from many drawbacks represented in low yield which suppresses its practical 
applications[46, 48] 

The laser ablation method for CNTs synthesizing comprises the evaporation of carbon from high pure carbon 
electrode using a laser beam at elevated temperatures. The laser ablation method is not extensively utilized as it 
consumes high energy and requires expensive equipment [43]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: The most conventional CNTS synthesis techniques, (a) the arc discharge process, (b) laser ablation method, and (c) the chemical 
vapor deposition process. The attained figures are from open sources as [49] CC BY 4.0, [50] CC BY 3.0, and [51]CC BY 4.0, respectively.  
 

 
CVD involves the decomposition of carbon 

species over a catalyst at relatively a high 
temperature to form CNTs. Among other 
synthesizing techniques (arc discharge and laser 
ablation), CVD is the most versatile technique for 
CNTs synthesizing. It is characterized by low 
production cost, high yield and the ability to produce 
different types of CNTs. Nowadays, CVD can be 
considered as the most trusted technique for mass 
production of CNTs[52].  

 
 
6.2.  CNTs for gas sensing: 
The carbon nanotube is the most studied material 

for gas sensing applications. This is due to its high 
aspect ratio, chemical, thermal and mechanical 
stability, metallic and semi-conductive properties and 
functionalization capability that facilitate the 
adsorption of gas molecule on its surface. CNTs 

suffer from a change in theirconductivity as they 
interact with adsorbed gas molecules. Compared to 
conventional metal-oxide gas sensors, they have the 
advantage of detecting the presence of gases atroom 
temperature. However the pristine CNTs cannot 
differentiate between different gases, as they suffer 
from poor selectivity [53].Furthermore, the sensing 
mechanism of pristine CNTs is slightly complicated 
as they generally consist of a mixture of metallic and 
semiconducting tube, beside the different level of 
defects that resulted from purification processes.From 
this respect, modification/functionalization has been 
proposed to overcome poor sensitivity and selectivity 
[54]. Kinds of researches have been executed 
regarding the modification of CNTs with different 
materials. through this review, a summary of CNTs 
modified with inorganic an organic species will be 
exploited, especially forgas sensor devices with 
enhanced selectivity and sensitivity.  

 

(b) 

(c) 

(a) 
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6.2.1. Carbon nanotubes/metal oxides for gas 

sensing 
 
A variety of metal oxides semiconductors has 

been anchored to CNTs through different physical 
and chemical routes[55]. The main purpose of the 
decoration process is to promote the selectivity and 
sensitivity of CNTs for gas sensing applications. 
Both SWCNTs and MWCNTs have been studied 
extensively and some of the recent studies will be 
reviewed hereinafter. the SWCNTs are configured 
into gas sensors for a variety of poisonous gases like 
NH3, NO, and NO2. The SWNT-Fe2O3 composite 
film demonstrates a steady response and enhanced 
sensitivity for H2S and shows enhanced sensitivity to 
NO2 and at room temperature compared with pristine 
SWNT films. These flexible sensors with high 
deformability possibility can serve as wearable 
monitoring devices [56]. 

The combination of ZnO and SWCNTs is 
investigated for the detection of ethanol gas. The 
Synthesis process is the spray pyrolysis of the 
nanostructured materials on a copper substrate. The 
optimum device performance is displayed at a6% 
concentration of ZnO/SWCNT by weight. The 
chemisorption is the reason for the gas sensor 
response, in which the exchange of the charges 
between the metal oxide surface and the adsorbed gas 
species is attained[57] 

The gas sensing for NO2 is also developed using 
the same SWCNTs coated ZnO prepared by wet 
chemical process, where the response and recovery 
times are 70 and 100 s consecutively. Best conditions 
for sensing performance are acquired for 1000 ppm 
NO2 at 150 ºC[58]. 

The electrochemical synthesis method is also 
conducted for the gas sensing evaluation using 
ZnO/SWCNTs hybrids. Room temperature 
performance for varied gases of CO, CO2, NO2, 
H2S, O2, and NH3 is executed. By finely adjusting 
the electrochemical factors, density, crystallinity, and 
subsequent particle size, a noticeable impact on the 
ambient conditions gas sensing attitude is monitored. 
In short, the functional ZnO/MWCNTs reveals 
almost 5% per ppm compared to 0.2 % for the non-
functionalized MWCNTs for the H2S gas.  

A combination of SnO2 and TiO2 carbon 
nanotubes were prepared via a feasible sol-gel 
method for ethanol detection. The mixture 
demonstrates good quality as thermal stability and 
elevated sensitivity within a wide temperature span of 
room temperature to 250 ºC [59].The Exploitation 
physical properties and gaseous monitoring in 
MWCNTs filled with vanadium oxide was 

demonstrated. Methane gas detection response 
approached 16 seconds at room temperature, which 
was attributed to the density of states increase 
amongst Fermi energy level for the composite. Stress 
and highlights on the impact of ambient oxygen in 
CNTs-based sensors were addressed [60].  Cháfer 
etal explored the possibility of detecting both of NO2 
and NH3. Using IrOx-MWCNTs nano composite. 
They demonstrated that IrOx-MWCNTs nano 
composite candetect NO2 and NH3 at different 
working temperatures with good reproducibility, 
higher sensitivity as low as 1bbp, stability, and lower 
noise levels in comparison to pristine MWCNTs 
[61].The MWCNTs doped ZnO is applied as a 
toluene gas sensor. Briefly, a variation of 
ZnO/MWCNTs is delivered which was synthesized 
by the reflux procedure. MWCNTs hinders 
agglomerations preparation for ZnO nanostructures. 
The ratio of 3:1 ZnO: MWCNTs reveals a 17% 
elevation of the sensor response  at 150 ºC compared 
with the pristine ZnO that doesn’t introduce any 
response at the mentioned temperature [62]. The 
room temperature operated ammonia gas sensor was 
developed by T. Guo et al. They utilized a 
CNTs/Fe3O4 composite to detect a low concentration 
of ammonia at room temperature. They subjected 
CNTs/Fe3O4 sensor for ammonia concentrations of 
20, 40, 60, and 80 ppm. The resulted demonstrated 
that the sensor respond selectively for ammonia with 
a short recovery time. Beside  these advantages, the 
sensor has good linearity, good repeatability and long 
term stability[63] as shown in fig. 7.  

The MWCNTs decorated ZnO nanostructures are 
prepared for the hydrogen gas sensing. To enhance 
the performance, Pt nanoparticles deposited by 
sputtering are employed on the composite surface. 78 
s recovery time is approached, as well as decent 
repeatability and stability for 0.05% amount of the 
targeted gas at surrounding room temperature. 
Moreover, the MWCNTs/ZnO/Pt reaches 4% 
sensitivity which is almost a duplication of the 
MWCNTs/ZnO itself [64]. 

The nanostructure of Al2O3/CeO2/MWCNTs was 
successfully prepared by the conventional chemical 
precipitation process under the impact of the 
ultrasonic wave for CO2 gas. The obtained results 
demonstrated that the thermal conductivity sensor has 
9 and 13 s as a response and recovery durations 
subsequently which outcomes most of the 
commercially available CO2 sensors[65].The as 
prepared MWCNTs/ZnO by reflux method at 197 ºC 
in ethylene glycol is employed for methanol gas 
detection. A wide span of temperatures within 100-
300 ºC was investigated for the sensing behavior 
where the best performance was gained at the latter 
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temperature. The Al2O3 doped with MWCNTs is 
also presented for methane detection [66].  

 
6.2.2. Carbon nanotubes/metals for gas sensing: 
 
Carbon nanotubes decorated with gold 

nanoparticles are examined for (NO2, CO, and 
C6H6) contaminants detection through a combination 
of experimental/theoretical routes. Gold nanoparticles 
depict a direct impact on NO2, and CO detection, 
where no significant effect was noticed in C6H6. 
This behavior discrepancy can be clarified by 
recognizing the connection between the change of 
resistance (macroscopic property) and Fermi level 
shift (microscopic feature) after gas adsorption [67]. 
Additionally, to these materials carbon nanotubes 
were decorated with rhodium nanoparticles and 
served as a sensor for the detection of f NO2, C2H4, 
CO, C6H6.Oxygen existence is crucial for the 
enhancement of gas response because the oxygenated 
vacancies behave as active adsorption locations for 
gases and as anchoring sites for rhodium 
nanoparticles. Additionally easier charge 
transmission between rhodium nanoparticles and 
carbon nanotubes can be achieved [68]. Sharafeldin 
etal., decorated the MWCNTs with Cu, Pt, Ti, Ru and 
Ag to investigate its gas sensing behavior. They 
found that the MWCNTs/Cu nanocomposites 
exhibited the highest sensitivity of 1.75% when 
exposed to 10ppm H2S. Also they demonstrated that 
the MWCNTs/Pt exhibited a greater response of 1.96 
% during exposure to 10 ppm NO2[69]. The zigzag 
MWCNTs coated with Pd and Pt nano particles were 
exposed to different concentrations of CO and NO at 
room temperature. This novel structure was studied 
employing first-principles calculations. The deep 
analysis showed that the Pt decorated SWCNTs are 
more sensitive to CO while, the SWCNTs decorated 
with Pd is highly sensitive to NO [70]. The Au 
nanoparticles with controlled size and ratio was 
developed over MWCNTs to establish an NO2 gas 
sensor to detect minor concentration of down to sub 
ppm level. This study concluded that the deposited 
amount of Au nano particles control the sensing 
capabilities. The low Au loading, the heights 
response toward H2S [71]. Khan et al., was utilized 
the simple and cost-effective spray method for 
depositing Ag/CNTs and ZnO/Ag/CNTs over a 
cellulose paper. They demonstrated that the Ag/CNTs 
sensor respondedselectivelyfor acetone 
fasterCNTs/ZnO/Ag sensor [72]. The CNTs 
functionalized with Ni nanoparticles was adapted to 
detect SO2, H2S, and SO2F2. Y. Gui et al., reported 
that the low detection limit (LOD) of the Ni/CNTs 
sensor was 1 ppm against SF6. They demonstrated 

that the sensitivity toward different gases in the 
following order H2S ˃ SOF2 ˃ SO2 ˃ SO2F2. [73] 

 

Figure 7: CNTs/Fe3O4 gas sensor a) repeatability, b) Stability, 

c) response at different concentration, and d) linearity, [63]CC BY 

4.0 

 

 
Figure 8:a) HRTEM of CNTs decorated with Ni nano particles 
and b) the response of CNTs/Ni sensor toward different gases. 
This figure is obtained from [74] CC BY 4.0 

 

6.2.3. Carbon nanotubes/ organic materials for 
gas sensing 

 
 
CNTs/Poly-ethylene glycol composite was used as 

gas sensors to detect volatile organic compounds 
(VOCs). Reachable high response (≈110 s) and 
recovery (≈152 s) rates were acquired in diverse 
concentrations of acetone, ethanol, isopropanol and 
isoprene at ambient temperature. These rates 
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nominate the sensor as a portable electronic-nose 
device [75]. Gas sensing can also be promoted based 
on poly (3,4-ethylenedioxythiophene) polystyrene 
sulfonate – multiwall carbon nanotubes (PEDOT: 
PSS-MWCNTs) as the sensitive material. This work 
targets the development of a low-cost communicating 
sensor that attain the possibility of sensing platform 
integrationdevoted to low power applications as well 
as the Internet of Things (IoT) [76]. Gas sensing of 
NO2 is utilized based on single walled nanotubes 
mounted on polytetrafluoroethylene (PTFE) filter 
flexible substrates. A demonstrated stability of 
sensitivity was depicted during repeated bending of 
the substrates within 0.75‒2 ppm concentrations. 
However, for 3‒5 ppm concentration, a remarkable 
rise in the sensitivity was achieved. This can be 
linked to the porous nature of the substrates. 
Compared with the sensors fabricated over a silicon 
substrate, duplication of sensitivity can be obtained.  
Moreover, a decrease of the sensitivity at 10 % and 
30 % humidity because of the   electron donor nature 
of water molecules. These results are beneficial for 
flexible electronics and for monitoring air quality 
[77].  

