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ABSTRACT: Wearable electronics is expected to be one of \v*T”\f ITEBCY I Q@™
the most active research areas in the next decade; therefore, M: 'i\‘n hig *‘ gk%k‘ IA W
nanomaterials possessing high carrier mobility, optical trans- ;1&,)\: i :\ (" [ AP 1 I@1 I
parency, mechanical robustness and flexibility, lightweight, and ., 2 ”:_Q_,L\ ~IJ
environmental stability will be in immense demand. Graphene NN N
is one of the nanomaterials that fulfill all these requirements,
along with other inherently unique properties and convenience
to fabricate into different morphological nanostructures, from
atomically thin single layers to nanoribbons. Graphene-based
materials have also been investigated in sensor technologies,
from chemical sensing to detection of cancer biomarkers.
The progress of graphene-based flexible gas and chemical sensors in terms of material preparation, sensor fabrication, and their
performance are reviewed here. The article provides a brief introduction to graphene-based materials and their potential
applications in flexible and stretchable wearable electronic devices. The role of graphene in fabricating flexible gas sensors for the
detection of various hazardous gases, including nitrogen dioxide (NO,), ammonia (NH,), hydrogen (H,), hydrogen sulfide
(H,S), carbon dioxide (CO,), sulfur dioxide (SO,), and humidity in wearable technology, is discussed. In addition, applications
of graphene-based materials are also summarized in detecting toxic heavy metal ions (Cd, Hg, Pb, Cr, Fe, Nj, Co, Cu, Ag), and
volatile organic compounds (VOCs) including nitrobenzene, toluene, acetone, formaldehyde, amines, phenols, bisphenol A
(BPA), explosives, chemical warfare agents, and environmental pollutants. The sensitivity, selectivity and strategies for excluding
interferents are also discussed for graphene-based gas and chemical sensors. The challenges for developing future generation of
flexible and stretchable sensors for wearable technology that would be usable for the Internet of Things (IoT) are also highlighted.
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1. INTRODUCTION

Graphene is a two-dimensional atomic sheet of sp>-hybridized
carbon atoms that displays outstanding physical properties
including high carrier mobility up to 350 000 cm?/(V's)," > high
optical transparency up to 97.7% for single-layer graphene,” high
mechanical strength with Young’s modulus of 1 TPa and fracture
strength of 130 GPa,® and thermal stability.2 Graphene can be
easily processed into different morphological nanostructures,
including ultrathin films,*” nanosheets,”'° paper,11 nano-

2,13 14,15 .
’ > Graphene-based materials have
16—18
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shown a great potential for application in supercapacitors,
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® sensors,” ™%’ light-emitting
diodes,”®™*° touch screen-panel devices,*"** field emission
devices,*>™ aerospac<e,36’3
plest route to prepare graphene is by the reduction of graphene
oxide (GO) sheets. The pristine graphene nanosheet obtained
after removing all oxygenated functional groups is hydrophobic
in nature. Different types of graphene-based materials described
as graphene, GO, reduced graphene oxide (rGO), graphene
analogs, hybrids, and nanocomposites have been discussed in the
literature. The graphene-nanosheet was first isolated by
mechanical exfoliation using a simple adhesive tape.1 Thereafter,
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a variety of synthetic routes have been employed for preparing
graphene layers and thin films, including chemical vapor
deposition (CVD),*”*" liquid-phase mechanical exfoliation of
graphite,*” graphite intercalation compounds,*”** graphite
fluoride,**® chemical exfoliation from GO,"~* epitaxial
growth®”>" and atomic layer deposition.”” All these different
methods have been summarized in the literature.”~>*

One of the most common methods for preparing flexible
monolayer and multilayers of graphene is the CVD technique.
The large-area ultrathin films of graphene are deposited on Ni or
Cu foils by CVD, and then these films are transferred onto
flexible substrates including poly(dimethylsiloxane) (PDMS),
poly(methyl methacrylate) (PMMA), poly(ethylene terephtha-
late) (PET), poly(ethylene naphthalate) (PEN), polyimide (PI),
and Ecoflex for developing flexible and stretchable electronic
devices. The sheet resistance of 980 Q/sq and optical
transmittance of 97.6% has been reported for the CVD-grown
monolayer graphene film transferred onto a glass substrate.>”
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An interesting study was conducted by Reina et al.”” where large-
area monolayer and few-layer graphene films were grown by
CVD at 900—1000 °C on Ni films and then transferred to
different substrates. Raman spectroscopy of these graphene
layers showed D-band at ~1350 cm™, G-band at ~1580 cm™,
and 2D-band at 2700 cm™". Graphene film also exhibited 90%
transparency in the S00—1000 nm wavelength region and the
sheet resistance of 770—1000 £2/sq. In another study, large area
flexible graphene film was CVD-grown on Cu foil and transferred
onto a flexible PET substrate, which exhibited 88.8% transparency
and a sheet resistance of 1.1742 kQ/sq.”' The roll-to-roll transfer
of CVD-grown graphene film from Cu to flexible plastic sub-
strates has also been achieved.”” The production of 30 in. flexible
graphene films with a roll-to-roll transfer technique was accom-
plished by CVD process on a flexible Cu substrate that showed
97.4% optical transparency at S50 nm and a sheet resistance of
125 ©/sq.°* A 100 m-long transparent graphene film on flexible
PET substrate by roll-to-roll CVD has also been reported.”*
Besides graphene thin films, large-area flexible graphene paper
has been developed.””* In an interesting study, Yang et al.”’
directly developed large-area graphene films on various sub-
strates such as quartz, GaN, SiO,/Si, and textured Si substrates
without using a transfer process. The bottom-up and transfer-free
growth of multilayer graphene was achieved by a self-assembled
monolayer where trimethoxy(phenyl)silane was used as the
carbon source. Raman spectra of graphene films developed on
textured Si, GaN, and quartz substrates, optical transmittance
and an HR-TEM image of multilayer graphene grown on quartz
were compared. Raman spectroscopy of the transfer-free multi-
layer graphene grown on a SiO,/Si substrate showed a D-band at
~1360 cm ™!, G-band at ~1595 cm ™!, and 2D-band at 2700 cm ™.
The quality of graphene films grown on GaN and textured Si
substrates were not found to be as high as films grown on the
SiO,/Si and quartz substrates. Graphene films grown on quartz
substrate showed 84.3% optical transmittance at 550 nm and the
sheet resistance of 3500 €2/sq.

