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There is a growing and widespread interest in developing powerful gas sensors to track the level of
environmental pollution by detecting the unintended release of poisonous gases into the atmosphere;
the gas sensing devices prevent endangering human life as well. Due to their large surface area, more
active adsorption sites, high electron mobility, hollow structure, and physicochemical stability, carbon-
based nanostructured materials such as carbon nanotubes (single and multi-walled carbon nanotubes)
and nanowires are promising gas sensors. The surface modification of carbon nanostructures with gold
nanoparticles increases sensitivity and sensing response time, and it is possible to produce a process that
is operational at room temperature. Gold nanoparticles’ astounding role coated on carbon nanomaterials
in hole mobility modulation renders them the most promising candidate for gas sensing applications by
acting a nano-Schottky barrier. An overview of recent developments in carbon nanostructures decorated
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1. Introduction

In the past decade, gas sensing has emerged as a superior
technique for sustainable development and has been an intense
research subject in the scientific community." The gas sensing
application is highly advantageous in various industries to
detect the leakage of harmful gases. The ideal concentration of
environmental gases is also ensured by proper monitoring
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through analyzing and sensing techniques. Most importantly,
astronomers need better gas sensing techniques for exploring
the ecological conditions of different planets.” The worldwide
use of gas sensors necessitates the exploration and fabrication
of nanomaterials for sensing applications.

A gas sensor must have high sensitivity and selectivity toward
gases, prompt response, fast recovery time, temperature inde-
pendence, and cost-effectiveness. The gas sensors include
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various semiconductor materials, mainly metal oxides such as
WO,® TiO,,* ZnO,® and polymeric materials.® Porous material
has also been widely explored for gas sensing technologies due
to effective adsorption and gas molecules’ desorption onto their
surfaces.” The contact between the analyte and the sensing
material is a crucial factor for determining the sensitivity of the
techniques. Hence, porous structures and hollow spaces are
preferred over flat surfaces for gas sensing application. With the
nanotechnology advancements and the introduction of nano-
materials such as nanospheres, nanotubes, nanofibers, and
nanowires, significant progress has been observed in the
sensing field. It is noteworthy to mention here that, to obtain
high-performance devices, a high operating temperature is
required, which limits their applications. Therefore, the design
and development of cost-effective, selective, portable, and
highly sensitive gas sensors which can work at low temperature
are highly anticipated.®

The development of various nanomaterials is gaining
towering height due to their unique properties and wide
applications.’™® Recently, carbonaceous materials such as gra-
phene, carbon nanotubes (CNTs), graphitic carbon nitride have
attracted enormous attention due to their excellent physical,
chemical properties, high specific surface area, etc. Further-
more, carbon nanomaterials’ mechanical properties increase
their suitability to integrate them into flexible sensor devices."”
The robust nature of these materials also offers selective and
sensitive fabrication by employing different techniques to
create defects and grafting functionalities onto their surfaces in
a controlled way. Carbon nanomaterials include versatile type's
morphology such as nanofibers, nanosheets, and various
nanotube materials. Carbon nanotubes (CNTs) are among the
much explored carbonaceous materials for gas sensing appli-
cations, followed by graphene.'®* After their discovery in 1991,
the carbon nanotubes have been well studied concerning their
geometry, morphology, electrical properties, mechanical and
optical properties.?® Carbon nanotubes (CNTs) are classified
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under fullerenes structures and broadly divided into two types,
namely single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). SWCNT is a one atom
thick structure with a cylindrical shape with a nanoscale
diameter, but the length may vary in microns.*

On the other hand, MWCNTs are multiple graphite layers
wrapped like a tube and sharing the same central axis.”> The
properties of CNTs are inherently smart such as mechanical
strength, stiffness, and electrical properties, depending upon
tube diameter and chirality. They are highly anisotropic because
of the one-dimensional structure enabling high charge carrying
capacity.”® Structural elucidation of CNTs comprises achiral-
armchair type, achiral-spiral type, and chiral or helical struc-
tures.” CNTs find multiple applications in the fields of tele-
communication, energy conversion, energy storage, biological
sensing, catalysis, nanoprobes, nanoelectronics, and coating
and filling materials, etc.>*?*

Interestingly, the chemiresistor and chemical field-effect
transistors-based gas sensors are most promising owing to
their excellent electrical properties of nanostructures. The elec-
trical properties of CNTs change dramatically when their surface is
exposed to target analyte gas. The transfer of electrons between the
two moieties is the basis of change in electrical properties. Hence,
factors that enhance the adsorptive interactions between the gas
molecule and CNT surface result in better sensing results.”® In
addition to CNTs, the carbonaceous material, particularly gra-
phene, has been widely investigated for gas sensing applications
because of its fascinating electronic properties such as zero
bandgaps, ultra-fast electron mobility, and outstanding thermal
conductivity (5000 W m™" K "). Ideally, graphene is one atom
thick two-dimensional layer of sp* hybridized carbon atoms with
a high comb-like lattice structure.*® The high specific surface area
and easy exfoliation techniques of graphene lead to its wide use in
the fabrication of gas sensing devices.*

Various metal nanoparticles nanocomposites with CNTs to
form resistance-based gas sensors have been extensively
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reported in the literature with enhanced selective/specific
sensing output compared to pristine CNTs.**** Out of various
metal nanoparticles, Au nanoparticles (Au NPs) beg a special
place owing to their broad application and peculiar plasmonic
properties. Au is one of the most valuable discoveries in ancient
times, and Au NPs are of paramount interest to the scientific
community in this century. Au NPs are the most stable metal
nanoparticles and are illustriously used in electronics, catalysis,
and the medicinal field.***® The metal nanoparticles where
properties crucially depend upon size show interesting
quantum effects. There are several reasons responsible for the
extensive use of Au NPs for various technological applications;
(i) high chemical and physical stability and biocompatibility of
nanoparticles in physiological condition, (ii) the presence of
polarizable electrons on NPs surface leading to optical activities
such as surface plasmon, and (iii) easy functionalization
possibility with other substrates. In addition to the properties
mentioned above, Au NPs also show excellent chromophoric
effect due to their more significant extinction cross-section. The
surface plasmon resonance (SPR) property is associated with
free-electron oscillations on metal surfaces under the impact of
electromagnetic radiations. However, excitation of plasmon by an
electric field is not allowed in the bulk matter because of energy
limitations.*””* These surface plasmon properties often serve as
a probe to monitor the bonding interactions between surface and
adsorbed molecules. The conductive surface further facilitates the
adsorbed gas molecule toward selective redox processes.>® Hence
the role of Au NPs becomes more climacteric in the fabrication of
nanosensors for the detection of gases.

Therefore, keeping in mind the properties mentioned above
of Au NPs and carbonaceous materials, particularly CNTs and
graphene, we have focused this review on the recent progress in
gas sensing application of Au-carbonaceous materials-based het-
erostructures. Furthermore, we have discussed various fabrication
strategies of CNTs for gas sensing devices, followed by a compre-
hensive summary of the recent reports based on Au-CNTs heter-
ostructures. Additionally, the fundamental sensing mechanism of
the gas sensor has been systematically discussed. Finally, the
challenges and further possibilities for the development of high-
performance gas sensing devices have been discussed.

2. Preparation of carbonaceous
materials for gas sensing

Carbon-based materials are relatively much used in sensing tech-
nology, including biosensing,* chemical sensing,*' gas sensing*
etc. In gas sensing application, CNTs and graphene have been
utilized the most due to their unique properties. Therefore, an
overview of their synthetic methodologies is crucial for the devel-
opment of carbon-based promising materials for gas sensing.

2.1 Preparation of CNTs

There are various methods for the preparation of CNTs for the
fabrication of gas sensing devices. In this section, we have
discussed some of these important preparation methods in
detail. Some of the common techniques such as chemical
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vapour deposition (CVD), laser ablation, electric arc, liquid
electrolysis, and plasma torch are extensively used in the
fabrication of CNTs. The different methodologies were adopted
to produce CNTs with different electrical and mechanical
properties. The semiconducting and metallic nature of CNTs is
also affected by different fabricating techniques. The tech-
niques also result in varying lengths of tubes, consequently
leading to affect the application. Fig. 1 shows the different
methods adopted for the preparation of CNTs.

The electric arc discharge method has been used in the early
‘90 s for the development of fullerenes. Iijima also discovered
CNTs using the same process in 1992.** An electric arc produces
high temperatures under an inert atmosphere in a typical
procedure, and carbon atoms are generated from the carbon
source (carbon electrodes). Helium (He) gas, used for inert
atmosphere, increases carbon deposition during the process.
The amount of carbon deposited on the cathode by applying
a high voltage arc depends on He gas's pressure. The size of the
diameter of anode and cathode are also playing a crucial role in
the synthesis of CNTs. Generally, anode diameter size was kept
smaller than the cathode and observed that increased electrode
diameter cause sintering and cracking of CNTs.** The laser
ablation technique uses intense laser pulses in a vertical
chamber in inert gas, like argon and catalyst, to produce CNTs
and nanomaterials. The technique uses high temperature like
the arc discharge method but remains the most popular
method for the production of CNTs commercially. An improved
laser ablation method reported in 1995 at Rice University used
a double-pulse laser oven process.** Laser wavelength used for
ablation ranging from 193 nm (ArF laser) to 10.6 pm (CO, laser)
and also observed that shorter wavelengths in ultraviolet light
predominantly produce MWCNTs while larger wavelengths
near the IR region produce SWCNTs.** The chamber's proper-
ties used in pulse laser deposition, such as oscillation wave-
length and peak power, also affect the properties of the grown
CNTs. The plasma torch is a relatively newer technique to
produce CNTs from graphitic material in the presence of cata-
lysts on silicon-based substrates. The microwave plasma torch
of power 2.45 GHz at atmospheric pressure is used to decom-
pose the precursor in the presence of a catalyst. In one example,
the authors described the formation of MWCNTSs using CH,/H,/
Ar on the silicon substrate. The iron oxide NPs used as a catalyst
in the process obtained from the decomposition of Fe(CO)s. The
method successfully produced well-aligned CNTs at atmo-
spheric pressure without external heating.*®*’

Nevertheless, electrochemical methods are trendy in the
preparation of carbon-based nanomaterials. Electrolysis is
a method which involves molten salts to produce CNTs by
decomposing CO, by electrochemical reactions under excess
pressure. This is the most straightforward technique used in
CNT production due to simple apparatus, low energy require-
ments, and controlled synthetic strategies. Chen et al*® re-
ported the electrolytic conversion of graphite to CNTs in molten
alkali chlorides (LiCl, KCl, NaCl). The CNTs were obtained at the
cathode, where an electrolytic reaction took place to form alkali
metal. The CNTs were obtained from the crucible containing
a cathode, and the highest yield was reported in the case of

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00361e

Open Access Article. Published on 13 April 2021. Downloaded on 5/5/2026 3:05:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Review

View Article Online

RSC Advances

Fig. 1 Diagrammatic illustration of different methodologies adopted for obtaining CNTs.