 
The detection of ammonia gas is conducted relied 

on CNTs and polyaniline films. Three different 
doping routes were performed (i.e. sulfuric acid, 
camphorsulfonic acid and m-cresol). The optimum 
sensor response was acquired for the 
camphorsulfonic acid is comparable with others. This 
can be regarded to the conservation of polyaniline 
primary volume, and the well-distributed polarons 
initiated by this doping agent. This device operates 
with an optimized sensitivity for ammonia gas 
detection with a limit of detection of 4 ppm [78].  
Chiou et al., demonstrated an acetone gas sensor of 
polyethylene glycol (PEG)/MWCNTs composite 
film.  The results for sensing performance revealed a 
higher sensitivity for PEG/MWCNTs in the presence 
of moderate temperature than the absence of the 
thermal treatment which is beneficial for 
environmental applications [79]. W. Zhangetal., 
explored the efficacy of PANI/CNT composite for 
the monitoring of NO2 and NH3. They improved the 
sensing performance of PANI/CNT composite via 
establishing a core-shell structure ofp-type MWCNTs 
and n-type PANI. The low detection limit (LOD) of 
their structure was attained as 19.6 and 6.5 ppb, for 
NO2 and NH3 respectively as illustrated in fig. 9[80] 

Recently, a variety of 3,4 
ethylenedioxythiophene)/poly (4-styrenesulfonate) 
concentrations were examined for the application of 
3D 3,4 ethylenedioxythiophene)/poly (4-
styrenesulfonate) (PEDOT: PSS) multi-walled 

composite carbon nanotubes in gas sensing, where 
using ethanol and CO. Enhanced response and 
recovery times as well as increased conductivity were 
observed for ethanol and CO. From one side the gas 
molecules adsorption sites reduced with PEDOT: 
PSS coating layer, but from the other the charge-
carrier transport increases within the multi-walled 
carbon nanotubes and gas molecules, which is 
translated finally to a better 3D networking and 
potential applicability for gas sensing [81]. 

 

 
Figure9:(a) The response of p-PANI/CNT toward NO2 gas , (b) 
the fitting curve of sensor p-PANI/CNT against NO2 
concentration, (c) responses of p-PANI/CNT toward NH3 gas, (d) 
the fitting curve of sensor p-PANI/CNT against NH3 
concentration,  The figure is taken from [80] CC BY 4.0 

 
6.4. Graphene  
 
Graphene is a unique two dimensional material 

with a honeycomb crystal lattice,introduced initially 
by Novoselov et al[82], existing in graphite, coal, and 
created in other meansIt owes a 
distinctivespecification such as flexibility, increased 
surface area, high mobilityand 
mechanicalstrength,environmental steadiness, 
versatility, and optical transparency. Even in a 
vacuum, it maintains high mobility which outcomes 
Si and Cu. Thanks to the conferred aforementioned 
properties, graphene is avery promising material for a 
range of industrial applications, whichare engaged 
innanotechnological areas as biosensing[83, 
84][85][86], water treatment [87], photocatalysis and 
solar cells [88],[89], semiconductors [90][59], energy 
storagedevices [60], as well as biomedical 
sector[61][62].Moreover, graphene is the standard 
building block for nanotubes, and 3D graphite. The 
resulted graphene from graphene oxide reduction 
differs in structure from pristine graphene. While the 
former has wrinkled structure owing to lattice defects 
existence, the latter displays a rippled structure [63].  
Graphene can be created by mechanical or chemical 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

599

exfoliation. Other processes rely on chemical vapor 
deposition and other methodologies[64]. 

 
6.4.1. Synthesis of graphene 
 
Graphene deserves great attention as it has a large 

theoretical specific surface area (2630 m2g-1), high 
intrinsic mobility (200,000 cm2 v-1s-1), [65][66] 
high Young’s modulus (*1.0 TPa) [67]and thermal 
conductivity (5000 Wm-1K-1), 
[68][69][70][71]optical transmittance (*97.7 %) and 
good electrical conductivity, on other hand, 
preparation of the large specific surface area, high 
quality is not applicable in a low cost-effective way. 

Monoatomic or single-layer graphene is called one 
graphitic layer, also by the same way bilayer 
graphene contains two graphitic layers, and tri-layer 
graphene contains three graphitic layers. Few layer 
graphene referred to more than 5 layers up to 10 layer 
graphene, and multilayer graphene, nanocrystalline, 
or thin graphite thick graphene is pointed to *20–30 
layer graphene.[72]. for over 40 years graphene has 
been developed [73–79] and measurements of 
properties in exfoliated layers [80], of graphene 
grown on (Si) [81], large-area graphene grown on 
copper (Cu) substrates [82], as well as different 
research including the involvement of chemically 
modified graphene (CMG) to produce novel, and 
modern materials. [77–86] 

Graphene can be synthesized by many methods 
through mechanical cleaving (exfoliation), chemical 
exfoliation, chemical synthesis (reduced graphene 
oxide), and thermal chemical vapor deposition 
(CVD), which are the most generally used nowadays. 
A flowchart of graphene preparation techniques is 
obtained in Fig.10. 

6.3.1.1. Mechanical exfoliation 
Mechanical exfoliation is the most extraordinary 

and prominent technique for preparing single-layer 
graphene. Graphene synthesis can be synthesized 
through mechanical exfoliation as the first method 
used. mechanical exfoliation is a top-down technique, 
by which linear or transverse stress is generated on 
the surface of the flaked structure materials. 

For mechanical exfoliation, the external force 
required to separate one mono-atomic layer from 
graphite is 300 nN/cm2. [87] 

Actually various thicknesses of graphene flakes 
could be created by mechanical exfoliation or 
exfoliating sheets from graphitic materials like highly 
ordered pyrolytic graphite (HOPG), natural graphite, 
or single-crystal graphite [88][89][90][78][91][92] 

This exfoliation can be performed by different 
types of agents such as scotch tape [80], ultra 
sonication, [93]electric field  [94],and even by 
transfer printing technique, [95][96],etc.  

In this micromechanical exfoliation method, 
graphene is separated from a graphite crystal using 
adhesive tape.  

Actually it is not easy to obtain larger amounts of 
graphene by this exfoliation method, not even taking 
into account the lack of sustainable flakes. The 
difficulty of this method is low, nevertheless, the 
graphene flakes require to be found on the substrate 
surface, which is labor exhaustive. The quality of the 
prepared graphene is very high with almost no 
defects. Still, the mechanical exfoliation method 
needs to be enhanced further for large-scale, defect-
free, high-purity graphene for mass production in the 
field of nanotechnology. 

6.3.1.2. Chemical exfoliation 
 
The chemical method is one of the best 

appropriate methods for the synthesis of 
graphene[130]. In chemical method producing 
colloidal suspension which modifies graphene from 
graphite and graphite intercalation compound. 
Different types of paper-like material 
[85][97][98][99][100][101]polymer composites,[83] 
energy storage materials  [102]and transparent 
conductive electrodes  [103]have already used 
chemical methods for production of graphene. 
Chemical exfoliation is a two-step process. At first, 
reduces the interlayer van der Waals forcesto increase 
the interlayer spacing. Thus it forms graphene 
intercalated compounds (GICs) [104]. Then it 
exfoliates graphene with a single to few layers by 
rapid heating or sonication as schematically 
represented in fig. 11. 

 

 
 
Figure 10: an overview of the most common routes for the 
graphene preparation methods, source[119] CC BY 4.0  
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Figure 11: The representation of the chemical exfoliation of the graphene, source: [139] CC BY 4.0 

 
 
 
6.3.1.3. Pyrolysis of graphene 
One of the chemical methods forthe synthesis of 

graphene in the bottom-up process was the 
solvothermal method. The molar ratio of sodium and 
ethanol was 1:1 in a closed vessel in this thermal 
reaction 

Graphene sheets could be in a smooth way 
pyrolyzed of sodium ethoxide using sonication. 
These graphene sheets were produced with 
dimensions of up to10 µm. The crystalline structure, 

different layers, graphitic nature, band structure were 
established by TEM and Raman spectroscopy [105].  

The benefits package of thepyrolization were low-
cost and easily fabricated of high-purity, 
functionalized graphene at low temperature. Yet, the 
modality of graphene sheets was still not suitable 
because it comprised a large number of 
imperfections. 

 
6.3.1.4. Epitaxial growth of graphene 
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Epitaxial thermal growth on a single crystalline 
silicon carbide (SiC) surface is one of the most 
praised methods of graphene synthesis. The 
schematic representation of the process is depicted in 
fig. 12.Silicon carbide (SiC)was first used in 
electrical measurements of patterned epitaxial 
graphene [80]. Epitaxial graphene growth on SiC has 
been visualized as a very promising method for large-
scale production and commercialization of graphene 
for applications into electronics. Graphene on SiC 
produces high-frequency electronics [106], light-
emitting devices [106], and radiation hard devices 
[106]. Top gated transistors have been fabricated 
from graphene on SiC on a wafer-scale [107]. High-
frequency transistors have also been revealed with 
100 GHz cut-off frequency208 [143], higher than 
state-of-the art Si transistors of the same gate length. 
Graphene on SiC has been established as a novel 
resistance standard based on the quantum Hall effect 
(QHE) [109][82]. Though this process is very 
expensive. 

 

 
Figure 12: The epitaxial growth of graphene on SiC substrate, 

source: [145], CC BY 4.0 

 
 
6.3.1.5. Chemical vapor deposition 

(CVD) 
 
The deposition of high-quality graphene from the 

CVD process is usually done onto various transition-
metal substrates like Ni [110] Pd [98], Ru [111], Ir 
[112], and Cu [113]. CVD growth of graphene has 
been mainly practiced on copper [113][114] and 
nickel [113][110] substrates. Nickel was the first 
substrate on which CVD growth of large-area 
graphene was attempted. These efforts had begun 
right from 2008. [115]. 

Different hydrocarbons such as methane, ethylene, 
acetylene, and benzene were decomposed on various 
transition metal substrates such as Ni, Cu, Co, Au, 

and Ru [113]. Single crystals using an ethylene 
precursor were found to yield graphene structurally 
coherent even over the Ir step edges [112].  

Depending on the material quality, precursors, 
width, and the structure required; there are many 
various types of CVD processes: thermal, plasma 
enhanced (PECVD), cold wall, hot wall, reactive, and 
so on. 

In CVD process reactors like hot-wall reactor, 
there temperature is relatively constant everywhere 
and these walls never get heated in the cold wall 
systems. Graphene is formed on Cu thin film mostly 
by cold wall system. 

 

 

Figure 13: The elucidation of the CVD growth of graphene, 

source:[152] CC BY 4.0 

6.4.2. Graphene/ polymers for gas sensing:  
The monitoring and detection of nitrogen dioxide 

were utilized by employing the rGO/polymer 
nanofibers. Room temperature applicability and high 
sensitivity of 1.03 ppmwere feasiblyacquired. 
Moreover, 150 ppm detection limit was achieved, 
synthesis methodology using electro-spun offers a 
feasible, eco-friendly and robust route for 
preparation[116]. The acquisition of ammonia 
sensors was proposed relied on the rGO/ conductive 
polymers combination through the Langmuir-
Schaefer (LS) procedure. The implication of 
exploiting pyrrole (Py) as the reducing agents 
demonstrated thehighest sensitivity for pyrrole-rGO-
polyaniline amongst the four synthesized samples. A 
detection limit of 0.2 ppm was maintained[117]. 
Graphene/ethyl cellulose nanocomposite was 
introduced for the highly sensitive wearable gas 
sensor with reduced strain response, this sensor 
displays0.3% comparative resistance variation at 
thesmallest bending radius of 3.18 mm after 400 
bending cycles. For a bending radius of 5 mm, 0.2 % 
resistance change was grasped. Detection limits 
rangefrom 37 to 167 ppm was also monitored. The 
detection of ethanol, acetone, IPA, and hexane were 
reported[118].  
6.4.3. Graphene / metal oxide nanocomposite 
for gas sensing: 
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Metal oxides like ZnO, MnO2,WO3, MoO3and 
CuO are broadly investigated for sensing applications 
[119][120][121][55][159][45], from one side they 
have raised specific area for the surface and decent 
flexibility [122]from the other side they lack the 
satisfactory electrical conductivity. The gathering of 
graphene and its derivatives with the metal oxides 
can inherently enhance the electrical conductivity and 
the sensing performancesubsequently. The 
introduction of graphene/metal oxide is 
reported[123].The incorporation of metal oxides onto 
graphene results in emerged physical and chemical 
specifications. Moreover it possessesa vital role in 
the suppression of graphene sheets of aggregation 
[54].The nanocomposite of NiO/ rGO was introduced 
for the detection and sensing of methanethrough the 
hydrothermal method. The probable mechanismof 
sensing was credited to the Fermi energy band among 
NiO nanoparticles and rGO sheets. High response 
times of approximately 6-18s were noticed for 100-
500 ppm concentrations[124].The detection of 
formaldehyde is pursued relied on another metal 
oxide (i.e. ZnO)-rGO nanocomposite by Weiwei Guo 
et al., where the ZnO was doped by Fe and the 
nanocomposite was prepared via a one-pot 
hydrothermal route. The incorporation of Fe onto the 
ZnO-rGO nanocomposite results in a reduction in the 
ZnO hexagonal prism accompanied by an elevation 
of the surface area for the aforementioned ZnO. A 
ratio of 5 % doping of Fe sensing performance 
maintains a response-recovery times of 34, 37 
seconds for 12-5 ppm concentrationof 
formaldehyde[125]. The same ZnO modified with 
rGO is employed for the ultrasensitive monitoring of 
NO2 gas. Seven-fold enhancement of the response 
compared to pristine ZnO at 100 ºC is approached.  
Detection limit as low as 5ppm is attained. The 
elevated performance of the sensor is regarded to the 
existence of p-n heterojunctions amongst the rGO 
and ZnO[126].The hydrothermal method for 
preparation was introduced to acquire the rGO-TiO2 
nanocomposite with the objective of ammonia 
sensing. The mentioned nanocomposite demonstrated 
enhanced selectivity and sensitivity for ammonia 
concentration down to 5 ppm at room 
temperature[127].  While the same nanocomposite 
(rGO-TiO2 nanocomposite) can detect the CO gas for 
reduced 100 ppm concentrations[128]. Vardan 
Galstyan et al., fabricated the rGO/ZnO 
nanocomposite for detecting NO2, H2 and CH4 
gases. the incorporation of rGO enhances the 
conductivity of the resultant composite, thereby 
promoting the response to NO2, and H2 gases as 
shown in fig. 14. compared to pure ZnO, the 

rGO/ZnO nanocomposite respondsselectively to to 
NO2, gas at relatively low working temperature[167]  