The sheet resistance and optical transmittance of graphene
depends upon the number of graphene layers and also on
different flexible substrates. Martins et al.”' transferred CVD-
grown graphene onto different types of flexible substrates which
showed sheet resistance of 1890 + 309, 1440 + 151, 301 + 10,
2920 + 191, 1210 + 187, 812 + 97, 35000 + 10 500 and 172 =+
18 Q/sq for polycarbonate (PC), poly(vinyl chloride) (PVC),
paper with PMMA coating, paraffin, poly(ethylene terephtha-
late) with PMMA coating, cloth with PMMA coating, poly-
(tetrafluoroethylene) (PTFE) filter membranes, and cellulose
nitrate/cellulose acetate (CN/CA) filter membrane with PMMA
coating, repectively. The significantly large variations in the sheet
resistance arise due to the different hydrophobicity of flexible
substrates and substrate induced molecular interactions with
CVD-graphene films. The optical transmittance of CVD-grown
graphene layers on different flexible and rigid transparent sub-
strates were studied by Gabriel et al.”” The optical transmit-
tance of 85% for graphene (4-layer)/PET, 85.24% for graphene
(monolayer)/PEN, and 88.7% for graphene (monolayer)/quartz
were measured at 550 nm which corresponded to 96.7%, 97.98%,
and 97.35% optical transmittance for graphene, respectively.
In comparison to indium tin oxide (ITO), graphene showed
higher transmittance and equivalent or higher electrical con-
ductivity than ITO. These studies demonstrated that the sheet
resistance and optical transmittance of graphene vary on different
flexible substrates and graphene films can be used in developing
transparent and flexible electronic devices.

Graphene can be easily oxidized to GO sheet containing
oxygenated functional groups such as carboxyl (—COOH),
hydroxyl (—OH), epoxy (C—O—C), carbonyl (—C—OH),
ketone (—C=O0), and S- and 6-membered ring lactols
(O—C—0);”*"* therefore, GO imparts quite different physical
and chemical properties than that of graphene and makes it
interesting for gas and chemical sensing applications. Contrary to
graphene, the presence of oxygenated functional groups on the
GO sheets give rise to their hydrophilic nature which inherently
makes GO highly sensitive to water molecules and therefore
usable as a humidity sensor. The oxygenated functional groups
on GO sheets also offer tremendous possibilities for the surface
functionalization. In order to enhance sensitivity and selectivity
to particular analytes and induce flexibility and stretchability,
graphene, GO and rGO can be hybridized with metallic nano-
particles, organic polymers, semiconductor nanostructures,
carbon nanomaterials, and transformed into different morpho-
logical structures including hydrogels and porous networks.

Flexible materials are gaining a lot of attention in order to
develop future generation wearable and bendable electronic
devices for healthcare, prosthetics, wearable watches, displays,
smart phones, light-emitting diodes, solar panels, robotics, arti-
ficial intelligence, aerospace, military, space exploration and to
connect billions of electronic devices to the worldwide popula-
tion via the Internet/cloud. For example, wearable sensors those
can be directly attached to human body or embedded in body-
worn textile and other consumer products are expected to play a
major role not only in the field of healthcare for monitoring vital
signs but also in all those sectors related to the Internet of Things
(IoT). Different types of flexible wearable sensors will be
required to fulfill the growing demands in IoT sector. Finding
right materials for fabricating wearable electronic devices has
been quite challenging because conventional semiconducting
inorganic materials such as ITO, silicon (Si), germanium (Ge),
gallium arsenide (GaAs), gallium arsenide phosphide (GaAsP),
cadmium sulfide (CdS), etc., used for electronics and communi-
cation devices, are rigid and brittle in nature. However, graphene
being optically transparent, thermally stable, mechanically
strong, lightweight, flexible, stretchable, and biocompatible is a
unique material that fits well to the criteria’s required for fabri-
cating large-area wearable electronic devices including flexible
sensors for monitoring and detecting toxic gases and chemicals
hazardous to human health. The literature on graphene-based
wearable gas and chemical sensors remains scattered; therefore,
author’s aim is to summarize all available data in this review
article.