NaCl. The CVD method, employed to CNTs production from the
vapor state of carbon, and therefore, various techniques to
vaporize the carbon materials are reported in the literature.*
The CVD system is one of the methods in which hydrocarbons
are broken in a reaction chamber at elevated temperatures
(550-1000 °C) in the presence of a catalyst.*

The two primary techniques used in the CVD method are
thermal CVD and plasma-enhanced CVD. Jung et al.** reported Ni
nanoparticles' use as a catalyst in the CVD growth of CNTs. The
CNT growth behavior was observed in the environment of H,, N,
NH3, Ar, and their mixture. The pure N, environment leads to the
deposition of the carbon layer on the substrate and encapsulates
Ni, which could not act as a catalyst; hence CNT growth deferred.
On the other hand, in pure H, and NHj, randomly tangled CNTs
and vertically aligned CNTs were obtained, respectively.

Relatively low-temperature production of CNTs using the plasma-
enhanced CVD method gain much popularity where Fe or Co was
used as a catalyst.”” In similar studies, Favvas et al.* reported the
preparation of phenol functionalized MWCNTs using a fluidized
chemical bed CVD vertical reactor. In CVD, commonly, there are two-
step processes involving the use of carbon-containing gas and
process gas. The carbon-containing gas is broken down at the surface
of the nanoparticle catalyst, and the nature of the CNT generation
depends upon the nature of the process gas and the size of the
catalyst. There are many other types of CVD methods previously
applied to obtain CNTs, such as oxygen-assisted CVD, radio
frequency, and hot filament CVD.*** Resistivity vaporization of
graphite and vaporization carried out by electron or ion beam were
also reported in the literature.>>*”

2.2 Preparation of graphene

Graphene is an allotropic form of carbon which is consists of
sp” hybridized carbon atoms and has honeycomb like structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Graphene is a versatile and upcoming material owing to its high
intrinsic mobility, conductivity and Young's modulus and optical
transmittance. Graphene and graphene oxide based materials have
been explored for sensing applications. There are various synthetic
methods for the synthesis of graphene and graphene oxide,
primarily, utilizing the top-down approach.® The mechanical
exfoliation has been a very easy and simple approach to synthese
graphene. Electrochemical exfoliation has also been developed for
more production efficiency and high purity graphene material.
Intercalation in graphite is another approach to produce graphene
using intercalation compounds which causes the increase in the
distance of interlayers. Pyrolysis is a very easy method but the
product so obtained is not of high purity which limits applicability
of this method. Graphene oxide is the monolayer form of graphite
oxide which also has versatile application in environment and
energy. There are many report on synthetic methodologies of gra-
phene oxide which involves the oxidative exfoliation of graphite
using strong oxidizing agent.* Hummer method, modified
Hummer method and improved Hummer method are the most
commonly used methods to prepare graphene oxide.**

3. Application of carbonaceous
materials in gas sensing
3.1 CNTs as gas sensors

As this is well reported in the literature, the large tubulene
surface area is the first vantage coin for sensing application.
High adsorption capacities and towering sensitivity of CNT
accommodate atoms and molecules on their surface and
furnish the possibilities of designing sensors. CNT gas sensors
depending upon the mode of action have been classified as (i)
ionization gas sensors, (ii) gas sensors based on sorption, (iii)
gas sensors based on capacitance, and (iv) gas sensors based on

RSC Adv, 2021, 11, 13674-13699 | 13677
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resonance frequency shift."®*® Ionization gas sensors use CNTSs
as electrode materials, and gas ionization parameters are deter-
mined during accelerated ion collision with gas molecules.
Although the working voltage required is very high, ionization
sensors are less accessible among sensing techniques.® Hui et al.
demonstrated the tripolar electrode ionization sensor based on
CNT cathode to determine nitric oxide. The method is more useful
where the adsorbing capacity of gas molecules is low.**

However, sorption-based gas sensors are commonly used in
sensing technologies. The basic principle behind these sensors
is the gas molecule's adsorption onto the surface of either
pristine CNTs or fabricated CNTs with metal oxide nano-
particles, polymers, or other functional groups. The mechanism
involves transferring an electron between adsorbed atoms or
molecules and the CNT surface, which subsequently changes
nanotubes’ electrical properties and conductivity.®® Mehdi et al.
confirmed the charge transfer in intermolecular interactions
through atoms in molecule theory and natural bond orbital
calculations for sensing N,O gas molecule on Pd/CNT surface.*®

The capacitance-based gas sensors use CNTs as sensitive
materials. In such a typical gas sensor, a layer of CNTs grown over
the layer of SiO, and vapors of a gas molecule adsorbed on the
layer's surface get polarized when an external voltage is applied
due to an electric field generated on the surface of CNTs.”® This led
to a change in capacitance values. Generally, the capacitance signal
is sensitive to gas molecules' relative humidity.®”*

The electrical properties of CNTs play a substantial role in
sensors based on resonance frequency shift. The change in elec-
trical properties on the gas molecule's adsorption on CNTs is the
fundamental principle behind these sensors. The sensitive
element in these sensors includes disk resonators with nanotubes
grown on their surfaces. When gas molecules interact with the
surface of CNTs, the dielectric permeability of the disk changes,
consequently shifting the resonance frequencies. The frequency
shifts are different for different gas molecules; therefore, these
sensors are more selective than others.*”

The surface properties of CNTs and their interaction with
different electron-withdrawing/donating groups result from changes
in conductance values, which is the basis of sensing application.
Despite having several merits, pristine CNTs have specific limitations
such as lesser selectivity, larger recovery time, and lower sensitivity
toward gas analytes that are not strongly adsorbed or interact with
the surface. The sensing platform's recovery is crucial, which is even
impacted by the stronger analyte interactions with CNT surface and
making desorption more difficult.” Many researchers have fabri-
cated and functionalized the CNTs to overcome the limitations and
enhance the sensitivity and selectivity toward gas analytes. Many
attempts have been made to enhance the sensor performance by
functionalizing CNTs with polymers,” metal oxides,” and various
other catalytic materials.”»” The functionalization of CNTs can be
done with various other metal nanoparticles, but this review explicitly
emphasizes the heterostructures of CNTs with Au.

3.2 Graphene for gas sensing application

As discussed in the earlier section that, graphene exhibits
fascinating properties such as high specific surface area,
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excellent thermal conductivity, high Young's modulus, fast
electron mobility, etc., which makes it a unique material. Till
date, many research groups have utilized this interesting
material for a variety of technological applications such as
chemical sensors,”” field-effect transistors (FETs),”® Li-ion
batteries,”” supercapacitors,” energy storage,”” molecular
imaging,*® biomedical applications,”** and catalysis.*
Recently, graphene-based materials have been widely employed
in gas sensing, particularly due to a large specific surface area
provided by its 2D honeycomb-like lattice structure.®® The first
breakthrough in gas sensing by using graphene came in 2007 by
Schedin et al.?* in this work, the authors demonstrated that the
adsorbed gas molecules increased the graphene's charge carrier
density. Following this work, various research groups devoted
their studies to exploring the graphene-based materials for gas
sensing.** Furthermore, the functionalization of graphene to
form graphene oxide (GO) has turned one of effective strategy to
enhance the sensing performance of device. It has been re-
ported by Tang et al.,* that the functionalization of graphene
leads to the stronger interaction between gas molecules and
surface as compared to pristine graphene. The presence of
various facile and well-explored GO preparation methods from
graphene has drastically increased GO's utilization as an
interesting sensing material. The removal of oxygen-containing
functional groups obtains another form of graphene to rejuve-
nate the 7 conjugated structures. This is a reduced form of
graphene and is known as reduced graphene oxide (rGO). The
rGO can be obtained by chemical reduction, thermal reduction
and by electrochemical production method.*® The high elec-
trical conductivity and exposed defect sites in rGO make it an
ideal material for gas sensing. Therefore, there are many reports
in literature in recent years wherein graphene, GO, and rGO
have been utilized to fabricate gas sensing devices.*”>*” Most
importantly, both GO, and rGO can be easily synthesized from
precursor material graphite compared to graphene. Moreover,
in order to further improve the performance and selectivity of
gas sensing devices, the GO, and rGO has been decorated with
metal nanoparticles to from heterostructures.”*°

Prezioso et al.®* have reported a low-cost, highly sensitive gas
sensing device fabricated by drop-casting method on standard
interdigitated Pt electrodes. The entire fabrication process of
gas sensing device based on single-layer GO flakes and inter-
digitated Pt electrodes has been depicted in Fig. 2. Besides, the
SEM images in Fig. 2 presents the electric contact between GO
flakes and Pt electrode. The prepared device exhibits an excel-
lent lifetime of more than 1000 s and a very low detection limit
of 20 ppb for NO, gas at different temperatures and gas
concentrations. This GO-based gas sensing device's remarkable
performance has been attributed to GO flakes' excellent quality
with abundant active sites over its surface. The GO surface's
active sites mainly contain various functional groups such as
hydroxyl, carbonyl, etc. These functional groups help in the
adsorption of NO, molecules, which increases the binding
energy and facilitates the charge transfer from NO, to GO,
resulting in the chemisorption of gas molecules.