 

 

 
Figure 14: The schematic representation of gas sensor device 

fabrication.Ref. [167] open access 

 
The detection of another gas (NO2 in this case), is 

demonstrated using GO-WO3 nanocomposite films. 
The synthesis was performed by a combination of the 
polyol process and metal-organic decomposition. 
Imminent sensitivity within 0.5‒5 ppm with nice 
reproducibility was affirmed. Long-term stability for 
more than a month is reported at room 
temperature[129].The decoration of copper oxide 
with reduced graphene oxide was exploited for 
carbon monoxide sensing through the layer-by-
layerself-assembly methodology. A spacious range of 
0.25 ppm to 1000 ppm CO concentration was 
investigated. Excellent performance for 
reproducibility, sensitivity, and stability was 
demonstrated, which originated from the formulated 
heterojunction at the CuO-rGO interface[130]. The 
hybrid nanocomposite of SnO2 and GO 
revealedrecognized sensitivity to detect NH3with 10 
to 50 ppm at ambient temperature[131]. The carbon 
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monoxide sensing is also attained using the rGO-
Fe3O4 nanocomposite, the response-recovery timings 
of 32-35 s are acquired respectively for 5 ppm 
concentration[132].Another type of CO gas sensing 
for NiO/grapheneusing the hydrothermal reflux 
method was introduced[133]. The composites of 
nitrogen doping onto graphene decorated with MnO2 
was prepared by a means of microwave-assisted 
procedure. The microwave irradiation facilitated the 
development of nanoflowers because of the inherent 
interactions amongst the alternation current and the 
electric dipoles[134]. The tin oxide modified reduced 
graphene oxide (SnO2-rGO) nanocomposite was 
prepared through one-step hydrothermal procedure 
for the monitoring of H2S and SOF2. The optimal 
conditions outcomes the pristine rGO sensors. 
Acquired elevated responses of (34.31% and 
−3.13%) higher than tan those (5.97% and −1.45%) 
of pristine rGO sensor at 125 °C, for 100 ppm H2S 
and 10 ppm SOF2, 
concentrationscorrespondingly[135]. A Tri-structure 
system of rGO-SnO2-Au was effectively synthesized 
to detect the formaldehyde. Remarkable higher 
sensor response and selectivity could be attained. 
This enhanced response might be attributed to the 
fact of ohmic contact synergistic effect between 
SnO2 and rGO, as well as the increased surface area, 
and Au nanoparticles catalytic effect. [136]. 

 
6.4.4. Graphene / metals nanocomposite for gas 

sensing 
Graphene-noble metal gas sensing was also 

introduced earlier [137][138]Recently, GO- metals 
are of great interest thanks to their enhanced 
catalytic, electronic and optical 
specifications[139].The hydrogen gas sensing is 
performed using the Pt-Pd/rGO. Stability and 
repeatability for the response are confirmed. This 
might be attributed to the carrier donation and the 
expansion in the crystal lattice during hydrogenation 
and dehydrogenation. The response can be enhanced 
by increasing the hydrogen concentration or reducing 
the operating temperature. The flow rate alteration 
doesn’t reflect any noticeable changes in the sensor 
outcome. Upon employing nitrogen instead of air as a 
gas carrier, higher response/recovery durations were 
acquired. This might be regarded to the contribution 
of oxygen in the reaction[140].NO2 sensing is also 
recalled by introducing the impact of electron beam 
irradiation for Pd-fortified rGO composites. Altered 
doses of irradiation were executed from 0 to 500 
kGy, where the latter dose demonstrates the optimum 
response. The response time of 345 s was acquired 
for a 10 ppm concentration of NO2, while the 
recovery time hits 816 s for the same concentration 
and dose. Oxygen functional groups abundance along 

with high energy defects initiates this elevated gas 
response[141]. 

Pd/rGO hybrid, is used to sense the hydrogen gas. 
The hybrid was synthesized via microwave irradiated 
assisted route. Sensing performance was investigated 
through a spacious temperature range- from room 
temperature to 120 ºC. The highest response of 14.5 
% was achieved for 1 % H2 sensing at 100 ºC. this 
remark might be attributed to the raised amount of 
hydrogen molecules that interact with the sensing 
layer[142]. Ammonia gas is also detected using the 
rGO samples decorated by Ag, Au, and Pt 
nanocomposites synthesized by a single-step 
chemical reduction process. Amongst these three 
nanoparticles, silver demonstrated the highest 
recovery, response, and sensitivity [143]. In recent 
work, the detection of NO2 employing Au 
ornamented porous structure graphene was achieved 
at the normal room temperature. The sensor 
maintains a response to diminished gas 
concentrations as low as 50×10-9 within30 s. Au 
decoration elevated the sensitivity to ~1.5 times 
higher than pristine graphene[144].  The use of the 
ternary composite of Ag-MoSe2/reduced graphene 
oxide (rGO) for H2S gas sensing, where the 
composite was fabricated by following the 
hydrothermal process. The investigation of varied 
concentrations 0.1 ppm‒30 ppm at room temperature 
was performed. The loading of Ag onto the 
compound has an apparent impact, which was 
regarded to the modulation of the potential barrier 
during electrons transfer, as well as the synergistic 
consequences of the ternary composite 
structure[145].  

 
6.4.5.  Graphene / CNTs/ Metal oxide 

nanocomposites 
The nanocomposite of the graphene derivatives 

and carbon nanotubes mixed with metal oxide for 
usage in gas sensing applications is also 
investigated[185]. In addition to these composites 
carbon nanotubes/ reduced graphene oxide NO2 gas 
sensors are introduced. These sensors are supported 
by flexible polyamide substrate and operated at room 
temperature. These sensors are remarked with high 
sensitivity and high bending ability, where the former 
is due to CNTs array existence and the latter is 
regarded to the excellent flexibility of graphene films 
[146].   

M. Morsy et al., recently reported that the 
mentioned nanocomposite incorporated with ZnO 
acquired by the conventional precipitation procedure 
benefits in the detection of ammonia gas at room 
temperature. Increased response and recovery times 
were noticed for the detected gas under 
investigation[147]. Inherently, the 
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graphene/SnO2prepared using the sol-gel method has 
a better gas sensing response than the 
graphene/MWCNTs/SnO2 at room temperature for 
NO2as reported by Vibha Srivastavaet al.,The 
composite is signified by a reduced time of response 
< 1min, and almost 5 min for the recovery period. 
The raised response can be regarded to the full 
exposure of the surface towards the surrounding 
environment [188]. 

 
6.4.6. Three-dimensional graphene and 

graphene foam. 
The three-dimensional (3D) graphene foams 

[148]are introduced as well for different application 
areas such as Li batteries[149], photocatalysis [150] 
water treatment [151] and else[152][153].The freeze-
drying (FD) procedure is used to produce 3D 
graphene nanoplatelets (GNP) foam. This method 
introduces better mechanical specifications which 
outcomes the CVD graphene foam. However, it 
possesses 0.5 times thermal diffusivity because ofdue 
to the pore architecture and defects in GNP 
particles[154].The detection of glucose is also 
introduced using graphene foam based as an 
electrochemical sensing approach. Macroporous 3D 
graphenefoam synthesized by chemical vapor 
deposition (CVD) helped as the electrode scaffold. 
The reduced detection limit of 1.5 μM is obtained 
within a spacious linear range (5-65 μM)[155]. In 
another report, the macro graphene foam- like is 
employed for the detection of gases. Herein the 
combination between the high sensitivity and 
appropriate reliability. Few ppm levels were attained 
for the NH3 and NO2 gases detection in the air at the 
ambient situation. Furthermore, the proposed 
combination attains a desirable mechanical strength 
and flexibility as well as reduced power consumption 
regarded to Joule-heating which opposes 
chemisorbed molecules from the surface of the foam 
[156]. The 3D reduced graphene oxide (3DRGO) 
decorated with ZnO nanoparticles was investigated to 
detect the CO gas. The studied performed by N. 
HaiHa et al., confirmed the 3DRGO/ZnO composite 
based gas sensor has a fast response and recovery, 
good linearity, stability, and enhanced selectivity 
[198]. The detection of VOCs was execute by 
3Dgraphene loaded with Co3O4.  The GF/Co3O4 
nanocomposite exibeted a high response and fast 
response time toward  Xylene at low concentrations 
[199].  

  
Conclusion: 
In this review article, we have surveyed the gas 

sensing implications for versatile carbon-based 
nanomaterials. Initially, we have started with an 

introduction which presents carbon nanohorns and 
nanoonions, subsequently heading to nanodiamonds, 
and carbon quantum dots. At the end of this section, 
we finish with the carbon nanotubes (CNTs). In the 
second section, the research progress for CNTs 
versatile combinations is inherently explored. Herein, 
the gas sensing performance and evolution for 
CNTs/metal oxides, CNTs/metals, and CNTs/organic 
materials highlighting the enhanced detection limits 
and response/recovery timings are included. Thirdly, 
we shed lights on the graphene synthesis protocols 
such as mechanical and chemical exfoliation as well 
as chemical vapor deposition (CVD). Finally, we 
investigate graphene combinations for gas sensing. 
This comprises graphene/metal oxide, graphene/ 
noble metals, and graphene/CNTs/metal oxide. The 
propagation of the discussion from 0D. 1D to 2D and 
ending with 3D foam graphene is involved. This gas 
sensing review delivers the keypoints for the 
selection of the appropriate carbon-based materials 
and the accompanying implications needed for the 
next era of technological and industrial applications.  

 
References 
1.  Comisso, N., Berlouis, L.E.A., Morrow, J., 

Pagura, C.: Changes in hydrogen storage properties 
of carbon nano-horns submitted to thermal oxidation. 
International Journal of Hydrogen Energy. 35, 9070–
9081 (2010). 
https://doi.org/10.1016/j.ijhydene.2010.06.034 

2.  Georgakilas, V., Perman, J.A., Tucek, J., 
Zboril, R.: Broad Family of Carbon Nanoallotropes: 
Classification, Chemistry, and Applications of 
Fullerenes, Carbon Dots, Nanotubes, Graphene, 
Nanodiamonds, and Combined Superstructures. 
Chemical Reviews. 115, 4744–4822 (2015). 
https://doi.org/10.1021/cr500304f 

3.  Zhu, S., Xu, G.: Single-walled carbon 
nanohorns and their applications. Nanoscale. 2, 
2538–2549 (2010). 
https://doi.org/10.1039/c0nr00387e 

4.  Zhu, S., Zhang, J., Zhao, X. en, Wang, H., 
Xu, G., You, J.: Electrochemical behavior and 
voltammetric determination of L-tryptophan and L-
tyrosine using a glassy carbon electrode modified 
with single-walled carbon nanohorns. Microchimica 
Acta. 181, 445–451 (2014). 
https://doi.org/10.1007/s00604-013-1138-9 

5.  Mercatelli, L., Sani, E., Giannini, A., Di 
Ninni, P., Martelli, F., Zaccanti, G.: Carbon 
nanohorn-based nanofluids: Characterization of the 
spectral scattering albedo. Nanoscale Research 
Letters. 7, 1–5 (2012). https://doi.org/10.1186/1556-
276X-7-96 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

605

6.  Liu, Y., Brown, C.M., Neumann, D.A., 
Geohegan, D.B., Puretzky, A.A., Rouleau, C.M., Hu, 
H., Styers-Barnett, D., Krasnov, P.O., Yakobson, 
B.I.: Metal-assisted hydrogen storage on Pt-decorated 
single-walled carbon nanohorns. Carbon. 50, 4953–
4964 (2012). 
https://doi.org/10.1016/j.carbon.2012.06.028 