Though several reviews have been published on graphene-
based gas, chemical and biosensors,”* " however, a compre-
hensive review mainly focused on the recent developments in
graphene-based flexible gas and chemical sensors usable for
wearable technology has not yet been reported. This review may
further spur research interest for the use of graphene-based
materials in the emerging field of wearable electronics. In this
review, a brief introduction is provided to the graphene and
graphene-based materials those have been integrated into flexible
wearable electronic devices. The graphene-based flexible gas and
chemical sensors to detect nitrogen dioxide (NO,), ammonia
(NH,;), hydrogen (H,), hydrogen sulfide (H,S), carbon dioxide
(CO,), sulfur dioxide (SO,), and a number of volatile organic
chemicals (VOCs) are summarized. Furthermore, the applica-
tions of graphene-based materials in detecting toxic heavy metal
ions (Cd, Hg, Pb, Cr, Fe, Ni, Co, Cu, Ag), bisphenol A (BPA),
nitrobenzene, toluene, acetone, formaldehyde, amines, phenols,
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explosives, chemical warfare agents, and environmental
pollutants are discussed. The sensitivity, selectivity and strategies
to exclude effects of interfering analytes for graphene-based
sensors for different chemical analytes and plausible sensing
mechanisms are evaluated. The role of graphene-based materials
in developing future generation of flexible sensors for wearable
technology usable for the Internet of Things (IoT) is also
highlighted.

2. GRAPHENE FOR FLEXIBLE ELECTRONICS

Metal oxides such as tin (Sn)-doped indium oxide (In,O;)
referred to as (ITO) transparent electrodes are most commonly
used in the field of electronics and optoelectronics. However,
ITO transparent conductive electrodes (TCEs) are not mechan-
ically strong and their brittleness leads to cracks when subjected
to mechanical strains; in addition, ITO exhibits degradation
against illumination and chemicals.”” These shortcomings
preclude the use of ITO transparent electrodes for developing
flexible and stretchable electronic devices. Furthermore, indium
sources are limited. Therefore, there is a growing demand to
replace ITO and find alternate transparent conductive materials
for ITO-free electronic devices.”*””’ Two-dimensional nanoma-
terials such as graphene and transition metal dichalcogenides
(TMDs) are gaining the attention of the scientific community
due to their unique properties.”""** In particular, graphene is
attractive due to its high carrier mobility, high optical trans-
parency, high mechanical strength and abundant availability in
nature in forms of graphite. Today, flexible and stretchable
sensing devices are in great demand due to their promising appli-
cations in wearable electronics, especially for healthcare
industries. Graphene monolayer and multilayers can be trans-
ferred to different flexible substrates without any cracks or defects
for fabricating flexible, stretchable, and foldable electronic
devices. Compared to rigid silicon and metal oxide semi-
conductor-based electrodes, flexible graphene electrodes are easy
to deposit in desirable patterns on large-area highly flexible
substrates, which can be twisted and folded.

Graphene-based materials in the form of thin films, nano-
sheets, papers, and woven-fabric have been studied as flexible
transparent conductive electrodes for nonvolatile memory,*
charge-trap memory,* field-effect transistors (FETs),”’~*" light-
emitting diodes (LEDs),”*~"* displays,”*”* supercapacitors,”* ™"’
solar cells,"®°~'% and other flexible electronic devices.'**'%° R
et al.'” prepared graphene films of 400 X 300 mm area by
hydrogen-free rapid thermal CVD process having a sheet
resistance of 249 + 17 Q/sq. The rapid thermal-CVD graphene
films were install as capacitive touch-screen for mobile phones.
Liang et al.'”” developed transparent conductive electrodes using
GO soldered silver nanowire (AgNW) for flexible and stretchable
electronics. Figure la—c shows photographs of a flexible
GO-AgNW/PET sheet, bending performed at 4 mm radius
and relative resistance change (AR/R,) of TCE during repeated
bending cycles. The GO-soldered AgNW composite network on
PET substrate showed a sheet resistance of 14 €/sq and 88%
optical transmittance at 550 nm. The sheet resistance increased
by 2—3% after repeated 12 000 bending cycles at a bending
radius of 4 mm showing a great flexibility of GO-AgNW com-
posite TCE. GO solder was also used to introduce stretchability
into the AgNW network. The GO-AgNW composite TCE
fabricated on poly(urethane acrylate) showed stretchability over
100% linear strains without any change in electrical conductivity.
The stretchable white LEDs were fabricated using stretchable
TCE, which showed stability up to 100 stretching cycles between
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Figure 1. (a) Photograph of flexible graphene oxide—silver nanowire/
poly(ethylene terephthalate) (GO-AgNW/PET) sheet (coating area =
20 X 40 cm). (b) Photograph of a flexible GO-AgNW/PET film bent to
4 mm radius. (c) Relative resistance change (AR/R;) of the flexible
GO-AgNW/PET electrode during repeated bending cycles at a bending
radius of 4 mm. [Reprinted with permission from ref 107. Copyright
American Chemical Society.] (d) Relative resistance change (AR/R,) of
the flexible reduced graphene oxide (rGO)/PDMS sheet-based circuit
as a function of the bending radius varying from 2 mm to 30 mm during
the bending test. (e) Relative resistance change (AR/Ry) of the rtGO
sheet-based circuit at 5 mm bending radius up to 1000 bending cycles.
Insets show the optical images of the rGO sheet-based circuits before
and after the cyclic bending test. (f) Large-area flexible rGO/PDMS
circuits integrated into LED chips those display bright light illumination
on twisting by hand and when wrapped on a roller pen. [Reprinted with
permission from ref 109. Copyright American Chemical Society.]