In another work by Lu et al.,”* the exceptional properties of
rGO have been exploited for the fabrication of a chemical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Schematic depicting the device fabrication, (b) patterned substrate (front-size) with heating elements and temperature sensors on the

backside. (c) SEM image of few GO flakes bridging two adjacent Pt electrodes. (d) SEM image of a GO flake lying over an electrode edge. “this
figure has been adapted/reproduced from ref. 91 with permission from American Chemical Society, copyright 2013".

sensing device. The graphene was reduced chemically using
hydrazine monohydrate to form rGO platelets as one of the
conducting channels on a field-effect transistor (FET) platform.
Furthermore, fabricated devices have shown high sensitivity
and excellent response towards low concentrations of NO, and
NH; gases in the air. Such a remarkable sensing response has
been attributed to the facile charge transfer between rGO and
target gas molecules. This work has also been supported by the
theoretical analysis, which provides insightful information
about signal processing methods to fabricate graphene-based
chemical sensing devices.

Despite the various attractive properties of graphene-based
materials in gas sensing, the low selectivity of GO and rGO
based sensing devices remains a bottleneck for their practical
applications. Lipatov et al.®* have addressed this issue by
reporting an array of rGO based integrated sensors. In this
array, the nanoscale to microscale rGO films has been utilized,
which results in the excellent response of each variety in an
integrated device. The variable structure on rGO films enables
the interaction between analyte molecules and fabricated
sensors due to similarity in chemical structure. Such chemical
interaction imparts excellent selectivity to sensors towards
methanol, ethanol, and isopropanol.

4. Gold nanoparticles in gas sensing

Due to the unique photosensitive properties, Au NPs are being
studied for their application in optical sensing devices over the
decades. Tremendous work has been done to modify the
properties of Au NPs for sensor development, including gas
sensing. Most of the work reports Au NPs for the detection of
different target gases by combining them with other materials.
Kawaguchi et al®* reported that the sensing performance of

© 2021 The Author(s). Published by the Royal Society of Chemistry

immuno-surface increased four-folds when modified with Au
NPs. Gallium nitride nanowires were functionalized with Au
NPs for sensing argon, nitrogen, and methane.®® The Au NPs,
combined with TiO, were investigated to detect alcohol vapors
and gases.’® Borhaninia et al. synthesized SnO, nanoparticles
using the sol-gel method by mixing with different amounts of
Au NPs for sensing carbon monoxide.”” Naama et al.®® investi-
gated silicon nano-wire modification response with Au and Pt
NPs as CO, gas sensors and shown that the sensor's perfor-
mance depends upon the type of metal nanoparticle. Recently, Au
NPs of different shapes and sizes were incorporated in the meso-
porous silicon layer to be used as CO, gas sensors.” In recent work,
it was explored that Au NPs deposited on the surface of ZnO
microstructure gave better gas response towards ether than pure
ZnO microstructures.'” The gas response was shown to be
increased with an increase in temperature. A hybrid of ZnO
nanowires functionalized by Au NPs was synthesized for gas
sensing applications. The sensing performance of the hybrid was
analyzed and compared with that of the pure ZnO sensor.
Improved response and higher selectivity were observed that might
be attributed to the increased Schottky barriers caused by the
electronic interaction between Au NPs and ZnO nanowires.'**

Apart from Au NPs, the complexes of Au are also demonstrated
for gas sensing applications. In such examples, an Au(u) pincer
complex was synthesized and operated at room temperature for
selective and sensitive detection of NH; gas.'®” The cyclometalated
alkynyl-gold(m) complex was recently used as a fluorescent film for
sensing ketones in the vapor phase.'” The surface plasmon reso-
nance effect of thin films or NPs of Au could also be utilized in
sensing response to different gas analytes.

Furthermore, Au NPs have also been used with different
polymers for sensing different gases. Hydrogen sulfide gas has
been efficiently detected using bio-functionalized Au NPs. It was

RSC Adv, 2021, 11, 13674-13699 | 13679
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reported that sensing performance might be due to bio-
moieties with high dielectric constant.’** In another study, Au
NPs have been functionalized with a special polymer to detect
dissolved carbon dioxide.'”® Further, several reports are avail-
able on the potential of Au NPs as a sensing platform for the
detection of volatile organic compounds. Xie et al.'*® investi-
gated that the sensitivity and selectivity of Au NPs for acetone
and other volatile organic compounds which got improved
when Au NPs are functionalized with thiol monolayer. Daskal
et al.'” reported the fabrication of thin-film composites of Au
NPs on a silicon wafer using different organic linkers to detect
volatile organic compounds. In situ-decorated with Au NPs on
the surface, a three-dimensional tin dioxide nanostructure
exhibited high gas sensing performance with high selectivity
towards volatile organic compounds.*®®

Yunnan Fang et al'” demonstrated the inkjet-printed
interdigitated electrodes (IDEs) on SWCNTs fabricated with Ag
followed by conversion to a highly porous Au counterpart. The
resulting porous Au IDEs possess a five-time higher sensitivity
than the Ag counterpart without losing the substrate-IDE
adhesion. The flexibility and mechanical robustness in sensor
devices and enhanced capacitance and electrical conductivity of
CNTs achieved through electrochemical deposition of Au NPs
on CNT transducers. The hybrid nanomaterials could be
utilized in the wearables."® Various synthetic strategies were
adopted to obtain hybrid nanostructures based on the Au and
CNTs to overcome the limitations incurred during pristine
analog for obtaining better sensing performance. The func-
tionalization of CNTs also enhances the electrical properties,
lower recovery rates, increased selectivity, and mechanical
robustness. This report focuses on selected Au and carbon-
based heterostructures, their synthetic strategies, and their
exploitation in various gas sensing applications.

5. Gold-carbonaceous
heterostructures for gas sensing
applications

5.1 Gold-CNTs nanostructures

Fabrication of nanocomposite materials and their engineering
and mechanism control improve the overall activity of

(a)

@) ’
scCO,; 100 °C

4000 psi
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heterostructures. The CNTs-Au NPs heterostructure is fabri-
cated through controlled approaches where AuNPs are grown
on or inserted inside the cavities of CNTs. The assembly of
composite material where Au NPs are incorporated inside of
CNTs depends upon host-guest chemistry. The interior surface
of CNTs is relatively inert, with a diameter size ranging from 1-
50 nm. The strong interaction between Au NPs and CNT is
anticipated based on appropriate measures. If the CNT diam-
eter is too big or small compared with the van der Waals
diameter of guest molecules, interactions are weaker.''»''> We
have discussed in detail about CNTs-Au heterostructures
fabricated through various gas sensing applications in the
subsequent sections.

A method for filling up MWCNTSs with Au NPs involves using
the aqueous citric acid solution and nanotubes heated in the
ammonical environment. The heating of MWCNTs in NH;
opens the ends of nanotubes and creates basic groups on inner
walls. However, citric acid interacts with basic groups through
electrostatic interactions and reduces Au NPs inside the
MWCNTSs."* Andrei N et al."** reported the Au NPs encapsula-
tion inside MWCNTs with supercritical CO, process. The
growth of Au NPs inside the tube was explained based on Ost-
wald ripening,” where thermodynamic parameters lead to
larger NPs at the cost of smaller ones with time. The shorter
length of nanotubes is desired to overcome the transport
resistance of nanoparticles inside the tube, and Au NPs enter
either through-hole or open end of the tube. The author
explains the pyrolytic cutting of CNTs with metallic silver acting
as a catalyst and generated from AgNO; (shown in Fig. 3). The
Au NPs first adsorbed onto the surface of CNTs and then
transferred and encapsulated inside the tube.

5.1.1 Direct assembly of Au NPs with carbon nanotubes.
Functionalization of CNTs surface is necessary to fabricate Au
NPs onto them. Various research groups reported functionali-
zation of CNTs surface with multiple groups such as bifunctional
thiols,"* polyelectrolytes,"® Electrochemical modification,”” dii-
mide activation,"® and microwave-assisted modification and
fabrication of Au NPs on the surface of CNTs.""® However, modifi-
cation of CNTs done by grafting various functional groups at the
tip, replacing some of the atoms on the tube with other, and
intertubular spaces can accommodate guest molecules. Thermal

Fig. 3 Scheme showing the proposed mechanism for filling CNTs with Au NPs (a) Ag NPs thiol stabilized on nanotube surface, (b) Ag NPs
catalyzed pyrolysis of CNTSs, (c) short and open-end nanotubes, (d & e) discrete surface adsorbed Au NPs (red balls) “this figure has been adapted/
reproduced from ref. 114 with permission from Royal Society of Chemistry, copyright 2009".
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deposition of Au NPs on the surface of nanotubes is the ubiquitous
physical method. Bithlmann et al.** reported the thermal evapo-
ration method for deposition of Au NPs on MWCNTs. The
MWCNTs were prepared by the chemical vapor deposition (CVD)
method, and the size of the deposited particle depends upon
nominal film thickness."”® Another research group also reported
a high vacuum chamber for thermal deposition.”* Adsorption of Au
NPs carried out on the surface of CNTs carried out by redox reac-
tions where solid support like SiO, utilized. Notably, the condition
of imposing high temperature and use of linker aborted.'**

Nevertheless, in these methods, an informal distribution of
Au NPs not assured and are not soluble due to solid support
material. Geckeler et al. reported a similar water-soluble hybrid
material approach where SWCNTs hole-doped with Au NPs.**
They used the solution phase dispersion technique where metal
nanoparticles were obtained by mixing metal salt with surfac-
tant suspended nanotubes in water. Frontier orbital picture
analysis confirms the uniform distribution of Au NPs on side
walls of nanotubes. There are many reports on direct deposition
of metal NPs on surface of CNTs through various techniques
such as electron beam deposition,** solvated metal atom
dispersion method (SMAD),"** wet chemical methods."*****