7.  Chen, D., Wang, C., Jiang, F., Liu, Z., Shu, 
C., Wan, L.J.: In vitro and in vivo photothermally 
enhanced chemotherapy by single-walled carbon 
nanohorns as a drug delivery system. Journal of 
Materials Chemistry B. 2, 4726–4732 (2014). 
https://doi.org/10.1039/c4tb00249k 

8.  Miyawaki, J., Yudasaka, M., Imai, H., 
Yorimitsu, H., Isobe, H., Nakamura, E., Iijima, S.: In 
vivo magnetic resonance imaging of single-walled 
carbon nanohorns by labeling with magnetite 
nanoparticles. Advanced Materials. 18, 1010–1014 
(2006). https://doi.org/10.1002/adma.200502174 

9.  Sandanayaka, A.S.D., Ito, O., Zhang, M., 
Ajima, K., Iijima, S., Yudasaka, M., Murakami, T., 
Tsuchida, K.: Photoinduced electron transfer in zinc 
phthalocyanine loaded on single-walled carbon 
nanohorns in aqueous solution. Advanced Materials. 
21, 4366–4371 (2009). 
https://doi.org/10.1002/adma.200901256 

10.  Dai, H., Yang, C., Ma, X., Lin, Y., Chen, 
G.: A highly sensitive and selective sensing ECL 
platform for naringin based on β-Cyclodextrin 
functionalized carbon nanohorns. Chemical 
Communications. 47, 11915–11917 (2011). 
https://doi.org/10.1039/c1cc14611d 

11.  Suehiro, J., Sano, N., Zhou, G., Imakiire, H.: 
Application of dielectrophoresis to fabrication of 
carbon nanohorn gas sensor. 64, 408–415 (2006). 
https://doi.org/10.1016/j.elstat.2005.11.001 

12.  Sano, N., Kinugasa, M., Otsuki, F.: Gas 
sensor using single-wall carbon nanohorns. 
Advanced Powder Technology. 18, 455–466 (2007). 
https://doi.org/10.1163/156855207781389447 

13.  Serban, B.C., Buiu, O., Dumbravescu, N., 
Cobianu, C., Avramescu, V., Brezeanu, M., Bumbac, 
M., Nicolescu, C.M.: Oxidized Carbon Nanohorns as 
Novel Sensing Layer for Resistive Humidity Sensor. 
Acta Chimica Slovenica. 67, 469–475 (2020). 
https://doi.org/10.17344/acsi.2019.5415 

14.  Kagkoura, A., Tagmatarchis, N.: Carbon 
Nanohorn-Based Electrocatalysts for Energy 
Conversion, (2020) 

15.  Mykhailiv, O., Zubyk, H., Plonska-
brzezinska, M.E.: Inorganica Chimica Acta Carbon 
nano-onions : Unique carbon nanostructures with 
fascinating properties and their potential applications. 
Inorganica Chimica Acta. 468, 49–66 (2017). 
https://doi.org/10.1016/j.ica.2017.07.021 

16.  Hiep, T., Mohapatra, D., Mahato, N., Parida, 
S.: Journal of Industrial and Engineering Chemistry 
Effect of nitrogen doping on the catalytic activity of 
carbon nano-onions for the oxygen reduction reaction 
in microbial fuel cells. Journal of Industrial and 
Engineering Chemistry. 81, 269–277 (2020). 
https://doi.org/10.1016/j.jiec.2019.09.014 

17.  Zuaznabar-gardona, J.C., Fragoso, A.: Band 
structure , work function and interfacial diagrams of 
oxygen- functionalized carbon nano-onions. 
Synthetic Metals. 266, 116434 (2020). 
https://doi.org/10.1016/j.synthmet.2020.116434 

18.  Yang, J., Zhang, Y., Kim, D.Y.: 
Electrochemical sensing performance of 
nanodiamond-derived carbon nano-onions : 
Comparison with multiwalled carbon nanotubes , 
graphite nano fl akes , and glassy carbon. Carbon. 98, 
74–82 (2016). 
https://doi.org/10.1016/j.carbon.2015.10.089 

19.  Guo, J., Wang, X., Xu, B.: One-step 
synthesis of carbon-onion-supported platinum 
nanoparticles by arc discharge in an aqueous solution. 
113, 179–182 (2009). 
https://doi.org/10.1016/j.matchemphys.2008.07.039 

20.  Mongwe, T.H., Matsoso, B.J., Mutuma, 
B.K., Coville, N.J.: Diamond & Related Materials 
Synthesis of chain-like carbon nano-onions by a fl 
ame assisted pyrolysis technique using di ff erent 
collecting plates. Diamond & Related Materials. 90, 
135–143 (2018). 
https://doi.org/10.1016/j.diamond.2018.10.002 

21.  Wang, C., Li, D., Lu, Z., Song, M., Xia, W.: 
Continuous preparation of carbon nano-onions in a 
non-thermal plasma process. Materials Letters. 272, 
127808 (2020). 
https://doi.org/10.1016/j.matlet.2020.127808 

22.  Dhonge, B.P., Motaung, D.E., Liu, C., Li, 
Y., Mwakikunga, B.W.: Sensors and Actuators B : 
Chemical Nano-scale carbon onions produced by 
laser photolysis of toluene for detection of optical , 
humidity , acetone , methanol and ethanol stimuli. 
Sensors & Actuators: B. Chemical. 215, 30–38 
(2015). https://doi.org/10.1016/j.snb.2015.03.033 

23.  Mahor, A., Singh, P.P., Bharadwaj, P., 
Sharma, N., Yadav, S., Rosenholm, J.M., Bansal, 
K.K.: Carbon-Based Nanomaterials for Delivery of 
Biologicals and Therapeutics: A Cutting-Edge 
Technology, (2021) 

24.  Zhang, Y., Zhao, J., Du, T., Zhu, Z., Zhang, 
J., Liu, Q.: A gas sensor array for the simultaneous 
detection of multiple VOCs. Scientific Reports. 7, 
1960 (2017). https://doi.org/10.1038/s41598-017-
02150-z 

25.  Zhang, Y., Yop, K., Hui, D., Park, S.: A 
critical review of nanodiamond based 
nanocomposites : Synthesis , properties and 



 M. Morsy et al. 
_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65 No. 5 (2022)  

 

 

606

applications. Composites Part B. 143, 19–27 (2018). 
https://doi.org/10.1016/j.compositesb.2018.01.028 

26.  Jariwala, D.H., Patel, D., Wairkar, S.: 
Materials Science & Engineering C Surface 
functionalization of nanodiamonds for biomedical 
applications. Materials Science & Engineering C. 
113, 110996 (2020). 
https://doi.org/10.1016/j.msec.2020.110996 

27.  Gao, Y., Yin, P.: Diamond & Related 
Materials Determination of crystallite size of 
nanodiamond by Raman spectroscopy. Diamond & 
Related Materials. 99, 107524 (2019). 
https://doi.org/10.1016/j.diamond.2019.107524 

28.  Iqbal, S., Shahid, M., Zahid, M., Bashir, S., 
Ashfaq, M., Ahmad, R.: Materials Science in 
Semiconductor Processing Impact of carrier gas fl ow 
rate on the synthesis of nanodiamonds via 
microplasma technique. 74, 31–41 (2018). 
https://doi.org/10.1016/j.mssp.2017.10.002 

29.  Mochalin, V.N., Shenderova, O., Ho, D., 
Gogotsi, Y.: The properties and applications of 
nanodiamonds. Nature Nanotechnology. 7, 11–23 
(2012). https://doi.org/10.1038/nnano.2011.209 

30.  Huang, B.-R., Kathiravan, D., Saravanan, 
A., Mai, P.-H.: Crystalline Nanodiamond-Induced 
Formation of Carbon Nanotubes for Stable Hydrogen 
Sensing. ACS Applied Nano Materials. 4, 2840–2848 
(2021). https://doi.org/10.1021/acsanm.0c03454 

31.  Liu, L., Mi, Z., Guo, Z., Wang, J., Feng, F.: 
A label-free fluorescent sensor based on carbon 
quantum dots with enhanced sensitive for the 
determination of myricetin in real samples. 
Microchemical Journal. 157, 104956 (2020). 
https://doi.org/10.1016/j.microc.2020.104956 

32.  Molaei, M.J.: Analytical Methods. 1266–
1287 (2020). https://doi.org/10.1039/c9ay02696g 

33.  Wang, R., Li, G., Dong, Y., Chi, Y., Chen, 
G.: Carbon Quantum Dot-Functionalized Aerogels 
for NO2 Gas Sensing. Analytical Chemistry. 85, 
8065–8069 (2013). 
https://doi.org/10.1021/ac401880h 

34.  El-shamy, A.G.: Sensors and Actuators : B . 
Chemical New nano-composite based on carbon dots 
( C Dots ) decorated magnesium oxide ( MgO ) nano-
particles ( CDots @ MgO ) sensor for high H 2 S gas 
sensitivity performance. Sensors and Actuators: B. 
Chemical. 329, 129154 (2021). 
https://doi.org/10.1016/j.snb.2020.129154 

35.  Chen, W., Li, F., Choon, P., Ye, Y., Whan, 
T., Guo, T.: Sensors and Actuators B : Chemical 
Room temperature pH-dependent ammonia gas 
sensors using graphene quantum dots. Sensors & 
Actuators: B. Chemical. 222, 763–768 (2016). 
https://doi.org/10.1016/j.snb.2015.09.002 

36.  Guo, K., Xi, B., Wei, R., Li, H., Feng, J., 
Xiong, S.: Hierarchical Microcables Constructed by 
CoP @ C ⊂ Carbon Framework Intertwined with 
Carbon Nanotubes for Efficient Lithium Storage. 
1902913, 1–9 (2020). 
https://doi.org/10.1002/aenm.201902913 

37.  Li, Y., Ye, W., Cui, Y., Li, B., Yang, Y., 
Qian, G.: A metal-organic frameworks@ carbon 
nanotubes based electrochemical sensor for highly 
sensitive and selective determination of ascorbic acid. 
Journal of Molecular Structure. 1209, 127986 (2020). 
https://doi.org/https://doi.org/10.1016/j.molstruc.202
0.127986 

38.  Ghalandari, M., Maleki, A., Haghighi, A., 
Safdari Shadloo, M., Alhuyi Nazari, M., Tlili, I.: 
Applications of nanofluids containing carbon 
nanotubes in solar energy systems: A review. Journal 
of Molecular Liquids. 313, 113476 (2020). 
https://doi.org/https://doi.org/10.1016/j.molliq.2020.1
13476 

39.  Negri, V., Pacheco‑Torres, J., Calle, D., 
López‑Larrubia, P.: Carbon Nanotubes in 
Biomedicine BT  - Surface-modified 
Nanobiomaterials for Electrochemical and 
Biomedicine Applications. Presented at the (2020) 

40.  Haibat, J., Ceneviva, S., Spencer, M.P., 
Kwok, F., Trivedi, S., Mohney, S.E., Yamamoto, N.: 
Preliminary demonstration of energy-efficient 
fabrication of aligned CNT-polymer nanocomposites 
using magnetic fields. Composites Science and 
Technology. 152, 27–35 (2017). 
https://doi.org/https://doi.org/10.1016/j.compscitech.
2017.09.006 

41.  Gong, Y., Baik, Y.-J., Li, C.P., Byon, C., 
Park, J.M., Ko, T.J.: Experimental and modeling 
investigation on machined surfaces of HDPE-
MWCNT polymer nanocomposite. The International 
Journal of Advanced Manufacturing Technology. 88, 
879–885 (2017). https://doi.org/10.1007/s00170-016-
8840-9 

42.  Loos, M.: Processing of Polymer Matrix 
Composites Containing CNTs. Presented at the 
December (2015) 

43.  Zhao, J., Wei, L., Yang, Z., Zhang, Y.: 
Continuous and low-cost synthesis of high-quality 
multi-walled carbon nanotubes by arc discharge in 
air. Physica E: Low-Dimensional Systems and 
Nanostructures. 44, 1639–1643 (2012). 
https://doi.org/10.1016/j.physe.2012.04.010 

44.  Chrzanowska, J., Hoffman, J., Ma, A., 
Mazurkiewicz, M., Kowalewski, T.A.: Synthesis of 
carbon nanotubes by the laser ablation method : 
Effect of laser wavelength. 1867, 1860–1867 (2015). 
https://doi.org/10.1002/pssb.201451614 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

607

45.  Atchudan, R., Perumal, S., Edison, T.N.J.I., 
Pandurangan, A., Lee, Y.R.: Synthesis and 
characterization of graphenated carbon nanotubes on 
IONPs using acetylene by chemical vapor deposition 
method. Physica E: Low-dimensional Systems and 
Nanostructures. 74, 355–362 (2015). 
https://doi.org/https://doi.org/10.1016/j.physe.2015.0
7.021 