0—40% applied strain and stretchability up to 130%. Huang
et al.'"” reported inkjet printing from water-soluble single- and
few-layered GO on flexible substrates of poly(ethylene
terephthalate), polyimide and paper. The graphene patterns
printed on flexible polymer surface showed high electrical con-
ductivity after thermal reduction, and no decrease in conductivity
after 100 repeated bending cycles. The graphene inks showed
high sensitivity to hydrogen peroxide (H,0,) as well as good
performance for electric circuits. This inkjet printing technique
could be used for fabricating flexible graphene-based electronic
devices such as LEDs, solar cells, supercapacitors, displays, and
gas sensors. For example, Li et al."”” developed graphene-based
flexible circuits and actuators. Patterns of rGO were printed on
different substrates including glass, silicon, PDMS, and PET
where adhesive forces were the highest between the printed rGO
circuits and PET substrate and lowest for PDMS substrate.
Figure 1d—f shows the flexibility characteristics of rGO sheet-
based circuits in terms of relative resistance change (AR/R,) as a
function of the bending radius (2—30 mm) and stability up to
1000 bending cycles. LED chips developed from large-area
flexible rGO-based circuits illuminated bright light on twisting
and when wrapped around a roller pen. The rGO circuits were
developed on flexible PDMS substrate for conducting bending
test to evaluate the electrical stability. A slight change in rela-
tive resistance (AR/R,) was observed as the bending radius
decreased from 30 mm to 2 mm upon compression. The relative
resistance changes remained 5% at a bending radius of 5 mm
up to 2000 bending cycles. No breakage of rGO circuit was noticed
after the bending test though some mechanical deformation
appeared as wrinkles which had a slight impact on electrical
resistance. The rGO/PDMS-based hand-shaped soft actuators
were fabricated using flexible printed rGO electrodes. This study
demonstrates that graphene-based materials can be successfully
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used for flexible electronics from flexible electronic circuits to
sensors.

Another example of graphene-based flexible and wearable
electronics was demonstrated by Yang et al."'® who fabricated a
wearable temperature sensor by depositing graphene nanowalls
(GNWs) on flexible PDMS substrate. Figure 2 shows an SEM
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Figure 2. (a) SEM image of sheet-like graphene nanowalls (GNWs) on
flexible (PDMS) substrate. The GNWs/PDMS composite sheets were
used to fabricate a flexible wearable temperature sensor. (b) SEM image
of a cross section of GNWs on PDMS. (c) HRTEM image of GNWs
indicating graphene layers. (d) Raman spectrum of GNWs films on
PDMS substrate. (e) Schematic structure of flexible GNWs/PDMS
temperature sensor. Insert is an optical image showing flexibility of
fabricated temperature sensor. (f) Thermal response of GNWs/PDMS
sensor. The variation of current and resistance as a function of
temperature from 25 °C (room temperature) to 120 °C range at an
applied voltage of S V. The inset shows a GNWs/PDMS temperature
sensor attached on the hand. [Reprinted with permission from ref 110.
Copyright Royal Society of Chemistry.]

image of GNWs films on PDMS, an HRTEM image of GNWs
showing graphene layers, Raman spectrum of the GNWs films, a
schematic structure, photograph and thermal response of flexible
GNWSs/PDMS sensor. The 500 nm high GNWs are vertically
standing graphene nanosheets on a PDMS substrate. The graphene
nanosheet has a spacing of 0.35 nm and consists of several
graphene layers. Raman spectroscopy showed a strong D-band at
1348 cm™, G-band at 1578 cm™,, D’-band at 1615 cm ™}, and 2D-
band at 2692 cm™ indicating huge edges and the presence of
defects in the graphene nanosheets. The resistance of GNW films
increased by 138-fold as temperature increased from 25 °C
(706.2 Q) to 120 °C (98.04 kQ2). The GNWs/PDMS thermal
sensor showed a 3-fold higher positive temperature coeflicient of
resistivity (0.214 °C™") compared to the carbon nanotube and Pt
temperature sensors due to the high thermal sensitivity and
stretchability of GNWs and large expansion coeflicient of the
PDMS film. The GNW/PDMS temperature sensor was used

as a wearable device to measure human body temperature. The
sensor exhibited fast response time of 1.6 s and recovery time
of 8.52 s as well as stability of up to 2 months under ambient
environment. The response and recovery times of a sensor device
are defined as the time required for achieving 90% of the total
electrical resistance change. Such GNWs/PDMS-based stretch-
able and wearable temperature sensors can be used in field of
healthcare.

Flexible strain sensors could find direct applications in wearable
electronics to monitor human activities under different physio-
logical motions. The example of a graphene-based wearable
strain sensor is provided here. Cheng et al.''' developed
graphene-based composite fiber having compression character-
istics and integrated into wearable strain sensors. The sensor
structure is a highly elastic yarn made of polyurethane as a core
fiber and polyester fibers as the scaffold (denoted as PDCY).
The elastic PDCY yarn was dip-coated with GO sheets (PDCY-GO)
wrapping on the polyester surface. The PDCY-GO was
transformed to PDCY-RGO by hydroiodic acid where GO was
reduced to RGO. The conductivity of graphene composite fiber
increased from 0.012 to 0.136 S/m as the frequency of dip-
coating increased from 2 to 6. Relative resistance change of
graphene-based fibers increased monotonically up to 100% tensile
strain and thereafter stabilized to 200% strain. The calculated
gauge factor (GF) expressed as (AR/R,) &, where ¢ represents
the strain, was 10 and 3.7 within 1% and 50% strain, respectively.
The resistance variation versus torsion level curves showed a
broad dynamic range of —280 to +800 rad/m for torsion sensing.
The signal changes of 17.7% for 1000 cycles and 37.4% for
5000 cycles were observed at 500 rad/m torsion level than that of
10th cycling. Figure 3 shows graphene composite fiber-based
wearable strain sensors tested for human and robotics. The
graphene fiber-based strain sensors are capable of monitoring
human’s knee, hand, elbow motions, speech recognition, heart-
beat signal during physical exercise, the quality of sleep during
relaxing, turning and trembling, human motions including
flexing, walking, jogging, and jumping as well as monitoring of
complex robotic motions during a “Gangnam Style” dance;
therefore, these sensors could be used for detecting tensile strain,
bending and torsion. The graphene composite fiber-based strain
sensors were able to detect strain as low as 0.2%, sensing range up
to 100% strain, response time of 100 ms and reproducibility up to
10,000 cycles. The graphene composite fiber-based sensors offer
high sensitivity, a broad strain sensing range, and the detection
for multiple motions and could be used in wearable electronic
technologies. The exclusive details focused on the graphene-
based flexible and stretchable strain sensors for wearable elec-
tronics can be found in a state-of-the-art review chapter recently
published by authors.'"*