5.1.2 Au NPs assembly with carbon nanotubes with linker.
The adsorption of Au NPs by the direct assembly on CNTs
generally carried out by adopting in situ methods that do not
give better uniform distribution results. Moreover, sensing
devices must have a broad range of working conditions, and
hence assembly of nanomaterials must sustain severe condi-
tions. The Au NPs adsorbed through the linker on the surface of
CNTs overcomes these conditions. The linkers used for this
purpose further divide into two categories, (i) non-covalently
linked nanocomposite and (ii) covalently linked nano-
composites. Covalent linkage established between Au NPs and
functionalized CNTs with activated groups like carboxylate
groups,” thiols,"* cysteamine,”*® and aryl group,”’ etc.
Recently, Baoshan et al. developed an aptamer sensor for the
detection of sulfadimidine (SM2). 2-Aminoethanethiol (2-AET)
is used as a linker between Au NPs and MWCNTs surface in this
work. In a typical procedure, bare Au electrode first function-
alized with 2-AET and further established an amidic bond
between aminic groups of 2-AET and carboxyl groups of
MWCNTs immobilized MWCNT/Au NP nanocomposites.™
While, non-covalent functionalization of Au NPs with CNTs
were reported based on 7-stacking interactions,*** hydrophobic
interactions e.g., sodium dodecyl sulphate,** and electrostatic
interactions e.g, poly(diallyldimethylammonium chlo-
ride)."***** Coleman et al."* reported the Bingel addition for the
fabrication of SWCNTs surface with Au colloids. In a typical
procedure, SWCNTs have taken in dry ortho-dichlorobenzene (o-
DCB) and 1.8 mmol of diethyl bromoanalate and 3.3 mmol of
1,8-diazabicyclo[5.4.0Jundecene (DBU) added to get modified
SWCNTs [(COOEt),C < SWCNTs]. The immobilized modified
SWCNTs onto Si substrate further trans-esterified with an
excess of ethanol. The 5 nm Au colloids are exploited through
Au sulfur linkage with a chemical tagging procedure.

The 1D materials, due to their remarkable properties also
reported by Wu et al,'*® where SWCNTs were used as the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

template for assembling Au NPs linear arrays. The process
involves functionalizing SWCNTs with bovine serum albumin
(BSA) protein to obtain BSA-sheathed SWCNTs. Au NPs ob-
tained the linear array due to Au-thiol linkage with BSA on
SWCNTs followed by electroless metal deposition to form a 1D
linear array. The rigid superstructure nanowires obtained can
be changed in morphology by changing the concentration of
precursor material. Recently, Michael et al® reported the
theoretical and experimental aspects of the electronic interac-
tions between graphitic and Au NPs interface. The enhanced
Raman signals obtained due to Surface-Enhanced Raman
Scattering (SERS) on the graphitic interface with plasmonic
nanoparticles. On the other hand, the mini Schottky barriers in
nanoparticles decorated SWCNTs contribute to Field Effect
Transducer (FET) as small changes in the electrical environ-
ment are also used to elucidate structures. The interaction of Au
NPs with graphitic interface occurs through oxygen-containing
defects.”®®*** The CNTs surface modified for nano assembly
with metal nanoparticles via chemical oxidation, activation, and
finally amidation reaction on the nanotube surface. Recently,
Chinh et al.**® reported the ox-MWCNT surface grafting with
hydrosilane (HS) and finally achieved the covalent decoration of
Au NPs on MWCNT. The systematic approach is shown in Fig. 4
which elaborates three steps process (i) functionalization of CNT
surface using 3 : 1 H,SO,/HNO; (ii) zwitterionic thiolation reaction
for grafting cysteaminium chloride, and (iii) covalent interaction of
Au NPs with -SH group on CNTs surface. The authors took
advantage of electrostatic interactions between negative MWCNT-
COOH and positive primary amine groups of cysteamine and
hence discarding any use of harmful chemicals**

Since the use of gas sensors limits due to considerable
restrictions to their operation at optimum conditions. Majorly
limitation is the reusability and responsiveness of sensor
material. The better sensor must recover itself after analyzing
gas molecules at an optimum temperature.*> A higher
temperature is generally applied for gas molecules' desorption
on the sensor surface.”®'** Sensors integrated on various solid
surfaces for their better orientation, specific interactions, and
uniform distribution of composite nanomaterials. Among
different methods for incorporating gas sensors with CNTs,
casting CNTs on IDEs is most common. Kumar et al. fabricated
an interdigitated Au electrode coated with CNTs through a spin
coating method.'** The Au electrodes were fabricated on an
insulating SiO, substrate by direct current sputtering in
a chamber and spin coating of CNTs in a 1 M solution of iso-
propyl alcohol.

5.1.3 Gas sensing with Au NPs adsorbed on CNT surface.
The gas sensors found useful environmental monitoring
applications where contamination of food, toxic gas leaking,
and chemical manufacturing industries. This section discusses
the preparation, fabrication, and mechanism of gas sensing
with AuNPs-CNTs heterostructures. CNTs, because of their
metallic or semiconductor nature, large surface area, hollow
spaces, and tubular structures, have been used as suitable
candidates for gas sensors. To enhance nanosensors' sensitivity
and specificity based on CNTs, fabrication of their surface
carried out with suitable nanomaterials. Sheng et al'®
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Fig. 4 Schematic illustration of covalent functionalization and decoration of Au NPs on ox-MWCNTs “this figure has been adapted/reproduced

from ref. 140 with permission from Springer Nature, copyright 2019”.

described Au NPs onto the surface of CNTs grown over Si
substrate. The CNTs have grown on oxidized Si substrate with
chemical vaporization deposition (CVD) method and an average
45 nm size of CNT obtained. The surface modification of CNTs
with Au NPs shows enhanced sensitivity toward ethanol gas
pumped with a maximum pressure of 800 mTorr. Since the p-
type CNTs have grown on the Si substrate interact with
reducing ethanol gas, it leads to an increase in resistance of
CNTs. The different concentrations of vapors of ethanol gas
were injected into the chamber, and the sensory response was
recorded for bare CNTs and CNTs fabricated with Au NPs. It was
found that sensor response increases for increased vapors
concentration. Similar work was reported by Zheng-Dong Lin
et al.**°® using the thermal CVD method for growing CNTs on the
solid Si substrate at an elevated temperature around 700 °C. The
sensor was successfully applied to detect CO, gas molecules up
to 800 ppm level at room temperature. Authors also present Au
NPs on CNTs grown on oxidized Si substrate and later converted
on to a flexible polyimide substrate. The flexible and mobile
nanosensors are currently in higher demand because of their
broad applicability and low power consumption.” Kangho
et al.**” used polyethylene terephthalate (PET) as a flexible and
transparent substrate for growing SWCNTs decorated with Au
NPs for sensing NH; gas. SWCNTs spray-coated onto PET
substrate and further Au NPs decorated on SWCNTs with elec-
tron beam evaporation technique.

13682 | RSC Adv, 2021, 11, 13674-13699

Miniaturization of sensing materials and their fabrication
interestingly enhances practicability. Microfabrication of
sensing devices generally upholds various advantages over
traditional techniques. Microfabrication platforms for sensing
materials provide more comprehensive applications in wear-
ables and the internet of things. Microelectromechanical
system (MEMS) techniques are widely used to fabricate gas
sensing devices."®'* Many literature reports based on MEMS
fabricated gas sensors using Au-based materials have been
published™**** in recent years. MEMS technology also offers
a single miniaturized system to complex multifunctional
systems. Some authors recently presented Au fabrication with
Co30, nanoparticles and SnO, : NiO thin films on MEMS plat-
form for NO, gas sensing. CNTs based gas sensors using MEMS
platforms are also extensively developed in the past
decade.™* "> There are significant advantages of microsensor
arrays based on MEMS technology, which include easy fabri-
cation process, feasible industrial production, and enhanced
stability/response of the sensor. However, there are very few
reports on Au-CNTs based hybrid functionalized materials on
the MEMS platform. Sharma et al.*** demonstrated the MEMS
technology for sensitive detection of H, gas. A thin film of Au/
CNT composite material was fabricated on a substrate by
direct current sputtering technique followed by dealloying
process to obtain a regular sponge type structure with uniform
and open porosities. The porous structure of the sensing array is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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desirable for the increased surface area and enhanced
mechanical strength. MEMS-based microsensor represents
high sensitivity toward low concentration (below 100 ppm) of H,
gas. In another study, Penza et al*> demonstrated CNTs
network growth on alumina substrate with radio frequency
plasma-enhanced CVD method (RF-PECVD). Both authors used
acetylene as a carbon precursor for the growth of CNTs. The
modification of CNTs surface with AuNPs achieved by rf
magnetron sputtering and controlled thickness of 2.5, 5, and
10 nm obtained. NO, a known air pollutant detected by Au NPs-
CNTs chemiresistor up to 200 ppb level at an operating
temperature of 200 °C. The controlled loading of Au NPs on CNT
affects the sensitivity and selectivity toward different gas
molecules. In this context, Dilonardo et al**® reported
controlled loading of Au NPs on MWCNT through electropho-
resis and observed the impact of low and high Au loading on
detecting gases. Authors found Au's high loading leads to
preferential detection of H,S while low loading of Au detects
NO, gas. The plasma-enhanced CVD method produces
randomly aligned CNTs for enhanced gas sensing application.
However, the length of CNTs and vertical alignment of CNTs are
more useful because of unidirectional electrical charge trans-
port. Mudimela et al.**® reported vertically aligned CNTs (VA-
CNTs) grown over Si wafers. The Al,O3 (30 nm) and Fe (5 nm)
layers deposited over native SiO, used been develop to form
a multilayer (Si/native SiO,/Al,0;/Fe) catalyst. Au NPs decorated
over surface with physical vapor deposition technique (PVD).
The length of CNTs used in the sensor plays a crucial role in
sensing NO, gas.

Furthermore, they tested three types of lengths, 150 um, 300
pm, and 500 pm, out of which 300 pum CNTs show optimum
sensitive response toward NO,. The increase in humidity from
dry to 50% also increases the sensing response regardless of
nanotubes’ length. The vertical alignment and growth of the
CNTs depend upon synthesis time and are explained with
scanning electron microscopy (SEM). The estimated growth rate
in CVD condition was 17.5 pm min~". The high-resolution TEM
imaging represents the internally alighed MWNTs with defects
on their surface. These graphitic defects on the surface are

View Article Online
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generally imperfections like breaks, dangling bonds, etc.,
resulting from the tubes’ low crystalline behavior. The magnetic
sputtering of Au NPs on the CNTs surface leads to the random
distribution of nanoparticles on the surface and spherical shape
and mean diameter calculated around 6 nm (Fig. 5).