46.  Arora, N., Sharma, N.N.: Arc discharge 
synthesis of carbon nanotubes: Comprehensive 
review. Diamond and Related Materials. 50, 135–150 
(2014). 
https://doi.org/10.1016/j.diamond.2014.10.001 

47.  Sharma, R., Sharma, A.K., Sharma, V.: 
Synthesis of carbon nanotubes by arc-discharge and 
chemical vapor deposition method with analysis of its 
morphology, dispersion and functionalization 
characteristics. Cogent Engineering. 2, 1094017 
(2015). 
https://doi.org/10.1080/23311916.2015.1094017 

48.  Eatemadi, A., Daraee, H., Karimkhanloo, 
H., Kouhi, M., Zarghami, N., Akbarzadeh, A., Abasi, 
M., Hanifehpour, Y., Joo, S.W.: Carbon nanotubes: 
Properties, synthesis, purification, and medical 
applications. Nanoscale Research Letters. 9, 1–13 
(2014). https://doi.org/10.1186/1556-276X-9-393 

49.  Su, F., Qiu, X., Liang, F., Tanaka, M., Qu, 
T., Yao, Y., Ma, W., Yang, B., Dai, Y., Hayashi, K., 
Watanabe, T.: Preparation of Nickel Nanoparticles by 
Direct Current Arc Discharge Method and Their 
Catalytic Application in Hybrid Na-Air Battery, 
(2018) 
 

50.  Sadrolhosseini, A.R.: Laser Ablation 
Technique for Synthesis of Metal Nanoparticle in 
Liquid. Presented at the (2019) 

51.  Jung, H.K., Lee, H.W.: Effect of Catalytic 
Layer Thickness on Diameter of Vertically Aligned 
Individual Carbon Nanotubes. Journal of 
Nanomaterials. 2014, 270989 (2014). 
https://doi.org/10.1155/2014/270989 

52.  Siang, L., Amran, M., Yusoff, M., Binti, S., 
Rashid, A., Razak, A.: Journal of Industrial and 
Engineering Chemistry Continuous production of 
carbon nanotubes – A review. Journal of Industrial 
and Engineering Chemistry. 17, 367–376 (2011). 
https://doi.org/10.1016/j.jiec.2011.05.007 

53.  Camilli, L.: Advances on Sensors Based on 
Carbon Nanotubes. 1–17 (2018). 
https://doi.org/10.3390/chemosensors6040062 

54.  Access, O.: We are IntechOpen , the world ’ 
s leading publisher of Open Access books Built by 
scientists , for scientists TOP 1 %. 

55.  Salama, T.M., Morsy, M., Abou Shahba, 
R.M., Mohamed, S.H., Mohamed, M.M.: Synthesis 
of Graphene Oxide Interspersed in Hexagonal WO3 

Nanorods for High-Efficiency Visible-Light Driven 
Photocatalysis and NH3 Gas Sensing. Frontiers in 
Chemistry. 7, (2019). 
https://doi.org/10.3389/fchem.2019.00722 

56.  Hua, C., Shang, Y., Wang, Y., Xu, J., 
Zhang, Y., Li, X., Cao, A.: A flexible gas sensor 
based on single-walled carbon nanotube-Fe2O3 
composite film. Applied Surface Science. 405, 405–
411 (2017). 
https://doi.org/https://doi.org/10.1016/j.apsusc.2017.0
1.301 

57.  Kaviyarasu, K., Mola, G.T., Oseni, S.O., 
Kanimozhi, K., Magdalane, C.M., Kennedy, J., 
Maaza, M.: ZnO doped single wall carbon nanotube 
as an active medium for gas sensor and solar 
absorber. Journal of Materials Science: Materials in 
Electronics. 30, 147–158 (2019). 
https://doi.org/10.1007/s10854-018-0276-6 

58.  Barthwal, S., Singh, B., Singh, N.B.: ZnO-
SWCNT Nanocomposite as NO2 gas sensor. 
Materials Today: Proceedings. 5, 15439–15444 
(2018). 
https://doi.org/https://doi.org/10.1016/j.matpr.2018.0
5.030 

59.  Van Duy, N., Van Hieu, N., Huy, P.T., 
Chien, N.D., Thamilselvan, M., Yi, J.: Mixed 
SnO2/TiO2 included with carbon nanotubes for gas-
sensing application. Physica E: Low-dimensional 
Systems and Nanostructures. 41, 258–263 (2008). 
https://doi.org/https://doi.org/10.1016/j.physe.2008.0
7.007 

60.  Chimowa, G., Tshabalala, Z.P., Akande, 
A.A., Bepete, G., Mwakikunga, B., Ray, S.S., 
Benecha, E.M.: Improving methane gas sensing 
properties of multi-walled carbon nanotubes by 
vanadium oxide filling. Sensors and Actuators B: 
Chemical. 247, 11–18 (2017). 
https://doi.org/https://doi.org/10.1016/j.snb.2017.02.1
67 

61.  Casanova-ch, J., Navarrete, E., Noirfalise, 
X., Umek, P., Bittencourt, C., Llobet, E.: Gas 
Sensing with Iridium Oxide Nanoparticle Decorated 
Carbon Nanotubes. (2019). 
https://doi.org/10.3390/s19010113 

62.  Septiani, N.L.W., Yuliarto, B., Nugraha, 
Dipojono, H.K.: Multiwalled carbon nanotubes–zinc 
oxide nanocomposites as low temperature toluene gas 
sensor. Applied Physics A. 123, 166 (2017). 
https://doi.org/10.1007/s00339-017-0803-y 

63.  Guo, T., Zhou, T., Tan, Q., Guo, Q., Lu, F., 
Xiong, J.: A Room-Temperature CNT/Fe3O4 Based 
Passive Wireless Gas Sensor, (2018) 

64.  Dhall, S., Sood, K., Jaggi, N.: A hydrogen 
gas sensor using a Pt-sputtered MWCNTs/ZnO 
nanostructure. Measurement Science and 



 M. Morsy et al. 
_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65 No. 5 (2022)  

 

 

608

Technology. 25, 85103 (2014). 
https://doi.org/10.1088/0957-0233/25/8/085103 

65.  Shen, B., Zhang, F., Jiang, L., Liu, X., Song, 
X., Qin, X., Li, X.: Improved Sensing Properties of 
Thermal Conductivity-Type CO2 Gas Sensors by 
Loading Multi-Walled Carbon Nanotubes Into Nano-
Al2O3 Powders   , 
https://www.frontiersin.org/article/10.3389/fenrg.202
1.634321, (2021) 

66.  Liu, X.-L., Shen, B., Zhang, H.-G., Sun, Y.-
Y., Qu, F.: Gas Sensing Properties of Methane Based 
on Al2O3-Doped Multi-Walled Carbon Nanotubes 

67.  Zanolli, Z., Leghrib, R., Felten, A., Pireaux, 
J.-J., Llobet, E., Charlier, J.-C.: Gas Sensing with Au-
Decorated Carbon Nanotubes. ACS Nano. 5, 4592–
4599 (2011). https://doi.org/10.1021/nn200294h 

68.  Leghrib, R., Dufour, T., Demoisson, F., 
Claessens, N., Reniers, F., Llobet, E.: Gas sensing 
properties of multiwall carbon nanotubes decorated 
with rhodium nanoparticles. Sensors and Actuators 
B: Chemical. 160, 974–980 (2011). 
https://doi.org/https://doi.org/10.1016/j.snb.2011.09.0
14 

69.  Sharafeldin, I., Garcia-Rios, S., Ahmed, N., 
Alvarado, M., Vilanova, X., Allam, N.K.: Metal-
decorated carbon nanotubes-based sensor array for 
simultaneous detection of toxic gases. Journal of 
Environmental Chemical Engineering. 9, 104534 
(2021). 
https://doi.org/https://doi.org/10.1016/j.jece.2020.104
534 

70.  Li, K., Wang, W., Cao, D.: Metal (Pd, Pt)-
decorated carbon nanotubes for CO and NO sensing. 
Sensors and Actuators B: Chemical. 159, 171–177 
(2011). 
https://doi.org/https://doi.org/10.1016/j.snb.2011.06.0
68 

71.  Dilonardo, E., Penza, M., Alvisi, M., Di 
Franco, C., Rossi, R., Palmisano, F., Torsi, L., Cioffi, 
N.: Electrophoretic deposition of Au NPs on 
MWCNT-based gas sensor for tailored gas detection 
with enhanced sensing properties. Sensors and 
Actuators B: Chemical. 223, 417–428 (2016). 
https://doi.org/https://doi.org/10.1016/j.snb.2015.09.1
12 

72.  Khan, F.U., Ansar, M.T., Ullah, Z., Ali, R., 
Waseem, M., Mustafa, G.M., Atiq, S., Naseem, S.: 
Acetone sensing and modeling through 
functionalized Ag-catalysts and CNTs via low cost 
metal-organic framework-derived ZnO 
nanostructures. Ceramics International. 47, 3361–
3367 (2021). 
https://doi.org/https://doi.org/10.1016/j.ceramint.202
0.09.180 

73.  Study, T.: Ni-CNT Chemical Sensor for SF 
6 Decomposition Components Detection : A 
Combined Experimental and Theoretical Study. 
(2018). https://doi.org/10.3390/s18103493 

74.  Gui, Y., Zhang, X., Lv, P., Wang, S., Tang, 
C., Zhou, Q.: Ni-CNT Chemical Sensor for SF6 
Decomposition Components Detection: A Combined 
Experimental and Theoretical Study, (2018) 

75.  Liu, Z., Yang, T., Dong, Y., Wang, X.: A 
room temperature VOCs gas sensor based on a layer 
by layer multi-walled carbon nanotubes/poly-
ethylene glycol composite. Sensors (Switzerland). 18, 
3113 (2018). https://doi.org/10.3390/s18093113 

76.  Bahoumina, P., Hallil, H., Lachaud, J.L., 
Abdelghani, A., Frigui, K., Bila, S., Baillargeat, D., 
Ravichandran, A., Coquet, P., Paragua, C., Pichonat, 
E., Happy, H., Rebière, D., Dejous, C.: Microwave 
flexible gas sensor based on polymer multi wall 
carbon nanotubes sensitive layer. Sensors and 
Actuators B: Chemical. 249, 708–714 (2017). 
https://doi.org/https://doi.org/10.1016/j.snb.2017.04.1
27 

77.  Agarwal, P.B., Alam, B., Sharma, D.S., 
Sharma, S., Mandal, S., Agarwal, A.: Flexible NO2 
gas sensor based on single-walled carbon nanotubes 
on polytetrafluoroethylene substrates. Flexible and 
Printed Electronics. 3, 035001 (2018). 
https://doi.org/10.1088/2058-8585/aacc8f 

78.  Eising, M., Cava, C.E., Salvatierra, R.V., 
Zarbin, A.J.G., Roman, L.S.: Doping effect on self-
assembled films of polyaniline and carbon nanotube 
applied as ammonia gas sensor. Sensors and 
Actuators B: Chemical. 245, 25–33 (2017). 
https://doi.org/https://doi.org/10.1016/j.snb.2017.01.1
32 

79.  Chiou, J.-C., Wu, C.-C., Lin, T.-M.: 
Sensitivity Enhancement of Acetone Gas Sensor 
using Polyethylene Glycol/Multi-Walled Carbon 
Nanotubes Composite Sensing Film with Thermal 
Treatment, (2019) 

80.  Engineering, I.: High-Performance Gas 
Sensor of Polyaniline / Carbon Nanotube Composites 
Promoted by. (2019) 

81.  Kim, H., Jang, Y., Lee, G.W., Yang, S.Y., 
Jung, J., Oh, J.: Tunable Chemical Grafting of Three-
Dimensional Poly (3, 4-
ethylenedioxythiophene)/Poly (4-styrenesulfonate)-
Multiwalled Carbon Nanotubes Composite with 
Faster Charge-Carrier Transport for Enhanced Gas 
Sensing Performance, (2020) 

82.  Novoselov, K.S., Geim, A.K., Morozov, S. 
V, Jiang, D., Katsnelson, M.I., Grigorieva, I. V, 
Dubonos, S. V, Firsov, A.A.: Two-dimensional gas 
of massless Dirac fermions in graphene. Nature. 438, 
197–200 (2005). https://doi.org/10.1038/nature04233 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

609

83.  Suvarnaphaet, P., Pechprasarn, S.: 
Graphene-based materials for biosensors: a review. 
Sensors. 17, 2161 (2017) 

84.  Nag, A., Mitra, A., Mukhopadhyay, S.C.: 
Graphene and its sensor-based applications: A 
review. Sensors and Actuators A: Physical. 270, 177–
194 (2018) 