As discussed above and demonstrated through examples of
graphene-based devices including highly flexible LEDs, touch
screens, highly sensitive thermal sensor and diverse motions
detecting strain sensors that graphene-based materials offer
tremendous flexibility, stretchability, and mechanical durability
than those of conventional inorganic semiconducting materials
such as ITO, Si, Ge, GaAs, etc, currently used in flexible
electronics, therefore, could be used in a wide variety of wearable
electronic devices.

3. GRAPHENE-BASED FLEXIBLE GAS SENSORS

Graphene-based materials have been explored for developing
flexible and stretchable strain and pressure sensors, photodetec-
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tors, Hall sensors, electrochemical sensors, and biosensors.
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Figure 3. Graphene-based wearable sensors for human and robotics. (a) Photograph of the graphene-based wearable sensor. (b) Response signal
originating from wearable sensor during finger bending. Inset shows the photographs of finger bending positions to the corresponding signal.
(c) Graphene-based wearable sensor (red box area) attached to the knee. (d) Response of wearable sensor attached to the knee under different motions
of flexing/extending, walking, jogging, jumping, and squatting—jumping. (e) Wearable sensor (red box area) attached to the throat. (f) Responsive
curves of wearable sensor attached to the throat after sensor-wearer spoke words “Hi”, “Hello”, “Sensor”, and “Graphene”. (g) Wearable sensor (red box
area) attached to the wrist. (h) Response of wearable sensor attached to the wrist before wearing (no load), and heartbeat under normal and exercise
conditions. (i) Wearable sensor (red box area) attached to the chest. (j) Response of wearable sensor attached to the chest before wearing, during
relaxation, and after exercise. (k) Response of wearable sensor attached to the chest during deep sleep and light sleep while turning over and trembling.
(1) A robot wearing graphene-fiber-based sensors at different movable joints (marked in the red boxes) including elbow, waist, and knee. (m) Response
of wearable sensors from elbow (black line), waist (red line), and knee (blue line) during the robot’s “Gangnam Style” dance. [Reprinted with
permission from ref 111. Copyright Wiley-VCH.]

The oxygenated functional groups in GO impart amphiphilicity, nanoparticles of Pd, Pt, Au, Ag, etc. The electrical resistance of

which facilitate the reactivity toward different types of molecules graphene changes depending on the nature of the gas (electron
on the graphene surface. Furthermore, the sensitivity toward donor or acceptor) by the formation of a charge-transfer
particular gaseous molecules is induced using catalysts such as complex, which is basically a doping process. Graphene-based gas
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and chemical sensors have been of interest due to their industrial
applications.””>"*" Some et al."** used one-headed polymer
optical fiber (POF) sensor arrays made of hydrophilic GO and
hydrophobic rGO films for selectively detecting the VOCs
including hydrazine, nitromethane, diethylamine, methanol,
ethanol, acetone, dichloromethane, and tertahydrofuran (THF).
The hydrophilic GO-based POF sensors showed higher sen-
sitivity toward VOCs in the air atmosphere at room tempera-
ture compared to hydrophobic rGO-based POF sensors under
high humidity as well as in the strong acidic (pH = 1) or basic
(pH = 11) conditions due to the existence of copious oxy-
genated functional groups. Both GO- and rGO-based POF
sensor arrays distinguishly identified between THF and dichlo-
romethane at very low concentrations, respectively. The GO
prepared at a pH value of S exhibited high sensitivity for
methanol, ethanol, and THF at 90% RH, acetone at 80% RH,
diethylamine and hydrazine at 60% RH, and nitromethane at
50% RH at a concentration of 500 ppb. GO sensors prepared
under different pH values also showed sensitivity toward VOCs
under high humidity conditions. The VOCs contributed to the
swelling of GO layers as evidenced from the measurements of
thickness by optical microscopy and the interlayer spacing by the
X-ray diffraction (XRD). The interfering effect of humidity over
VOCs on GO POF-based sensors was found to be negligible.
Rumyantsev et al.'** demonstrated that the low-frequency noise
spectra in graphene-based transistors can be used for sensing
vapors of chloroform, methanol, ethanol, acetonitrile, and tetra-
hydrofuran, though a large resistance change was observed for
both toluene and methylene chloride vapors but no change in
noise spectra was noticed. Toda et al.'** reviewed the recent pro-
gress on GO-based gas sensors where oxygen functional groups
on GO nanosheets interact with polar gas molecules, allowing
detection of H,, NO,, NH;, H,S, water, and organic vapors. The
use of graphene-based materials in §as/vapor sensing has been
extensively studied in recent years.'>~'**