The sensing application of VA-CNT decorated Au NPs for
NO, detection shows a decrease in resistance, concluding the
VA-CNT carpet's p-type semiconducting behavior. The low-
temperature growth of CNT affects the formation of defects
on the surface. However, nanoparticle growth due to magnetic
sputtering functionalized on top of the forest surface and did
not follow the entire length of CNTs. Au-Au's binding energy is
more than Au-CNT; hence, cluster formation of Au NPs at the
surface is energetically favored than Au-CNT assembly. The
defects that appear on the surface of CNTs significantly
increases the binding energy between Au-CNT."* Charlier
et al."™® demonstrated CNT surfaces' functionalization by treat-
ing oxygen plasma to create structural and chemical defects.
The defects further facilitate the fabrication of Au NPs. The
procedure was carried out using inductively coupled plasma at
RF frequency of 13.65 MHz, pressure 0.1 Torr, power 15 W for
the one-minute duration. The authors also compared the
sensing results with Au NPs adsorbed on a pristine CNT surface.
The concluded remarks from TEM analysis show a better
response and more uniform distribution of nanoparticles
attributed to defects created by oxygen plasma treatment. The
perfectly nucleating Au NPs at defective sites agreed with
theoretical studies. The nanohybrid system shows a remarkable
change in conductance values at the stipulated temperature
range (25-150 °C) for NO, exposure at ppb level.

Jaewook et al.** demonstrated the binary type of NP-CNT
composite for humidity sensors using a simple physi-
ochemical method. In a two-step process, firstly positive charge
bearing Au particles stacked on the surface of CNT and then
gallic acid-modified iron oxide NPs (GA-IONPs) which act as
reducing agent to synthesize Au NPs and while mixing with
CNT-Au’" solution both metal nanoparticles attach on CNT
surface through pi-pi interactions (IA-CNT). The resulted IA-
CNT composite aligned on Pt electrode placed on to magnetic

Fig.5 TEM illustration of VA-CNT functionalized Au NPs “this figure has been adapted/reproduced from ref. 159 with permission from Beilstein

Institute for the Advancement of Chemical Sciences, copyright 2014".
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bars to get desired electrical properties. The straight and cross-
alignment achieved by dispersing the solution of IA-CNT on Si
wafers. The SEM analysis of aligned IA-CNT (shown in Fig. 6)
obtained with magnetic force and surface tension of evaporated
water. The parallel aligned IA-CNTs used as sensing channels
on Pt electrode and show the linear response for relative
humidity (RH) of 10%, 45%, and 70%. The water molecule
adsorbed on the IA-CNT channel's surface creates a potential
difference and increases the resistance. This increase in resis-
tance is directly proportional to humidity. Authors also repre-
sent insignificant change sensitivity toward various gases such
as dry air, CO, CO,, SO,, H,, O,, etc., which accounts for the
sensor's selectivity toward humid gas sensing.

In the progress of developing functionalized CNTs for
enhanced selectivity and sensitivity toward different gases.
Thamri et al.*** reported functionalization of MWCNTs deco-
rated Au NPs with a self-assembled monolayer of sixteen mer-
captohexadecanoic acids (MHDA). The self-assembled
monolayer (SAM) technique advantageously links CNT's outer
surface with the thiol group present in MHDA. Before implying
the SAM technique for functionalization, MWCNTs were treated
with low oxygen plasma for creating oxygenated defects on their
surface. Inductively-coupled plasma at RF-frequency 13.56 MHz
created oxygen functionalities such as carbonyl, carboxyl, and
hydroxyl on the CNT surface (Fig. 7). Thin films of plasma-
treated MWCNTSs were created on alumina substrate through
airbrushing, and finally, Au NPs decoration was carried out
through the sputtering method. A typical MHDA functionali-
zation procedure on the nanoparticle surface through the SAM

IA-CN{T' direction

Fig. 6
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technique involves a long alkyl-thiol chain functionalized on
the metal surface.'® Functionalization includes 0.1 mM solu-
tion of MHDA in ethanol deposited on MWCNT-Au substrate
kept at 4 °C and washed several times with ethanol followed by
drying under N, flow. The prepared MWCNT-Au and MWCNT-
Au-MHDA substrate tested for detection of aromatic (toluene,
benzene), non-aromatic (ethanol, methanol, and acetone), and
SARIN warfare agent dimethyl-methyl-phosphonate (DMMP).
The MHDA functionalization affects the sensing behavior
toward different analytes. The MWCNT-Au sensor exhibits
response toward non-aromatic and aromatic volatile organic
compounds (VOCs) while MWCNT-Au-MHDA does not show
response toward aromatic VOCs. However, remarkable sensi-
tivity toward non-aromatic VOCs and reversibility at room
temperature recorded in case of MWCNT-Au-MHDA.

The different responsiveness of functionalized MWCNT-Au-
MHDA was explained based on interactions with VOCs. Since
m-1 interactions are considerably responsible for aromatic
VOCs to interact with the surface of CNT or Au NPs, which is
prevented due to carboxylic group of MHDA results in the
separation of aromatic VOCs from CNT surface.'®® Contrary,
a reversible sensitive response toward non-aromatic VOCs was
explained based on long-chain mercaptans’ solubility in
ethanol and acetone, which establishes the strong bonding
between MHDA and non-aromatic VOCs. The hydrophilic
groups like carboxyl enhance alcohol sensitivity and are
responsible for sensitivity toward non-aromatic VOCs.'** The Au
NPs fabrication also significantly alters the sensing character-
istics of composite materials. The even distribution and density

(b)
e : [A-CNT

IA- ONT solution

4
Substrate 74
v Evi

(a) Pre-aligned IA-CNT SEM images, (b) alignment process, (c & d) parallel aligned and cross-aligned IA-CNT SEM images, respectively

“this figure has been adapted/reproduced from ref. 160 with permission from American Chemical Society, copyright 2015".
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Fig. 7 Synoptic sensor structure based on MHDA deposited on carbon nanotubes decorated with gold nanoparticles “this figure has been
adapted/reproduced from ref. 161 with permission from Springer Nature, copyright 2016".

of functionalized nanoparticles on the CNT surface enhance
certain gases' sensing ability. The Brust method'® explains the
formation of thiol-capped Au NPs via a two-phase reduction
procedure.

Further decoration of these capped Au NPs on acetone
treated oxygenated defect containing CNT surfaces carried out
by simple ultra-sonication.'®® The sensor designed for ultra-low
sensing of NH; consists of two interdigitated electrodes (IDEs 5
x 5 mm) of copper on a plastic substrate (inter finger spacing 50
pm). Drop-casting 1 pL homogeneous dispersion of AuNPs/
MWCNTs composite onto IDE is followed by vacuum anneal-
ing for two h at 100 °C in the oven.

In other studies, the oxygenated defects containing nano-
tubes (O-MWCNTs) were fabricated with Au NPs, and further
functionalization was carried out with quinoxaline-walled
thioether-legged cavitand 4 (cav-Au-MWCNT) for highly sensi-
tive molecular recognition of benzene vapors.'*” The resistive
sensor consists of two parts recognition and transducer
elements embedded in an electronic device. Quinoxaline-
bridged cavitand 4 includes one BTEX molecule having cavity
size 8.3 A, leading to a 1 : 1 host-guest complex. The fabrication
of oxygen plasma-treated MWCNT resulted in defects that are
proved with DFT studies. The DFT analysis also concludes that
the Fermi energy level of MWCNT was a little shifted toward low
energy in combination with Au NPs. This phenomenon is
treated as a p-doping of nanotubes, where small charge transfer
occurs from tube to Au NPs.'® The cav-Au-MWCNT composite
material has been used for resistive response and recovery
under the increasing concentration of benzene vapors in dry air.
The sensor reported described reversible and highly responsive
for 100 ppb concentration of benzene than toluene or o-xylene.
The sensitivity toward benzene is explained based on reversible
host-guest interaction of benzene with cavitand 4. The cavitand
4 initially occupied with N, molecule from the air and show
greater affinity for benzene than N, because of -7 and CH,-7
interactions. The stability of inclusion complex on CNTs surface
modified with cavitand explained based on the vase and Kkite
conformation followed by transduction mechanism of electron
transfer. The kite conformation of N, captured cav-Au-MWCNT
easily gets converted to vase conformation due to low energy
barrier, and a new host-guest inclusion complex formed.**® The
benzene included cav-Au-MWCNT also possesses the two

© 2021 The Author(s). Published by the Royal Society of Chemistry

conformations on the surface having - stacking interactions.
The stream of air modifies the equilibrium, and the catalyst
recovers to its original state. The authors also emphasized the
conformational exchanges on the surface lead to selective
detection and recovery of the sensor.

Recently a group of researchers achieved fabrication of
a one-dimensional Au NPs linear array with structural rigidity
on protein-sheathed SWCNTs."*® In a typical procedure,
SWCNTs are sonicated in the presence of bovine serum
albumin (BSA) protein leading to BSA-sheathed SWCNTSs
formation followed by deposition of Au NPs linear arrays
through Au-thiol bonding with BSA. The 1D Au NPs array is
further deposited with Ag and Pd/Ag metals to form nanowire
structures similar to SWCNTs in the form of coalesced core-
shell nanoparticle assembly.

The replication of SWCNTs with a super structured metal
array exhibits great potential in sensing technologies. Another
group reported a bottom-up approach to synthesize 1D Au
nanowires (Au NWs) from self-assembly of Au NPs on CNTs
followed by a thermal-induced nano-welding process. The
process involves functionalizing CNTs with 1-pyrenesulfonic
acid (PSA) to get the homogeneous suspension followed by
dissolution and reduction of HAuCl, with sodium citrate at
controlled 100 °C temperature.””® TEM analysis indicates the
assembly of Au NPs in the early stages, while later on, the fusion
of NPs started at the reaction temperature. The interconnection
between the NPs induced through the thermal heating process
ultimately led to Au NWs after 120 minutes (Fig. 8). Longer
heating time is required for the establishment of the intercon-
nection and welding process.'”* The optical studies also present
purple color's appearance due to redshift and conversion of Au
NPs to Au NWs. The high-resolution TEM image in Fig. 8(A)
signifies that the AuNWs possess a face-centered cubic
structure.