85.  Wang, Z., Shaygan, M., Otto, M., Schall, D., 
Neumaier, D.: Flexible Hall sensors based on 
graphene. Nanoscale. 8, 7683–7687 (2016). 
https://doi.org/10.1039/C5NR08729E 

86.  Tian, W., Liu, X., Yu, W.: Research 
Progress of Gas Sensor Based on Graphene and Its 
Derivatives: A Review, (2018) 

87.  Manafi, M.R., Manafi, P., Agarwal, S., 
Bharti, A.K., Asif, M., Gupta, V.K.: Synthesis of 
nanocomposites from polyacrylamide and graphene 
oxide: application as flocculants for water 
purification. Journal of colloid and interface science. 
490, 505–510 (2017) 

88.  Mishra, S., Acharya, R.: Photocatalytic 
applications of graphene based semiconductor 
composites: A review. Materials Today: Proceedings. 
(2020). https://doi.org/10.1016/j.matpr.2020.04.066 

89.  Kuhn, L., Gorji, N.E.: Review on the 
graphene/nanotube application in thin film solar cells. 
Materials Letters. 171, 323–326 (2016) 

90.  Neumaier, D., Pindl, S., Lemme, M.C.: 
Integrating graphene into semiconductor fabrication 
lines. Nature Materials. 18, 525 (2019) 

91.  Yousefi, R., Cheraghizade, M.: 
Semiconductor/Graphene Nanocomposites: 
Synthesis, Characterization, and Applications. In: 
Applications of Nanomaterials. pp. 23–43. Elsevier 
(2018) 

92.  Li, X., Zhi, L.: Graphene hybridization for 
energy storage applications. Chemical Society 
Reviews. 47, 3189–3216 (2018). 
https://doi.org/10.1039/C7CS00871F 

93.  Reina, G., González-Domínguez, J.M., 
Criado, A., Vázquez, E., Bianco, A., Prato, M.: 
Promises, facts and challenges for graphene in 
biomedical applications. Chemical Society Reviews. 
46, 4400–4416 (2017). 
https://doi.org/10.1039/C7CS00363C 

94.  Nguyen, B.H., Nguyen, V.H.: Promising 
applications of graphene and graphene-based 
nanostructures. Advances in Natural Sciences: 
Nanoscience and Nanotechnology. 7, 23002 (2016). 
https://doi.org/10.1088/2043-6262/7/2/023002 

95.  Shao, Y., Wang, J., Wu, H., Liu, J., Aksay, 
I.A., Lin, Y.: Graphene based electrochemical 
sensors and biosensors: a review. Electroanalysis: An 
International Journal Devoted to Fundamental and 
Practical Aspects of Electroanalysis. 22, 1027–1036 
(2010) 

96.  Lee, X.J., Hiew, B.Y.Z., Lai, K.C., Lee, 
L.Y., Gan, S., Thangalazhy-Gopakumar, S., Rigby, 
S.: Review on graphene and its derivatives: Synthesis 
methods and potential industrial implementation. 
Journal of the Taiwan Institute of Chemical 
Engineers. 98, 163–180 (2019). 
https://doi.org/https://doi.org/10.1016/j.jtice.2018.10.
028 

97.  Bolotin, K.I., Sikes, K.J., Jiang, Z., Klima, 
M., Fudenberg, G., Hone, J., Kim, P., Stormer, H.L.: 
Ultrahigh electron mobility in suspended graphene. 
Solid State Communications. 146, 351–355 (2008). 
https://doi.org/https://doi.org/10.1016/j.ssc.2008.02.0
24 

98.  Morozov, S. V, Novoselov, K.S., 
Katsnelson, M.I., Schedin, F., Elias, D.C., Jaszczak, 
J.A., Geim, A.K.: Giant Intrinsic Carrier Mobilities in 
Graphene and Its Bilayer. Physical Review Letters. 
100, 16602 (2008). 
https://doi.org/10.1103/PhysRevLett.100.016602 

99.  Lee, C., Wei, X., Kysar, J.W., Hone, J.: 
Measurement of the Elastic Properties and Intrinsic 
Strength of Monolayer Graphene. Science. 321, 385 
LP – 388 (2008). 
https://doi.org/10.1126/science.1157996 

100.  Balandin, A.A., Ghosh, S., Bao, W., Calizo, 
I., Teweldebrhan, D., Miao, F., Lau, C.N.: Superior 
Thermal Conductivity of Single-Layer Graphene. 
Nano Letters. 8, 902–907 (2008). 
https://doi.org/10.1021/nl0731872 

101.  Moser, J., Barreiro, A., Bachtold, A.: 
Current-induced cleaning of graphene. Applied 
Physics Letters. 91, 163513 (2007). 
https://doi.org/10.1063/1.2789673 

102.  Cai, W., Zhu, Y., Li, X., Piner, R.D., Ruoff, 
R.S.: Large area few-layer graphene/graphite films as 
transparent thin conducting electrodes. Applied 
Physics Letters. 95, 123115 (2009). 
https://doi.org/10.1063/1.3220807 

103.  Li, X., Zhu, Y., Cai, W., Borysiak, M., Han, 
B., Chen, D., Piner, R.D., Colombo, L., Ruoff, R.S.: 
Transfer of Large-Area Graphene Films for High-
Performance Transparent Conductive Electrodes. 
Nano Letters. 9, 4359–4363 (2009). 
https://doi.org/10.1021/nl902623y 

104.  Choi, W., Lee, J.: Graphene: synthesis and 
applications. CRC press (2019) 

105.  Boehm, H.P., Clauss, A., Fischer, G.O., 
Hofmann, U.: The adsorption behavior of very thin 
carbon films. Z. Anorg. Allg. Chem. 316, 119–127 
(1962) 

106.  Boehm, H.P., Setton, R., Stumpp, E.: 
Nomenclature and terminology of graphite 
intercalation compounds (IUPAC Recommendations 
1994): . Pure and Applied Chemistry. 66, 1893–1901 
(1994). https://doi.org/doi:10.1351/pac199466091893 



 M. Morsy et al. 
_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65 No. 5 (2022)  

 

 

610

107.  Boehm, H.P., Setton, R., Stumpp, E.: 
Nomenclature and terminology of graphite 
intercalation compounds, (1986) 

108.  Wintterlin, J., Bocquet, M.-L.: Graphene on 
metal surfaces. Surface Science. 603, 1841–1852 
(2009). 
https://doi.org/https://doi.org/10.1016/j.susc.2008.08.
037 

109.  Van Bommel, A.J., Crombeen, J.E., Van 
Tooren, A.: LEED and Auger electron observations 
of the SiC(0001) surface. Surface Science. 48, 463–
472 (1975). 
https://doi.org/https://doi.org/10.1016/0039-
6028(75)90419-7 

110.  Lu, X., Yu, M., Huang, H., Ruoff, R.S.: 
Tailoring graphite with the goal of achieving single 
sheets. Nanotechnology. 10, 269–272 (1999). 
https://doi.org/10.1088/0957-4484/10/3/308 

111.  Lu, X., Huang, H., Nemchuk, N., Ruoff, 
R.S.: Patterning of highly oriented pyrolytic graphite 
by oxygen plasma etching. Applied Physics Letters. 
75, 193–195 (1999). 
https://doi.org/10.1063/1.124316 

112.  Novoselov, K.S., Geim, A.K., Morozov, S. 
V., Jiang, D., Zhang, Y., Dubonos, S. V., Grigorieva, 
I. V., Firsov, A.A.: Electric field in atomically thin 
carbon films. Science. 306, 666–669 (2004). 
https://doi.org/10.1126/science.1102896 

113.  Berger, C., Song, Z., Li, T., Li, X., 
Ogbazghi, A.Y., Feng, R., Dai, Z., Marchenkov, 
A.N., Conrad, E.H., First, P.N., de Heer, W.A.: 
Ultrathin Epitaxial Graphite:  2D Electron Gas 
Properties and a Route toward Graphene-based 
Nanoelectronics. The Journal of Physical Chemistry 
B. 108, 19912–19916 (2004). 
https://doi.org/10.1021/jp040650f 

114.  Li, X., Cai, W., An, J., Kim, S., Nah, J., 
Yang, D., Piner, R., Velamakanni, A., Jung, I., Tutuc, 
E., Banerjee, S.K., Colombo, L., Ruoff, R.S.: Large-
Area Synthesis of High-Quality and Uniform 
Graphene Films on Copper Foils. Science. 324, 1312 
LP – 1314 (2009). 
https://doi.org/10.1126/science.1171245 

115.  Stankovich, S., Dikin, D.A., Dommett, 
G.H.B., Kohlhaas, K.M., Zimney, E.J., Stach, E.A., 
Piner, R.D., Nguyen, S.T., Ruoff, R.S.: Graphene-
based composite materials. Nature. 442, 282–286 
(2006). https://doi.org/10.1038/nature04969 

116.  Watcharotone, S., Dikin, D.A., Stankovich, 
S., Piner, R., Jung, I., Dommett, G.H.B., Evmenenko, 
G., Wu, S.-E., Chen, S.-F., Liu, C.-P., Nguyen, S.T., 
Ruoff, R.S.: Graphene−Silica Composite Thin Films 
as Transparent Conductors. Nano Letters. 7, 1888–
1892 (2007). https://doi.org/10.1021/nl070477+ 

117.  Dikin, D.A., Stankovich, S., Zimney, E.J., 
Piner, R.D., Dommett, G.H.B., Evmenenko, G., 
Nguyen, S.T., Ruoff, R.S.: Preparation and 
characterization of graphene oxide paper. Nature. 
448, 457–460 (2007). 
https://doi.org/10.1038/nature06016 

118.  Park, S., Ruoff, R.S.: Chemical methods for 
the production of graphenes. Nature Nanotechnology. 
4, 217–224 (2009). 
https://doi.org/10.1038/nnano.2009.58 

119.  Bhuyan, M.S.A., Uddin, M.N., Islam, M.M., 
Bipasha, F.A., Hossain, S.S.: Synthesis of graphene. 
International Nano Letters. 6, 65–83 (2016). 
https://doi.org/10.1007/s40089-015-0176-1 

120.  Zhang, Y., Small, J.P., Pontius, W. V, Kim, 
P.: Fabrication and electric-field-dependent transport 
measurements of mesoscopic graphite devices. 
Applied Physics Letters. 86, 73104 (2005). 
https://doi.org/10.1063/1.1862334 

121.  Hiura, H., Ebbesen, T.W., Fujita, J., 
Tanigaki, K., Takada, T.: Role of sp3 defect 
structures in graphite and carbon nanotubes. Nature. 
367, 148–151 (1994). 
https://doi.org/10.1038/367148a0 

122.  Ebbesen, T.W., Hiura, H.: Graphene in 3-
dimensions: Towards graphite origami. Advanced 
Materials. 7, 582–586 (1995). 
https://doi.org/https://doi.org/10.1002/adma.1995007
0618 

123.  Bernhardt, T.M., Kaiser, B., Rademann, K.: 
Formation of superperiodic patterns on highly 
oriented pyrolytic graphite by manipulation of 
nanosized graphite sheets with the STM tip. Surface 
Science. 408, 86–94 (1998). 
https://doi.org/https://doi.org/10.1016/S0039-
6028(98)00152-6 

124.  Roy, H.-V., Kallinger, C., Marsen, B., 
Sattler, K.: Manipulation of graphitic sheets using a 
tunneling microscope. Journal of Applied Physics. 
83, 4695–4699 (1998). 
https://doi.org/10.1063/1.367257 

125.  Ci, L., Song, L., Jariwala, D., Elías, A.L., 
Gao, W., Terrones, M., Ajayan, P.M.: Graphene 
Shape Control by Multistage Cutting and Transfer. 
Advanced Materials. 21, 4487–4491 (2009). 
https://doi.org/https://doi.org/10.1002/adma.2009009
42 

126.  Liang, X., Chang, A.S.P., Zhang, Y., 
Harteneck, B.D., Choo, H., Olynick, D.L., Cabrini, 
S.: Electrostatic Force Assisted Exfoliation of 
Prepatterned Few-Layer Graphenes into Device Sites. 
Nano Letters. 9, 467–472 (2009). 
https://doi.org/10.1021/nl803512z 

127.  Liang, X., Fu, Z., Chou, S.Y.: Graphene 
Transistors Fabricated via Transfer-Printing In 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

611

Device Active-Areas on Large Wafer. Nano Letters. 
7, 3840–3844 (2007). 
https://doi.org/10.1021/nl072566s 

128.  Chen, J.-H., Ishigami, M., Jang, C., Hines, 
D.R., Fuhrer, M.S., Williams, E.D.: Printed Graphene 
Circuits. Advanced Materials. 19, 3623–3627 (2007). 
https://doi.org/https://doi.org/10.1002/adma.2007010
59 