3.1. Nitrogen Dioxide (NO,) Sensors. NO, is an environ-
mental pollutant arising from industrial emissions, vehicles
exhaust, and others, posing a public health hazard. Different types
of nanomaterials have been used for efficient detection of NO,

as."7">* The schematic of a multilayer graphene-based gas
sensor and its time-dependent sensitivity toward NH; and NO,
gas molecules are shown in Figure 4. The sensitivity increases
with an NO, concentration from 25 to 200 ppm for 120 s gas
exposure followed by UV irradiation for 120 s. The sensitivity
toward 25 ppm of NO, was one-fourth compared with that for
200 ppm of NO,. The transfer-free grown multilayer graphene
was tested as a gas sensor for NO, and NH; gas molecules where
opposite sensing responses were observed. The NO, molecule is
an electron acceptor (p-type dopant) so it strongly withdraws
electrons from graphene whereas the NH; molecule acts an
electron donor (n-type dopant) so it donates electrons to
graphene; therefore, the electrical conductivity of graphene is
increased by NO, whereas conductivity is decreased by NH,.
The sensors showed long-term stability because no degradation
in response was observed after 100 days in an air atmosphere.
The sensor after 50 cycles showed a slight decrease in sensitivity
due to the accumulated NO, gas molecules on the surface of
graphene films; however, the sensitivity was recovered after UV
irradiation cleaning. Other methods such as thermal annealing,
ultraviolet (UV) light, UV/o0zone, etc. can be used for clearing
the sensing layer for detecting the gas and chemical species.
To add a point here, atomic layer etching (ALE) is also one of the
most powerful tools to precisely control the layer thickness and
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Figure 4. (a) Schematic illustration of the graphene-based sensor
toward NH; and NO, gas molecules. (b) Time-dependent sensitivity of
a graphene sensor toward NH; and NO, gas molecules. (c) Time-
dependent sensitivity of graphene sensor with increasing NO,
concentration from 25 to 200 ppm. (d) Maximum sensitivity of the
graphene sensor with increasing NO, concentration after exposure to
NO, gas for 120 s and UV irradiation for 120 s. [Reprinted with
permission from ref 70. Copyright American Chemical Society.]

sequentially remove even an atomic layer through the chemical
adsorption and physical desorption in cyclic steps in 2D materials
such as graphene and MoS, without any structural damage and
contamination.””*’ Ricciardella et al.'>> developed a graphene
film-based room temperature gas sensor that showed sensitivity
to NO, up to S0 parts-per-billion (ppb). The sensor was fabri-
cated by drop-casting an N-methyl-pyrrolidone solution of
graphene nanosheets on an alumina substrate with gold (Au)
electrodes. The sensor response was found to be correlated to
NO, concentrations ranging from 100 to 1000 ppb. In addition
to pristine graphene, rGO/Cu,O nanowire mesocrystals have
been used as NO, gas sensor."*® In this case, the rGO network
increased the electrical conductivity whereas Cu,O nanowire
mesocrystals induced a high surface area-to-volume ratio, which
synergically improved the detection limit to 64 ppb for NO,
compared to 81 ppb for Cu,O and 82 ppb for rGO counterparts.

Su and Shieh™” developed flexible NO, sensors by covalently
attaching GO to a gold electrode using a layer-by-layer (LbL)
procedure together with a peptide chemical protocol. Gold
electrodes treated with cysteamine hydrochloride were deposited
on a polyethylene terephthalate substrate. N-Hydroxysuccini-
mide (NHS) and N-(3-(dimethylamino)propyl)-N-ethylcarbo-
diimide hydrochloride (EDC) were used as the peptide coupling
reagent where Au electrodes were reacted with GO. Anchored
rGO films were characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM), Fourier transform
infrared spectroscopy (FTIR), and electrochemical impedance
spectroscopy. The rGO-based flexible NO, gas sensor showed a
strong response compared with sensors made of CVD-grown
graphene. The sensor showed flexibility with 4% deviation in its
response when it was bent at a 30° angle. The detection limit was
found to be S ppm in a binary mixture containing 200 ppm of
NHj;. The flexible NO, gas sensor showed long-term stability
retaining 86% of the original response after 43 days when
exposed to 5 ppm of NO, gas. Yang et al.">* developed flexible
NO, sensors from graphene on a paper substrate, which showed
32—39% response to 200 ppm of NO, gas under a strain of 0.5%.
In this case, the CVD-grown graphene supported by a
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poly(methyl methacrylate) layer was transferred onto a paper
substrate where two silver paste electrodes served as contacts.
The inkjet-printing technique was used for fabricating flexible
sensors of rGO films on a PET substrate for detecting NO, and
Cl, gases at pgb level.">