There was no observable effect of SWCNTs on the fusion
process and regarded as thermally induced welding of NPs to
form Au NWs. The authors also provide theoretical studies for
understanding the mechanism of self-assembly and thermal
nano welding processes with different templates. Adsorption of
citrate and PSA simulated theoretically on the Au,, cluster
model and extended Au (111) surfaces. It has been concluded
that the Au NPs functionalized with citrate adsorbed on the

RSC Adv, 2021, 11, 13674-13699 | 13685
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(A) Synthesis process details representing (a) PSA-functionalized SWCNTs were used as a template during citrate reduction of HAuCl. (b)

TEM images showing the assembly of AuNPs on the SWCNTSs (after 30 min, left) and their welding into AUNWSs (after 120 min, right). (c) UV-vis-
NIR absorption spectra of AUNW-SWCNTs and AuNP-SWCNTs samples. The inset represents a digital photo of vials containing suspensions of
AuNPs and AuNWs (with SWCNTSs). (d) X-ray diffraction pattern of AUNWs. (e) High-resolution TEM image of AuUNWs showing the polycrystalline
nature of the welded AuNWs. (B) Detailed computational findings presenting molecular modeling, assembly, and nano welding processes “this
figure has been adapted/reproduced from ref. 170 with permission from American Chemical Society, copyright 2012".

graphitic surface and through nano welding process 1D NWs or
2D-islands formed on SWCNTs surface. Theoretical studies also
find a stronger interaction between PSA and Au NPs compared
to citrate because of additional long-range interactions between
the Au surface and aromatic carbon atoms. The Au,, cluster's
adsorption on to graphitic surface also leads to binding inter-
actions with PSA molecules through dispersion interactions
and SO-Au bonds. Simulation of other graphitic templates for
adsorption configuration carried out to comparative analysis.
The detailed computational findings are presented in Fig. 8(B),
which shows molecular modeling of the adsorption, assembly,
and nano welding processes.

The middle panel represents a schematic description of the
adsorption, diffusion, and mechanistic welding steps involved
in forming Au NWs from Au clusters on CNT (graphene)
surfaces decorated with PSA molecules. The indicated panels
correspond as follows: adsorption configurations of citrate and
PSA systems on an Au,, cluster (a and b) and Au (111) surface (c
and d), respectively; adsorption configurations of an Auy,
cluster on a bare and PSA decorated CNT (e, f and j) and on bare
and PSA decorated graphene (g, h and i); and the welding of two
Auy, clusters on CNT surface (k). Panel (l) represents the
minimum energy pathway for diffusing an Au,, cluster on
a CNT surface in an axial direction between two surface sites
marked in red. Panels (m) and (n) represent the minimum
energy diffusion pathways of the Au,, cluster on graphene
surface starting from an initial position O and taken along two
different directions P1 and P2, indicated by red arrows in panel
(0). The indicated atomistic configurations correspond to the
most stable states identified based on dispersion corrected DFT
calculations. In each case, the corresponding binding energies
(in keal mol ™) are given concerning the isolated adsorbate and
surface subsystems. In panels (a-d), the adsorption energies of
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citrate and PSA ions are indicated, while in panels (e-k), the
adsorption energies of the Au,, cluster are shown. For PSA and
citrate systems, the C atoms are represented in gray, O atoms in
red, H atom in white, and S atom in yellow; for graphene and
CNT surfaces, the C atoms are shown in green, while the Au
atoms are represented in orange.

New techniques for deposition of composite materials and
fabrication of gas sensors include laser-induced forward trans-
fer (LIFT). Generally, a small amount of donor material is
deposited on the acceptor substrate without solvent and free
from post-annealing procedures. The technique used for
depositing nanoparticle thin films; however, Lasserre et al.'”?
reported the LIFT technique for deposition of MWNTSs deco-
rated with Au/Pd NPs gas sensing array using femtosecond laser
pulses. An ultrashort pulsed laser (1 kHz) with wavelength
800 nm used for the experiments, and by altering the number of
pulses diameter of a nanoparticle can be adjusted.

5.1.4 Gas sensors based on CNTs grafted over Au NPs.
Optical gas sensing properties have attracted significant atten-
tion by introducing metal nanoparticles to the sensor's arrays.
As it is well known, Au NPs are associated with localized surface
plasmon resonance (LSPR) effect.”® LSPR changes the dielectric
properties of associated species, and this characteristic is
exploited for fabricating sensor devices. The interaction of Au
NPs with CNTs apparently weak and generally defected areas
targeted for bonding originated from the oxidation of pristine
SWCNTs."* Alessandro Martucci et al.'’® developed a plas-
monic-based gas sensor to detect hydrogen gas by designing
transparent CNT optical film coupled with Au NPs. The Au
monolayer deposited by spin coating technique at 3000 rpm for
the 30 s over fused silica quartz functionalized with (3-amino-
propyl) trimethoxysilane (APTMS). The Au monolayer substrate
first functionalized with poly-r-lysine for deposition of SWCNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The drop-casting method for sedimentation of SWCNT on the
plasmonic surface suggested by the authors followed a simple
procedure, and the desired deposition achieved in 3-20 h.
However, they reported the inkjet printing method for their
sensor demonstration because films deposited via drop-casting
techniques show lesser optical responses than inkjet films."”®
The optical absorbance change in LSPR spectra is confined
toward sensing of H, gas. Authors demonstrated both m-
SWCNT and s-SWCNT toward gas sensing and concluded with
the more efficient optical response with m-SWCNT because of
better ohmic contact between Au NPs and SWCNTs. Table 1
summarises various gas sensors based on the assembly of CNTs
and Au NPs, and analyte gases.

5.1.5 The mechanistic approach toward gas sensing using
AuNPs/CNTs assembly. The semiconductor CNTs based sensors
generally show mechanism according to electron transfer
between gas molecules adsorbed on their surface. The type of
mechanism is decided based on the nature of gas molecules,
reducing or oxidizing. The oxidizing gas molecules (NO,)
adsorbed on CNTs surface lead to a decrease in resistance of
CNTs and, on the other hand, reducing gas molecules (NH;, CO,
H,S, N,0) adsorbed on CNTs surface increases electric strength,
categorized under the p-type mechanism. Bakhoum et al.**
reported the resistance change during the detection of CO gas
molecules on Au decorated CNTs. Au NPs have an affinity
toward oxygen molecules, whereas, CO being reducing in
nature, can combine with molecular or atomic oxygen and
releases an electron. The extra electron decreases the overall
resistance of the CNTs array. Sensor fabrication is equally vital
in deciding the mechanism of gas adsorption and its sensing at
desired levels. Kamarchuk et al' demonstrated the Au
microwires and SWCNTs point hetero contact (PHC) for sensing
NH; and NO, gas vapors. The SWCNTs thin film deposited on to
perfluorinated flexible polymer Nafion. The sensor's response
was independent of Nafion polymer, and the electrical resis-
tance properties of PHCs do not influence the Schottky barrier.
Fig. 9 shows an increase in the PHC resistance for a single
SWCNTs film and two Au-SWCNTs hetero contacts on short
exposure (8 s pulse) to 1% NH;. The rise in resistance was
observed to be 100-150% from the initial value and exhibit
remarkable relaxation time (200 s) compared to conventional
SWCNTs. The PHC's extraordinary properties are explained by
forming long channels between Au wires and SWCNTSs surface
where the diameter of channels was in nanometre or angstrom.
The authors also describe the displacement technique to
increase the number of point contact and consequently
enhance the surface-to-volume ratio.'*

Optical absorbance studies show that electronic transitions
in SWCNTs give three absorbance bands in semiconducting
SWCNTs while on the band in the case of metallic SWCNTSs. The
S;1 band in semiconducting SWCNTs alters with electrons’
addition, while the M;; band in metallic SWCNTs remains
unaffected with the same."**'** The change in absorbance of the
S:11 band has been taken as a basis for any chemical interaction
on the surface of semiconducting SWCNTs. A combination of
theoretical studies with experimental data helps understand the
NP-CNT electronic transfer when gas molecules are adsorbed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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onto them. Kauffman et al'® presented CO gas adsorption
mechanism at room temperature on to AuNP-SWCNTs based on
the combined electrical response, optical absorbance, and
electronic structure calculations. Fig. 10 a compares UV-vis-NIR
absorption peak of AuNP-SWCNTs in flowing N, and after 30
minutes exposure to 2500 ppm of CO at room temperature. The
change in absorbance and slight blue shift attributed to transfer
of electron to Au surface from 5c orbital of adsorbed CO.

The S,; absorbance band and decrease in conductance also
follow Langmuir-type-curves followed by electron transfer to
SWCNTs. Density functional theory (DFT) studies indicate
a strong correlation with experimental data and show CO's
adsorption on the Au NPs surface. The DFT calculations were
carried out on a single (14,0) SWCNTs decorated with an Au,,
cluster. The energetically most favored adsorption site at Au,,
corner with energy 20.1 kecal mol . Fig. 10 mentions the
adsorption of a higher number of CO molecules on Au NPs
cluster decreases the conductance of Au-SWCNTs. The authors
also explained the longer time scale response of Au NPs SPR
than the response of semiconducting SWCNTs S,; absorbance
and conductance-based on the increased interfacial potential
barrier of Au-SWCNTs upon CO adsorption.'”” Another factor is
Au NPs having a greater diameter than the electron mean free
path (~50 nm), which restricts the transfer of electrons to
SWCNTs through a potential interfacial barrier, consequently
increasing the localized electronic environment Au NPs and
promote SPR signal.***'%?