129.  Huc, V., Bendiab, N., Rosman, N., Ebbesen, 
T., Delacour, C., Bouchiat, V.: Large and flat 
graphene flakes produced by epoxy bonding and 
reverse exfoliation of highly oriented pyrolytic 
graphite. Nanotechnology. 19, 455601 (2008). 
https://doi.org/10.1088/0957-4484/19/45/455601 

130.  Alam, M.K., Rahman, M.M., Elzwawy, A., 
Torati, S.R., Islam, M.S., Todo, M., Asiri, A.M., 
Kim, D., Kim, C.: Highly sensitive and selective 
detection of Bis-phenol A based on hydroxyapatite 
decorated reduced graphene oxide nanocomposites. 
Electrochimica Acta. 241, 353–361 (2017). 
https://doi.org/https://doi.org/10.1016/j.electacta.201
7.04.135 

131.  Park, S., Lee, K.-S., Bozoklu, G., Cai, W., 
Nguyen, S.T., Ruoff, R.S.: Graphene Oxide Papers 
Modified by Divalent Ions—Enhancing Mechanical 
Properties via Chemical Cross-Linking. ACS Nano. 
2, 572–578 (2008). 
https://doi.org/10.1021/nn700349a 

132.  Li, D., Müller, M.B., Gilje, S., Kaner, R.B., 
Wallace, G.G.: Processable aqueous dispersions of 
graphene nanosheets. Nature Nanotechnology. 3, 
101–105 (2008). 
https://doi.org/10.1038/nnano.2007.451 

133.  Xu, Y., Bai, H., Lu, G., Li, C., Shi, G.: 
Flexible Graphene Films via the Filtration of Water-
Soluble Noncovalent Functionalized Graphene 
Sheets. Journal of the American Chemical Society. 
130, 5856–5857 (2008). 
https://doi.org/10.1021/ja800745y 

134.  Park, S., An, J., Piner, R.D., Jung, I., Yang, 
D., Velamakanni, A., Nguyen, S.T., Ruoff, R.S.: 
Aqueous Suspension and Characterization of 
Chemically Modified Graphene Sheets. Chemistry of 
Materials. 20, 6592–6594 (2008). 
https://doi.org/10.1021/cm801932u 

135.  Chen, H., Müller, M.B., Gilmore, K.J., 
Wallace, G.G., Li, D.: Mechanically Strong, 
Electrically Conductive, and Biocompatible 
Graphene Paper. Advanced Materials. 20, 3557–3561 
(2008). 
https://doi.org/https://doi.org/10.1002/adma.2008007
57 

136.  Stoller, M.D., Park, S., Zhu, Y., An, J., 
Ruoff, R.S.: Graphene-Based Ultracapacitors. Nano 
Letters. 8, 3498–3502 (2008). 
https://doi.org/10.1021/nl802558y 

137.  Wang, X., Zhi, L., Müllen, K.: Transparent, 
Conductive Graphene Electrodes for Dye-Sensitized 
Solar Cells. Nano Letters. 8, 323–327 (2008). 
https://doi.org/10.1021/nl072838r 

138.  Wu, Y.H., Yu, T., Shen, Z.X.: Two-
dimensional carbon nanostructures: Fundamental 
properties, synthesis, characterization, and potential 
applications. Journal of Applied Physics. 108, 71301 
(2010). https://doi.org/10.1063/1.3460809 

139.  Liu, F., Wang, C., Sui, X., Riaz, M.A., Xu, 
M., Wei, L., Chen, Y.: Synthesis of graphene 
materials by electrochemical exfoliation: Recent 
progress and future potential. Carbon Energy. 1, 173–
199 (2019). 
https://doi.org/https://doi.org/10.1002/cey2.14 

140.  Choucair, M., Thordarson, P., Stride, J.A.: 
Gram-scale production of graphene based on 
solvothermal synthesis and sonication. Nature 
Nanotechnology. 4, 30–33 (2009). 
https://doi.org/10.1038/nnano.2008.365 

141.  Davis, R.F., Kelner, G., Shur, M., Palmour, 
J.W., Edmond, J.A.: Thin film deposition and 
microelectronic and optoelectronic device fabrication 
and characterization in monocrystalline alpha and 
beta silicon carbide. Proceedings of the IEEE. 79, 
677–701 (1991). https://doi.org/10.1109/5.90132 

142.  Kedzierski, J., Hsu, P., Healey, P., Wyatt, 
P.W., Keast, C.L., Sprinkle, M., Berger, C., Heer, 
W.A. de: Epitaxial Graphene Transistors on SiC 
Substrates. IEEE Transactions on Electron Devices. 
55, 2078–2085 (2008). 
https://doi.org/10.1109/TED.2008.926593 

143.  Lin, Y.-M., Dimitrakopoulos, C., Jenkins, 
K.A., Farmer, D.B., Chiu, H.-Y., Grill, A., Avouris, 
P.: 100-GHz transistors from wafer-scale epitaxial 
graphene. Science. 327, 662 (2010) 

144.  Schwierz, F.: Graphene transistors. Nature 
Nanotechnology. 5, 487–496 (2010). 
https://doi.org/10.1038/nnano.2010.89 

145.  Mishra, N., Boeckl, J., Motta, N., Iacopi, F.: 
Graphene growth on silicon carbide: A review. 
physica status solidi (a). 213, 2277–2289 (2016). 
https://doi.org/https://doi.org/10.1002/pssa.20160009
1 

146.  Kim, K.S., Zhao, Y., Jang, H., Lee, S.Y., 
Kim, J.M., Kim, K.S., Ahn, J.-H., Kim, P., Choi, J.-
Y., Hong, B.H.: Large-scale pattern growth of 
graphene films for stretchable transparent electrodes. 
Nature. 457, 706–710 (2009). 
https://doi.org/10.1038/nature07719 

147.  Sutter, P.W., Flege, J.-I., Sutter, E.A.: 
Epitaxial graphene on ruthenium. Nature Materials. 
7, 406–411 (2008). https://doi.org/10.1038/nmat2166 

148.  Coraux, J., N‘Diaye, A.T., Busse, C., 
Michely, T.: Structural Coherency of Graphene on 



 M. Morsy et al. 
_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65 No. 5 (2022)  

 

 

612

Ir(111). Nano Letters. 8, 565–570 (2008). 
https://doi.org/10.1021/nl0728874 

149.  Reina, A., Jia, X., Ho, J., Nezich, D., Son, 
H., Bulovic, V., Dresselhaus, M.S., Kong, J.: Large 
Area, Few-Layer Graphene Films on Arbitrary 
Substrates by Chemical Vapor Deposition. Nano 
Letters. 9, 30–35 (2009). 
https://doi.org/10.1021/nl801827v 

150.  Wei, D., Liu, Y., Wang, Y., Zhang, H., 
Huang, L., Yu, G.: Synthesis of N-Doped Graphene 
by Chemical Vapor Deposition and Its Electrical 
Properties. Nano Letters. 9, 1752–1758 (2009). 
https://doi.org/10.1021/nl803279t 

151.  Obraztsov, A.N., Obraztsova, E.A., 
Tyurnina, A. V, Zolotukhin, A.A.: Chemical vapor 
deposition of thin graphite films of nanometer 
thickness. Carbon. 45, 2017–2021 (2007). 
https://doi.org/https://doi.org/10.1016/j.carbon.2007.
05.028 

152.  Feng, C., Zhu, D., Wang, Y., Jin, S.: 
Electromechanical Behaviors of Graphene 
Reinforced Polymer Composites: A Review, (2020) 

153.  Yuan, W., Huang, L., Zhou, Q., Shi, G.: 
Ultrasensitive and Selective Nitrogen Dioxide Sensor 
Based on Self-Assembled Graphene/Polymer 
Composite Nanofibers. ACS Applied Materials & 
Interfaces. 6, 17003–17008 (2014). 
https://doi.org/10.1021/am504616c 

154.  Ly, T.N., Park, S.: Highly sensitive 
ammonia sensor for diagnostic purpose using reduced 
graphene oxide and conductive polymer. Scientific 
Reports. 8, 18030 (2018). 
https://doi.org/10.1038/s41598-018-36468-z 

155.  Zhang, Q., An, C., Fan, S., Shi, S., Zhang, 
R., Zhang, J., Li, Q., Zhang, D., Hu, X., Liu, J.: 
Flexible gas sensor based on graphene/ethyl cellulose 
nanocomposite with ultra-low strain response for 
volatile organic compounds rapid detection. 
Nanotechnology. 29, 285501 (2018). 
https://doi.org/10.1088/1361-6528/aabf2f 

156.  Bhati, V.S., Hojamberdiev, M., Kumar, M.: 
Enhanced sensing performance of ZnO 
nanostructures-based gas sensors: A review. Energy 
Reports. 6, 46–62 (2020). 
https://doi.org/https://doi.org/10.1016/j.egyr.2019.08.
070 

157.  Peng, F., Sun, Y., Yu, W., Lu, Y., Hao, J., 
Cong, R., Ge, M., Shi, J., Dai, N.: Studies on Sensing 
Properties and Mechanism of CuO Nanoparticles to 
H(2)S Gas. Nanomaterials (Basel, Switzerland). 10, 
774 (2020). https://doi.org/10.3390/nano10040774 

158.  Sten’kin, Y.A., Bolotov, V. V, Sokolov, D. 
V, Roslikov, V.E., Ivlev, K.E.: Synthesis and Gas-
Sensing Properties of MnO2 – x and MnO2 – x/CuO-
Coated Multiwalled Carbon Nanotube 

Nanocomposites. Physics of the Solid State. 61, 
2224–2227 (2019). 
https://doi.org/10.1134/S1063783419110386 

159.  Mohamed, M.M., Salama, T.M., Morsy, M., 
Shahba, R.M.A., Mohamed, S.H.: Facile strategy of 
synthesizing Α-MoO<inf>3−x</inf> nanorods 
boosted as traced by 1% graphene oxide: Efficient 
visible light photocatalysis and gas sensing 
applications. Sensors and Actuators, B: Chemical. 
299, (2019). 
https://doi.org/10.1016/j.snb.2019.126960 

160.  Zhang, Z., Zou, R., Song, G., Yu, L., Chen, 
Z., Hu, J.: Highly aligned SnO2 nanorods on 
graphene sheets for gas sensors. Journal of Materials 
Chemistry. 21, 17360–17365 (2011). 
https://doi.org/10.1039/C1JM12987B 

161.  Majhi, S.M., Mirzaei, A., Kim, H.W., Kim, 
S.S.: Reduced Graphene Oxide (rGO)-Loaded Metal-
Oxide Nanofiber Gas Sensors: An Overview, (2021) 

162.  Zhang, D., Chang, H., Li, P., Liu, R.: 
Characterization of nickel oxide decorated-reduced 
graphene oxide nanocomposite and its sensing 
properties toward methane gas detection. Journal of 
Materials Science: Materials in Electronics. 27, 
3723–3730 (2016). https://doi.org/10.1007/s10854-
015-4214-6 

163.  Guo, W., Zhao, B., Zhou, Q., He, Y., Wang, 
Z., Radacsi, N.: Fe-Doped ZnO/Reduced Graphene 
Oxide Nanocomposite with Synergic Enhanced Gas 
Sensing Performance for the Effective Detection of 
Formaldehyde. ACS Omega. 4, 10252–10262 (2019). 
https://doi.org/10.1021/acsomega.9b00734 

164.  Liu, J., Li, S., Zhang, B., Xiao, Y., Gao, Y., 
Yang, Q., Wang, Y., Lu, G.: Sensors and Actuators 
B : Chemical Ultrasensitive and low detection limit 
of nitrogen dioxide gas sensor based on flower-like 
ZnO hierarchical nanostructure modified by reduced 
graphene oxide. Sensors & Actuators: B. Chemical. 
249, 715–724 (2017). 
https://doi.org/10.1016/j.snb.2017.04.190 

165.  Li, X., Zhao, Y., Wang, X., Wang, J., 
Gaskov, A.M., Akbar, S.A.: Reduced graphene oxide 
(rGO) decorated TiO2 microspheres for selective 
room-temperature gas sensors. Sensors and Actuators 
B: Chemical. 230, 330–336 (2016). 
https://doi.org/https://doi.org/10.1016/j.snb.2016.02.0
69 

166.  Bandi, S., Hastak, V., Peshwe, D.R., 
Srivastav, A.K.: In-situ $$\hbox {TiO}_{2}$$–rGO 
nanocomposites for CO gas sensing. Bulletin of 
Materials Science. 41, 115 (2018). 
https://doi.org/10.1007/s12034-018-1632-0 

167.  Galstyan, V., Comini, E., Kholmanov, I., 
Faglia, G., Sberveglieri, G.: Reduced graphene 
oxide/ZnO nanocomposite for application in 



 CARBON NANO BASED MATERIALS AND THEIR COMPOSITES FOR GAS SENSING.. 
__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 5 (2022)  

 