Kim et al."*" fabricated transparent and flexible all-graphene
sensors consisting of graphene for both sensor electrodes and
active sensing channel, which showed operation under high
relative humidity (RH) and mechanical bending. A CVD method
was used to grow three-layer graphene (3LG) on a copper (Cu)
foil. All-graphene gas sensors were fabricated on a PI substrate.
Figure 5 shows the fabrication procedure of these sensors, optical
microscopic images of graphene with an electrical channel of
S mm length and S um width after patterned on a Cu foil,
flexibility of the sensor on a PI substrate, transmittance over the
300—800 nm wavelength range, Raman spectra, and current—
voltage (I—V) characteristics before and after patterning on a
Cu foil. The optical transmittance measured at 550 nm was
~88% for the PI substrate and ~80% for 3LG deposited on PI
substrate. The sensor exhibits a significant enhancement in
resistance after increasing the bias voltage. The response of the
patterned sensor to S ppm of NO, was found to be 4.47% at 1 V
and 12.49% at 60 V. The response to S ppm of NO, for the
nonpatterned sensor was not enhanced by applying 10 V with
4.67% at 1 V and 4.35% at 10 V. The nonpatterned sensor also
exhibited a noticeable deviation of the response compared with
the patterned sensor. When the bias voltage was increased from
1 to 60 V for the patterned graphene sensor, the response time
decreased from 328 to 89 s, whereas the recovery time decreased
from 1941 to 579 s. The response to 5 ppm of NO, for
nonpatterned graphene sensor was measured from 27 to 180 °C
at an applied voltage of 1 V. The resistance of the sensor reached
to ~240 Q with increasing temperatures for patterned graphene
sensor as a function of bias voltage. The sensor exhibited faster

response time and improved recovery with increasing temper-
ature.

The response time of 168 s for the nonpatterned sensor at
180 °C was found to be longer compared with 82 s for the
patterned sensor operating with 60 V. The Joule heating may
occur in the graphene grain boundaries, which contribute to the
local heating spots in the patterned sensor. Graphene grain
boundaries dramatically influence the thermal, electrical, optical,
and mechanical properties of polycrystalline graphene films.
For example, the effect of grain boundaries on gas sensing
behavior of graphene has been reported by Yasaei et al.'"> where
higher resistance and 300 times higher sensitivity have been
measured for isolated grain boundary (GB) in polycrystalline
graphene compared to a single graphene grain because graphene
GBs function as the main adsorption sites for gaseous molecules.
The graphene GB sensors showed 14 times higher sensitivity
toward dimethyl methylphosphonate (DMMP) (39.5%) com-
pared with graphene grain sensors (2.8%). Likely, S times higher
sensitivity toward 1,2-dichlorobenzene was observed for GB
sensors than that of grain sensors. The sensitivity of GB sensors
also increased from 17 to 70% at S0 ppb DMMP concentration
as the distance between electrodes was reduced from 43.6 to
2.8 pum. The sensing mechanism has been explained viewing the
closing or opening of local conduction channels by the adsorbed
gaseous molecules through the GB, which can be useful for
developing future generation of nanosensors.

The relative resistance responses (AR/R) of the all-graphene
sensor to different concentrations of NO, at an applied voltage
of 60 V, 50% RH, and SO ppm of ammonia (NH,), ethanol,
and acetone at room temperature are presented in Figure 6.
The response to NO, at S ppm was 13%, while the response
to SO ppm of NH; was 5.4%, 1.71% for ethanol (C,H;OH),
0.17% for acetone (CH;COCH;), and 0.9% for 50% RH in air.
The power consumption of the all-graphene sensor increased
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Figure 6. (a) Responses of the all-graphene sensor to different
concentrations of NO, gas at 60 V. (b) Linear fit showing responses to
NO, gas concentration at applied voltage of 60 V. (c) Relative resistance
responses (AR/R,) of the all-graphene sensor when exposed to S ppm
of NO, in 0% and 50% of relative humidity (RH) at 60 V. (d) Relative
resistance responses (AR/R,) of all-graphene sensor to S ppm of NO,,
50 ppm of ammonia (NH;), 50% RH, S0 ppm of ethanol (C,H;OH),
and 50 ppm of acetone (CH;COCHj) at room temperature. [Reprinted
with permission from ref 160. Copyright American Chemical Society.]

from 12 yW to 14.2 mW after applying voltage from 1 to 60 V.
The sensor is self-activated with low power consumption, highest
sensitivity and selectivity to NO,. The all-graphene bent sensor
exhibited~ 3% degradation under a bending radius of 1 mm.
All-organic NO, gas sensor by laser patterning of graphite
oxide films deposited on a flexible PET substrate was developed
by Strong et al.'®" The highly reduced laser-scribed graphene
(hr-LSG) electrodes act as an electrode as well as a current col-
lector. Figure 7 shows all-organic interdigitated electrodes with
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Figure 7. (a) All-organic flexible interdigitated electrodes produced
from highly reduced laser-scribed graphene (hr-LSG). (b) Same
interdigitated electrodes transferred onto flexible PDMS. (c) Detection
of NO, gas using flexible all-organic interdigitated electrodes.
[Reprinted with permission from ref 161. Copyright American
Chemical Society.]

dimensions of 6 mm X 6 mm and ~500 ym spacing, which are
directly patterned onto the graphite oxide thin film deposited on

a flexible PET substrate. This method allows tuning of the
electrical conductivity over 5 orders of magnitude by varying the
laser intensity. The hr-LSG was used as the active electrodes
whereas the marginally laser-reduced graphite oxide was used as a
detecting media. The all-organic interdigitated electrodes were
transferred onto a flexible PDMS substrate and thereafter used as
flexible gas sensor for NO, detection. The sensor response for
patterned flexible interdigitated electrodes was recorded after
exposing to 20 ppm of NO, gas in dry air. The all-organic flexible
electrode showed 238% electrochemical activity compared to
graphite toward the electron transfer of the ferri-/ferrocyanide
redox couple. The low content of oxygen in hr-LSG (~3.5%)
benefits the electrochemical activity because higher content of
oxygen at the edge plane sites has been found to slow down
and limit the electron transfer for the ferri-/ferrocyanide
[Fe(CN)*"]/[Fe(CN)4*] redox couple.