NH; exposure to MWCNTSs results in a decrease in CNTs
channels' conductance due to an electron transfer from NH;.
The valence band shifted away from the Fermi level, which
results in hole depletion, subsequently increasing resistance.”*
Hasnahena et al.**® proposed a simple mechanism for NH;
sensing using thiol capped Au NPs decorated on MWCNTSs
based on experimental findings. Au(0) state attached on the
surface of MWCNT first interact with NH; on exposure, and
there is a transfer of charge to metal, consequently increasing
charge density into the 1D channel of MWCNTs. The authors
explained the room temperature gas sensing procedures and
the sensor's recovery at ambient conditions without purging
into dry N,. In a recent report on NH; sensing using SWCNTSs,
decorated Au NPs show electron transfer to the SWCNT
network, complemented by Au NPs. The results obtained with
decorated SWCNT compared with pristine SWCNTs show
remarkable differences. The difference arises due to Au NPs,
which provide better attachment for selective transfer of elec-
trons between the adsorbed gas molecule and SWCNT
surface.'””

The work function of Au NPs and SWCNTs (5.0 and 4.7-
4.9 eV respectively)****? results in the transfer of electrons from
SWCNTs to Au NPs at their interface and creates a Schottky type
barrier.?*® However, this barrier is low as the difference in work
function of these two is not significantly high. The flow of
electrons between two is easy under the atmosphere of gases to
be sensed. Choi et al'®*® demonstrated the expansion of
conduction channels formed between Au NPs and SWCNT
when oxygen species like O~, 0,7, and O>~ adsorbed on the
surface. When reducing gas as CO is analyzed with composite
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Table 1 Gas sensor based on the assembly of Au NPs and CNTs, fabrication methods, analyzing approaches, and analyte gases
Sensor type and
Type of AuNP/CNT assembly Method of sensor array preparation operating temperature Gases detected Ref.
Tuned loaded AuNPs on RF-PECVD method AuNP-CNTs chemiresistor based NO,, NH;, CO, H,S etc 157
CNTs grown over alumina on resistance change/20-250 °C
substrate
SWCNTSs/AuNPs grown over PECVD technique Resistance change/40 °C NH; gas/30 ppm 177
Si substrate
AuNPs adsorbed on CNTs  Thermal CVD method Resistance change/room CO, gas 146
sensing array temperature
AuNPs@CNT on the flexible Thermal CVD method Resistance change/room CO,, NH3;, and isopropyl alcohol/800 178
substrate temperature ppm
AuNPs@CNTs on Si Thermal CVD method Resistivity sensor/room Acetone vapour and NH; gas/800 ppm 179
substrate temperature
Porous AuNPs/CNT on Si Direct current sputtering/MEMS Resistivity sensor/325 °C H, gas/1000 ppm 156
substrate technique
AuNPs adsorbed on CNT Electrodeposition method Resistance change/room CO gas 180
array temperature
AuNPs-SWCNTs-PET Electron beam evaporation method Resistance change/room NH; gas/255 ppb 147
substrate temperature
Metallic SWCNTs loaded on Ink jet printing method (LSPR) plasmonic optical H, 175
AuNPs film response-based sensor/150 °C
AuNPs adsorbed on VA-CNTs Thermal CVD method Resistance change/150 °C NO, gas 159
MWCNT/Au/MHDA CVD and self-assembled monolayer Resistance variation/room Aromatic, non-aromatic VOCs and 161
technique temperature dimethyl-methyl-phosphonate (DMMP)
CNTs/AuNPs on Si Thermal CVD method Resistance/room temperature Acetone vapours and NH; gas 179
substrates
Functionalized CNT sensing Chemical deposition/combination Chemo-resistive response and 2D Multiple sensing applications in 181
arrays with metal NPs of five different sensor components principal component analysis environmental monitoring,
(PCA)/room temperature breathomics, and biomarker (NH3,
acetone, sodium hypochlorite, benzene,
H,S, NO,, etc.)
AuNPs/PANI/MWCNT Chemical adsorption and Change in electrical conductance/ NH; gas, 200 ppb to 10 ppm linear 182
polymerization room temperature response
AUuNPs-SWCNTs IDEs Dipping, self-agglomeration, and  Resistance change/room CO, NH;3;, C3HgO, C,Hg, C¢Hg, and NO, 183
thermal method temperature at 2 ppm concentration.
AuNPs-NH,-MWCNT IDEs Electro spraying/photolithography Conductance change/22 °C Polar (H,0, propanol, ethanol) and non- 70
technique polar (hexane, toluene, chloroform, etc.)
VOCs/100-5000 ppm
AuNPs/SWCNTs Au Electroplating technique Resistance change/room Hg vapours/~2 ppb 184
electrode temperature
Graphene/AuNPs CVD and photolithography Resistance change/room NH; gas/58 ppm 185
temperature
rGO/TiO,/AuNPs ternary Electroplating/photolithography Resistance change/room NH; gas/2 ppm 186
composite temperature
Au decorated rGO/ZnO Pulsed intense UV ablation process Resistance change/room H, gas 187
temperature under UV irradiation
B-rGO/Au@SnO, Radio frequency magnetron Resistance change/100 °C Tetraethylamine gas 188
heterostructures sputtering and annealing
AuNPs@NPC-rGO ternary  Pyrolysis/membrane electrode Electrocatalytic current Hydrogen gas 189
composites assembly measurments and
electrochemical sensing.
rGO@CGN (carbon Au Electrochemical reduction/screen ~ Chronoamperometry/double O, gas (0.42-21%) 190
nanocomposites) printing potential amperometry/room
electrochemical gas sensor temperature
Graphene nanoribbon/Au  Standard deposition/ Resistivity change/room NH; gas/25 ppm 191

electrodes

material, it shows enhanced variation in the conduction
channel. The more significant increase in resistance than
oxidizing gases and higher sensitivity of CO up to 2 ppm
attributed to the electronic effects between Au NPs and CNT
and catalytic properties of Au NPs. It has been proved that Au

photolithography
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temperature

them.?**

NPs act as catalyst for complete oxidation of CO adsorbed to

The polar and non-polar VOCs interacted differently with Au
NPs. Tasaltin et al” explained the mechanism of Au NPs
filtration layer for sensing response for polar molecules where

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Change of resistance for (a) SWCNTs film and (b) two Au-SWCNTSs heterocontacts in response to 8 s pulse of one percent NHz (curves 1
and 2). For easy comparison with the point contact data on an equal scale, curve 3 represents the data in (a) “this figure has been adapted/
reproduced from ref. 192 with permission from Elsevier, copyright 2008".

Au NPs interact with high polar molecules like water, ethanol,
and propanol cannot reach up to conduction channel in MWCNT.
The amine-functionalized nanotubes (NH,-MWCNT) containing
defects bind with adsorbed gas molecules effectively through
electronic interactions. The Au NPs block the surface by interacting
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with polar analytes, but when authors increase the concentration
of NH,-MWCNTs and decrease Au NPs eventually increases the
possibility of VOCs reaching defect sites.

Theoretical studies show coherence with experimental find-
ings for sensing of gases through CNT modified with Au NPs. In
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(a) UV-vis-NIR absorption spectra of an Au-SWCNTs network under N, (black curve) (b) the absorbance of the Au-SWCNTs network S11

band at 1895 nm during CO exposure. (c) Normalized network conductance (G/Gy) of bare SWCNTs and Au-SWCNTSs during exposure to CO
gas. (d) Adsorption configuration and (e) charge variation map depicting nine CO molecules attached to the corner (i) and edge (ii and iii) sites of
an Auyg cluster on a defective (14,0) SWCNTSs; Au atoms are yellow, C atoms are green, and O atoms are red “this figure has been adapted/
reproduced from ref. 196 with permission from American Chemical Society, copyright 2010".
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such studies, Zanolli et al.**® reported the (5,5) SWCNTs modi-
fied with 13-atoms Au nanocluster (Au,;) as a model system to
detect gases like CO, NO,, and C¢Hs. The model successfully
explains the stronger interactions of NO, compared with C¢Hg
and also the decrease in resistance due to p-type doping. The
Au,; is the most stable and relaxed SWCNTs-icosahedral Au,;
system was chosen for studies because of total low energy (1.15
eV) and high binding energy (0.6 eV) than SWCNTs-
cuboctahedral system. Fig. 11 explains the bonding of NO,
through nitrogen because of polarity difference, and in the case
of CO and CgHg, Au cluster bind through the carbon atom. The
computed binding energy calculations show stronger bonding
in the case of NO, while the least bonding in the case of C¢Hsg.
The lowest unoccupied molecular orbital (LUMO) of NO, lies
below the Fermi energy level of the Au;3-SWCNTs system,
hence, accepts significant electron density from both Aujj
(0.289 e) and (5,5) SWCNTs (0.218 e ). The p-type semi-
conducting character further lowers the Fermi energy level and
subsequently decreases in resistance observed. However, the
weak interaction of C¢Hg with the Au cluster increases the Fermi
energy level, as shown in Fig. 11.

McNicholas et al.*®* reported the ultra-low detection of Hg
vapors with a sensor consisting of SWCNTs modified Au NPs
through a simple resistance change mechanism. The SERS
signals are produced in SWCNTs while coupling with Au NPs.**
The detailed mechanism of SERS has also been confirmed by
the authors using absorption parameters of Hg vapors on the
nanoparticle surface. The mechanism of Hg absorption was
studied in detail, and concluded that the resistance increased
when absorption of vapor occurs, and this is attributed to the
transfer of electrons to holes in SWCNTs. However, bare
SWCNTs adsorbing Hg vapor do not show a significant change
in resistance. Hence, Au NPs are crucial for adsorbing Hg vapors
and the transfer of electrons from the nanoparticle to the
SWCNTs surface, leading to a change in resistance value. The
SERS mechanism can be due to electrons’ transfer between Au
NPs and SWCNTSs or plasmon resonance between them.?*® The
absorption of Hg on the nanoparticle surface should enhance
SERS signals' intensity due to increased electron transfer. Still,
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the authors found no significant change in the signal indicating
the plasmonic resonance coupling between Au NPs and
SWCNTSs.

5.2 Au NPs-graphene heterostructures for gas sensing

The fabrication of heterostructures based on Au NPs and gra-
phene has been utilized for the sensing devices. GO layers are
easily fabricated with AuNPs to perform plasmonic sensors or
electrochemical sensors.””?"® The detection of various toxic
gases such as NH; and NO, using 2D graphene-based
composites is highly desired, lacks selectivity, and has a tiny
response. Hence, 2D composites were fabricated with AuNPs
because of the previously described properties of these NPs to
enhance the sensitivity of devices.