613

chemical gas sensors. RSC Advances. 6, 34225–
34232 (2016). https://doi.org/10.1039/C6RA01913G 

168.  Su, P.-G., Peng, S.-L.: Fabrication and NO2 
gas-sensing properties of reduced graphene 
oxide/WO3 nanocomposite films. Talanta. 132, 398–
405 (2015). 
https://doi.org/https://doi.org/10.1016/j.talanta.2014.0
9.034 

169.  Zhang, D., Jiang, C., Liu, J., Cao, Y.: 
Carbon monoxide gas sensing at room temperature 
using copper oxide-decorated graphene hybrid 
nanocomposite prepared by layer-by-layer self-
assembly. Sensors and Actuators B: Chemical. 247, 
875–882 (2017). 
https://doi.org/https://doi.org/10.1016/j.snb.2017.03.1
08 

170.  Lin, Q., Li, Y., Yang, M.: Tin 
oxide/graphene composite fabricated via a 
hydrothermal method for gas sensors working at 
room temperature. Sensors and Actuators B: 
Chemical. 173, 139–147 (2012). 
https://doi.org/https://doi.org/10.1016/j.snb.2012.06.0
55 

171.  Punetha, D., Pandey, S.K.: Ultrafast and 
highly selective CO gas sensor based on rGO/Fe3O4 
nanocomposite at room temperature. In: 2019 IEEE 
SENSORS. pp. 1–4 (2019) 

172.  Khaleed, A.A., Bello, A., Dangbegnon, J.K., 
Madito, M.J., Ugbo, F.U., Akande, A.A., Dhonge, 
B.P., Barzegar, F., Momodu, D.Y., Mwakikunga, 
B.W., Manyala, N.: Gas sensing study of 
hydrothermal reflux synthesized NiO/graphene foam 
electrode for CO sensing. Journal of Materials 
Science. 52, 2035–2044 (2017). 
https://doi.org/10.1007/s10853-016-0491-6 

173.  Duraia, E.-S.M., Fahami, A., Beall, G.W.: 
Microwave-Assisted Synthesis of N-Doped 
Graphene-Wrapped MnO2 Nanoflowers. Journal of 
Electronic Materials. 47, 7288–7295 (2018). 
https://doi.org/10.1007/s11664-018-6666-y 

174.  Chu, J., Wang, X., Wang, D., Yang, A., Lv, 
P., Wu, Y., Rong, M., Gao, L.: Highly selective 
detection of sulfur hexafluoride decomposition 
components H2S and SOF2 employing sensors based 
on tin oxide modified reduced graphene oxide. 
Carbon. 135, 95–103 (2018). 
https://doi.org/https://doi.org/10.1016/j.carbon.2018.
04.037 

175.  Wei, Q., Sun, J., Song, P., Yang, Z., Wang, 
Q.: Synthesis of reduced graphene oxide/SnO2 
nanosheets/Au nanoparticles ternary composites with 
enhanced formaldehyde sensing performance. 
Physica E: Low-dimensional Systems and 
Nanostructures. 118, 113953 (2020). 
https://doi.org/https://doi.org/10.1016/j.physe.2020.1
13953 

176.  Basu, S., Hazra, S.: Graphene–Noble Metal 
Nano-Composites and Applications for Hydrogen 
Sensors. C. 3, 29 (2017). 
https://doi.org/10.3390/c3040029 

177.  Singhal, A. V, Charaya, H., Lahiri, I.: Noble 
Metal Decorated Graphene-Based Gas Sensors and 
Their Fabrication: A Review. Critical Reviews in 
Solid State and Materials Sciences. 42, 499–526 
(2017). 
https://doi.org/10.1080/10408436.2016.1244656 

178.  Zhang, S., Shao, Y., Liao, H., Liu, J., Aksay, 
I.A., Yin, G., Lin, Y.: Graphene Decorated with PtAu 
Alloy Nanoparticles: Facile Synthesis and Promising 
Application for Formic Acid Oxidation. Chemistry of 
Materials. 23, 1079–1081 (2011). 
https://doi.org/10.1021/cm101568z 

179.  Peng, Y., Ye, J., Zheng, L., Zou, K.: The 
hydrogen sensing properties of Pt–Pd/reduced 
graphene oxide based sensor under different 
operating conditions. RSC Advances. 6, 24880–
24888 (2016). https://doi.org/10.1039/C5RA26618A 

180.  Choi, M.S., Mirzaei, A., Bang, J.H., Oum, 
W., Kim, S.S., Kim, H.W.: Improvement of NO2 
Sensing Properties in Pd Functionalized Reduced 
Graphene Oxides by Electron-Beam Irradiation   , 
(2019) 

181.  Hashtroudi, H., Kumar, R., Savu, R., 
Moshkalev, S., Kawamura, G., Matsuda, A., Shafiei, 
M.: Hydrogen gas sensing properties of microwave-
assisted 2D Hybrid Pd/rGO: Effect of temperature, 
humidity and UV illumination. International Journal 
of Hydrogen Energy. 46, 7653–7665 (2021). 
https://doi.org/https://doi.org/10.1016/j.ijhydene.2020
.11.268 

182.  Karaduman, I., Er, E., Çelikkan, H., Erk, N., 
Acar, S.: Room-temperature ammonia gas sensor 
based on reduced graphene oxide nanocomposites 
decorated by Ag, Au and Pt nanoparticles. Journal of 
Alloys and Compounds. 722, 569–578 (2017). 
https://doi.org/https://doi.org/10.1016/j.jallcom.2017.
06.152 

183.  Fan, Y.-Y., Tu, H.-L., Pang, Y., Wei, F., 
Zhao, H.-B., Yang, Y., Ren, T.-L.: Au-decorated 
porous structure graphene with enhanced sensing 
performance for low-concentration NO2 detection. 
Rare Metals. 39, 651–658 (2020). 
https://doi.org/10.1007/s12598-020-01397-2 

184.  Luo, Y., Zhang, D., Fan, X.: Hydrothermal 
Fabrication of Ag-Decorated MoSe₂/Reduced 
Graphene Oxide Ternary Hybrid for H₂S Gas 
Sensing. IEEE Sensors Journal. 20, 13262–13268 
(2020). https://doi.org/10.1109/JSEN.2020.3006983 

185.  Ouda, E., Elzwawy, A., Duraia, E.-S.M.: A 
facile microwave irradiation synthesis of GO/CNTs 
hybrids doped with MnO2: structural and magnetic 



 M. Morsy et al. 
_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65 No. 5 (2022)  

 

 

614

analysis. Applied Physics A. 127, 676 (2021). 
https://doi.org/10.1007/s00339-021-04842-w 

186.  Jeong, H.Y., Lee, D.-S., Choi, H.K., Lee, 
D.H., Kim, J.-E., Lee, J.Y., Lee, W.J., Kim, S.O., 
Choi, S.-Y.: Flexible room-temperature NO2 gas 
sensors based on carbon nanotubes/reduced graphene 
hybrid films. Applied Physics Letters. 96, 213105 
(2010). https://doi.org/10.1063/1.3432446 

187.  Morsy, M., Yahia, I.S., Zahran, H.Y., Meng, 
F., Ibrahim, M.: Portable and Battery Operated 
Ammonia Gas Sensor Based on CNTs / rGO / ZnO 
Nanocomposite. 48, 7328–7335 (2019). 
https://doi.org/10.1007/s11664-019-07550-7 

188.  Srivastava, V., Jain, K.: At room 
temperature graphene/SnO2 is better than 
MWCNT/SnO2 as NO2 gas sensor. Materials 
Letters. 169, 28–32 (2016). 
https://doi.org/https://doi.org/10.1016/j.matlet.2015.1
2.115 

189.  Idowu, A., Boesl, B., Agarwal, A.: 3D 
graphene foam-reinforced polymer composites – A 
review. Carbon. 135, 52–71 (2018). 
https://doi.org/10.1016/j.carbon.2018.04.024 

190.  Hu, G., Xu, C., Sun, Z., Wang, S., Cheng, 
H.-M., Li, F., Ren, W.: 3D Graphene-Foam–
Reduced-Graphene-Oxide Hybrid Nested 
Hierarchical Networks for High-Performance Li–S 
Batteries. Advanced Materials. 28, 1603–1609 
(2016). 
https://doi.org/https://doi.org/10.1002/adma.2015047
65 

191.  Ussia, M., Bruno, E., Spina, E., Vitalini, D., 
Pellegrino, G., Ruffino, F., Privitera, V., Carroccio, 
S.C.: Freestanding photocatalytic materials based on 
3D graphene and polyporphyrins. Scientific Reports. 
8, 5001 (2018). https://doi.org/10.1038/s41598-018-
23345-y 

192.  Wang, H., Mi, X., Li, Y., Zhan, S.: 3D 
Graphene-Based Macrostructures for Water 
Treatment. Advanced Materials. 32, 1806843 (2020). 
https://doi.org/https://doi.org/10.1002/adma.2018068
43 

193.  Venkateshalu, S., Grace, A.N.: Review—
Heterogeneous 3D Graphene Derivatives for 
Supercapacitors. Journal of The Electrochemical 
Society. 167, 050509 (2020). 
https://doi.org/10.1149/1945-7111/ab6bc5 

194.  He, S., Chen, W.: 3D graphene 
nanomaterials for binder-free supercapacitors: 
scientific design for enhanced performance. 
Nanoscale. 7, 6957–6990 (2015). 
https://doi.org/10.1039/C4NR05895J 

195.  Thomas, T., Agarwal, A.: A Facile and 
Scalable Approach in the Fabrication of Tailored 3D 
Graphene Foam via Freeze Drying, (2021) 

196.  Liu, Q., Zhong, H., Chen, M., Zhao, C., Liu, 
Y., Xi, F., Luo, T.: Functional nanostructure-loaded 
three-dimensional graphene foam as a non-enzymatic 
electrochemical sensor for reagentless glucose 
detection. RSC Advances. 10, 33739–33746 (2020). 
https://doi.org/10.1039/D0RA05553K 

197.  Yavari, F., Chen, Z., Thomas, A. V., Ren, 
W., Cheng, H.M., Koratkar, N.: High sensitivity gas 
detection using a macroscopic three-dimensional 
graphene foam network. Scientific Reports. 1, 1–5 
(2011). https://doi.org/10.1038/srep00166 

198.  Ha, N.H., Thinh, D.D., Huong, N.T., 
Phuong, N.H., Thach, P.D., Hong, H.S.: Fast 
response of carbon monoxide gas sensors using a 
highly porous network of ZnO nanoparticles 
decorated on 3D reduced graphene oxide. Applied 
Surface Science. 434, 1048–1054 (2018). 
https://doi.org/https://doi.org/10.1016/j.apsusc.2017.1
1.047 

199.  Morsy, M., Madbouly, A.I.: Sensors and 
Actuators A : Physical Room temperature xylene 
sensor based on Co 3 O 4 / GF hybrid. Sensors & 
Actuators: A. Physical. 305, 111921 (2020). 
https://doi.org/10.1016/j.sna.2020.111921 

 
 
  

 الملخص العربى
ا وتطبیقھا كحساسات المواد الكربونیھ النانومتریھ ومتراكباتھ

 مقالھ مرجعیھ: للغاز 
 

 
اثارت النتائج المترتبھ على دمج المواد الكربونیھ فى المدى 
النانومترى لتطبیقات حساسات الغاز االھتمام فى السنوات القریبھ 

طبقا للخواص الفیزیائیھ والكیمیائیھ المرغوبھ للمركیات . المنقضیھ
المختلفھ فانھا تتناسب مع تطبیقات  الكربونیھ النانومتریھ ومتراكباتھا

حساسات الغاز حیث انھا تستوفى شرط مساحة السطح الكبیره وكذلك 
فى ھذه المقالھ المرجعیھ نبدأ باستعراض . فجوة الطاقھ المنخفضھ

اھمیة وطرق تحضیر المواد الكربونیھ للتركیبات المتنوعھ 
 ,(carbon naohorns) ,(carbon nanoonions)مثل

(nanodiamonds), and (carbon quantum dots)   الجرافین
فى . ومشتقاتھ المتنوعھ یتم دمجھا عامة مع انابیب الكربون النانومتریھ

الجزء التالى لما سبق نتطرق الى طرق تحضیر الجرافین 
-و الجرافین  ʻاالكاسید المعدنیھ- ومتراكبات الجرافین ʻوخصائصھ

البولیمریھ المطبقھ لحساسات المواد - و الجرافین ʻالعناصر النبیلھ
ھذه المقالھ المرجعیھ تلخص النقاط االساسیھ والمؤثره لتطبیقات . الغاز

.  حساسات الغاز المعتمده على المواد الكربونیھ فى المدى النانومترى
اضافة لما سبق فانھ تم مناقشة واستعراض حساسات الغاز النواع 

 .مختلفھ من الغازات
 