Furue et al**” reported a sensor for detecting inorganic
arsine gas using rGO and thin Au films. The sensing ability of
bare rGO and Au was not observed for this gas. The arsenic is
a soft metal and hence expected to have an affinity with Au,
consequently prompted authors to prepare interdigitated elec-
trodes using rGO and Au. The Au/rGO device was fivefold less
conductive than rGO, proving that Au does not increase the
conductivity. The oxygen on Au islands replaced by the analyte
gas and holes in Au increase the conductivity. For the fabrica-
tion of Au on the graphene surface, oxygen functionalities play
an important role by providing reactive sites for nucleation and
growth. Goncalves et al.*'® reported nanoparticles' development
on the rGO surface in the aqueous medium. The growth was not
observed on completely reduced surfaces, while growth was
directly associated with the surface's degree of oxygen
functionalization.

Gautam et al.*® reported the sensing response of NH; gas at
room temperature up to 58 ppm using graphene and AuNP
composite sensor fabricated via CVD technique. They grow
graphene sheets on Cu surface in an alumina tube furnace and
further transfer them to suitable surfaces through itching and
lift-off processes. Further, AuNPs are decorated onto the surface
of graphene sheets through the reduction of HAuCl,-3H,0. The
energy band diagram of graphene metal contacts describes the
sensing mechanism of heterostructures toward NH; gas. The

(55)+Au,, (55)+Au, +CH,

(55)+Au,, +CO

03+
" (5,5)+Au,, +NO,

-
—

04+

Fig. 11 Ball-and-stick models illustrating (a) (5,5) SWCNTs-Au,3 nanocluster, interactions of adsorbed molecules (b) NO,, (c) CO, (d) CgHe, and
(e) theoretical shift of the Fermi energy (AE) of pristine (5,5) SWCNTs-Au;z, interaction with CgHe, CO, and NO, gas molecules “this figure has
been adapted/reproduced from ref. 168 with permission from American Chemical Society, copyright 2011".
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authors described the more p-type character of graphene due to
the transfer of electrons from graphene to Au, which subse-
quently changes to less p-type when exposed to NH; due to
dissociation of gas at Au surface.*"*

More recently, Zhou et al.**® ternary composite of rGO, TiO,
NPs, and AuNPs for NH; gas sensing at room temperature
enhance UV illumination. The ternary composite acts as
a chemiresistive sensor where graphene surface provides active
sites for attachments of NPs and serves as a center for electron
collectors and transporter. The Au NPs is to increase the sorp-
tion and enhance the charge separation of electron-hole pairs.
The IDEs were fabricated using photolithography and lift-off
methods. Fig. 12(a-d) shows the transmission electron
microscopy of the ternary composite formed where it indicates
the distribution of TiO, NPs on the basal plane of the rGO sheet.
The TiO, NPs act as both NH; and UV-sensitive material. The Au
NPs are directly associated with TiO, NPs and seldom with rGO
sheets. Fig. 12(e and f) described the UV illumination role where
the response toward 10 ppm NH; and a decrease in the baseline
resistance observed on UV illumination indicate the sensing
layer's n-type semiconducting properties. Fig. 12(e) clearly
shows that the enhanced sensor response, better recovery time,
and increased response speed compare with dark mode.

The author's probable mechanism for ternary composite
material toward NH; sensing includes p-n heterojunctions of
rGO/TiO,/AuNPs sensor layers that withdraw electrons from
NH; adsorption and result in an increase in the resistance. Lee
et al*” demonstrated the defect-engineered graphene-based
FET for enhanced sensing of NO, and NH;. The defects were
created intentionally on the surface by oxygen plasma and
conventional reactive ion etching technique (RIE). The oxida-
tion process in RIE leads to the reaction of oxygen radicals with
carbon atoms on the surface of graphene, leading to sp® type
defects. The defects increased the disorder due to the detach-
ment of carbon in the form of CO and CO,. FET structure is
made up of a back-gate electrode by deposition of Ti/Au (20/80
nm). Fig. 12(g-k) shows the DFT studies indicating the strong
adsorption of NH; on vacancy defect site in graphene. The
adsorption energy of the NH; molecule increases with the
formation of defects. However, the sensing response was also
dependent upon the density of the defects.

More recently, Peng et al'®® demonstrated the hetero-
structures of boron-doped rGO (B-rGO) coated with Au@SnO,.
The sensor was successfully applied to selectively sensing tet-
raethylamine gas up to ppb level at 100 °C. The metal oxide-
based gas sensors are well known for their negative oxygen
species attached to the surface, consequently reacting with
analyte gas and decreasing the resistance. The two hetero-
interface viz B-rGO and Au@SnO, play a crucial role in devel-
oping a potential barrier at the interface due to built-in
potential. Hence when analyte gas interacts, there is a huge
change in the resistance. However, boron doping in the rGO
surface creates defects, leading to enhanced selectivity toward
gas molecules.””® Another report described the heteroatom
doped rGO decorated with AuNPs for both liquid and gaseous
phases of hydrazine detection.”® The authors used N-doped
porous carbon anchored on rGO nanosheets (AuNPs@NPC-
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rGO) in zeolite imidazolate framework-67 (ZIF-67). The syner-
gistic effect of the ternary composite materials leads to a low
detection limit of the sensor.

6. Summary and future perspectives

Experimental details showed the promising and conspicuous
use of carbonaceous materials, mainly CNTs and graphene-
based heterostructures with Au in the field of sensing tech-
nology. These materials’ unique structure and supernal prop-
erties further make them special in sensing various gases and
other volatile organics. The modification of surface properties
with different organic or inorganic functionalities has been
revamping the nanomaterial toward different applications.
Surface modification of CNTs with functionalities enhances
selective and specific results. The assembly of CNTs with metal
nanoparticles proved its potential toward adsorption and elec-
tron transport channel for gas sensing. The assembly of CNTs
with AuNPs produces different heterostructures, including 1D
and 2D arrays, a bottom-up fabrication technique. The
combined theoretical and experimental approaches also
contribute to finding out the nature of Au nanocluster and
interaction with the CNT surface. Theoretical simulations
predict the binding energies and predict the intrinsic electronic
properties and helpful in calculating electron transport.
Tailored synthesis of CNTs using various methodologies and
fabricating AuNPs to surface enhances selective response for
different gas molecules. Chemiresistor gas sensors based on
CNT and AuNPs array have potential toward different analytes;
however, the gas sensor's recovery time plays a crucial role in
real-time application. Research on these sensing probes has
established various objectives such as fast recovery time, room
temperature operational probes, highly sensitive and specific
response, and sensor probes’ cost-effectiveness. The investiga-
tions on the graphene and reduced graphene oxide-based het-
erostructures have shown exciting results for gas sensing due to
exceptional mechanical, electrical, optical, and magnetic prop-
erties. The facile synthesis methods, easy availability of gra-
phene precursors, and tunable properties can lead to the large-
scale synthesis and construction of chemical sensors. The
defect engineering in graphene and tuning its edges could
further enhance the sensitivity and selectivity of chemical
sensors.

It is noteworthy to mention here that, despite the extensive
reports in Au-carbon-based materials heterostructures for gas
sensing applications, many challenges need to be overcome
with regard to the wide applicability of these materials' large-
scale production. In this direction, these heterostructures’
structural stability and surface modifications need to be
improved by developing more facile synthesis techniques and
more selective sensing applications. Moreover, the fabrication
of nanospheres-based heterostructures results in excellent gas-
sensing performance, but such materials' aggregation is one of
the hurdles in integrating gas sensing devices. Furthermore, the
synthesis of Au's 1D heterostructures with the uniform surface
for facilitated charge transport is difficult to achieve. However,
2D materials-based heterostructures have shown promising
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Fig. 12

(a—d) TEM images of ternary composites of rGo/TiO,/AuNPs their local magnification, HRTEM image, and SAED patterns, (e) impact of

UV on the composite sensory response, (f) ingredient combination response on the exposure of NHs gas when UV is on and off state “this figure
has been adapted/reproduced from ref. 186 with permission from American Chemical Society, copyright 2018" (g—k) DFT analysis and optimized
structures of NH3 adsorbed on pristine graphene, sp® type defect epoxy group, carbonyl group, ether group-containing graphene, and single
vacancy graphene, respectively. The first and second rows represent side and top views, while red, brown, grey, light pink colors represent O,
C. N, and H atoms “this figure has been adapted/reproduced from ref. 212 with permission from Royal Society of Chemistry, copyright 2016".

results for gas sensing applications, but their large-scale
production is still challenging. Therefore, more dedicated
efforts are anticipated from the scientific community to explore
the techniques which could pave the way towards a large-scale
synthesis of these heterostructures.

Additionally, the selectivity and sensitivity of gas sensing
devices could be sufficiently improved by fabricating 2D mate-
rials having excellent adsorption behavior, suitable interface
construction, and controlled thickness of layered materials. A
more detailed exploration of synthetic routes based on ideal
reaction conditions for carbon-based heterostructures requires
understanding the influence of heterointerface formation and
sensing mechanism. The challenges like optimizing 2D mate-
rials and well-aligned hetero-interfaces with tunable properties
must be considered during the fabrication process. In our
understanding, the research in this field is still in the primary
stage, and further systematic investigations, such as rational
design and development of robust gas sensing devices with
improved selectivity and sensitivity, are highly anticipated. In
order to boost extensive research in this field, in addition to the
2D carbonaceous materials, the layered metal dichalcogenides,
particularly MoS, and WS, have emerged as ideal materials for
gas sensing applications. The heterostructures based on layered
metal dichalcogenides with Au and other noble metals could
result in the excellent sensing response for molecules such as

13692 | RSC Adv, 2021, 11, 13674-13699

NO,, NH3;, H, etc. In addition to this, other layered 2D inorganic
materials such as boron nitride (BN), MXenes, silicene, and
germanene could be extensively explored for the fabrication of
gas sensing devices. Furthermore, the design and development
of heterostructures comprising of the 2D-3D assembly could
open a new gate in the field of gas sensing.
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