In another study, Jeong et al.'®” developed a flexible NO,
sensor using vertical carbon nanotubes/reduced graphene hybrid
films. The sensor device was made of PI substrate, Au electrode,
Ni/Cu microheater, and CNTs/reduced graphene hybrid films.
No noticeable NO, sensing activity was observed for reduced
graphene films as resistance did not change upon exposure to
NO,. However, when vertical CNT arrays were grown on the
reduced graphene surface, 20% sensitivity to NO, was recorded
after 60 min exposure. The sensitivity showed an increase up to
200 °C, thereafter, it decreased until 350 °C. The effect of
bending was also measured and the resistance increased with a
bending radius of 15 mm. Yun et al.'®> developed a wearable,
washable, and bendable electronic textile (e-textile) gas sensor
from reduced GO-decorated yarn (RGOY) using commercial
textile yarn. RGOY gas sensors were fabricated from RGO-
decorated polyester yarn (RGOPY) and RGO-decorated cotton
yarn (RGOCY). Figure 8 shows a flexible and wearable gas
sensor developed from reduced RGOY, a photograph of
RGOCY and RGOPY on a plastic bobbin, and RGOCY-based
wearable gas sensing and a LED alarm system integrated into a
fabric for NO, detection. The RGOCY and RGOPY sensors
selectively detected NO, at 1.25 ppm with a —12% response
compared with a very small response to ethanol (EtOH),
ethylene, acetone, and CO, at room temperature. The RGOCY
sensor responded to 100 ppb NO, in the presence of 1 ppm
ethanol or 1 ppm ethylene. RGO-based e-textile gas sensors
showed durability against detergent and mechanical stability up
to 1000 bending cycles at a bending radius of 1.0 mm and high
sensitivity of 250 ppb toward NO, at room temperature.
RGOCY sensor was not sensitive to ethanol or ethylene gas. The
stability of the RGOCY sensor was monitored by exposure to
0.25 ppm of NO, for 30 min each day for 1 week, where the time
for both the response and recovery was found to be constant.
RGO/ e-textile-based gas sensors can be used for flexible and
wearable electronics.

Chemically functionalized graphene films have been used for
gas sensing. Huang et al.'** developed a flexible NO, sensor on a
PI substrate using sulfonated reduced graphite oxide (S-RGO)
decorated with silver nanoparticles (AgNPs). Figure 9 shows
the chemical synthesis procedure of Ag-S-RGO inks using
graphite oxide followed by the prereduction of GO with sodium
borohydride, sulfonation of RGO using aryl diazonium salt,
decoration of S-RGO with AgNO; and thereafter obtaining
sulfonated RGO decorated with AgNPs (Ag-S-RGO) via
postreduction using hydrazine. The final product Ag-S-RGO
consisted of copious amounts of 10—20 nm size AgNPs and was
hydrophilic in nature due to attached —SO;H functional groups
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Group.]

on RGO sheets, therefore imparting a high sensitivity of 0.5 to
50 ppm of NO, at room temperature. The Ag-S-RGO sensors
were developed by printing Ag interdigitated electrodes and
Ag-S-RGO ink on the flexible PI substrate. Figure 10 compares
the normalized resistance change (AR/R) of Ag-S-RGO sen-
sors to 100 ppm of NO,, 1 mL concentration each of ammo-
nia (NH;), methanol (CH;0H), ethanol (C,H;OH), toluene
(C,Hg), and 40—80% RH showing gas selectivity toward various
gases. The gas vapors induce changes in electrical resistivity,
which shows different magnitudes for each type of gas.
The normalized resistance change (AR/R) in Ag-S-RGO sensor
measured as a function of time for different concentrations of
NO, under ambient conditions (25 °C, 30% RH) increased from
3.4% for 500 ppb of NO, gas to 74.6% for 50 ppm. The printed
Ag-S-RGO sensor exhibited fast response and recovery times of
12 and 20 s, respectively when exposed to 50 ppm of NO, at
room temperature. Comparatively, the S-RGO-based NO,
sensors showed slow response and recovery times of over

10 min. The Ag-S-RGO sensors showed response of 90, 101, S, 4,
and 10 for 100 ppm of NO,, 1 mL concentration each of NHj;,
CH;0H, C,HOH, and C,Hg respectively. The sensing response
of 11, 21, and 21 were recorded for Ag-S-RGO sensors toward
40, 60, and 80% RH, respectively, which indicate that the
sensitivity to NO, is not much influenced by different RH.
The electrical resistance of the Ag-S-RGO sensor increased when
exposed to NHj;, which is a reducing agent, contrary to NO,,
which is an oxidizing agent. NO, is an electron acceptor so it
attracts electrons from a p-type Ag-S-RGO layer whereas NHj is
an electron donor so it injects electrons to the layer. Figure 11
shows the photograph of a printed flexible Ag-S-RGO sensor and
the changes in normalized resistance (AR/R) as a function of
bending cycles. The flexibility of Ag-S-RGO sensors was
measured as a function of bending cycles where no change in
resistance was observed up to 1000 bending cycles for 1 cm
bending radius indicating high electromechanical stability of the
flexible Ag-S-RGO sensors.
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Figure 9. Illustration for the chemical synthesis procedure of Ag-S-RGO inks using graphite oxide. [Reprinted with permission from ref 164. Copyright
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Figure 10. Change in resistance (AR/R) of Ag-S-RGO sensors for
different concentrations of vapors including 100 ppm of NO,, 1 mL
(13 ppt) of ammonia (NH;), 1 mL (46 ppt) of methanol (CH;OH),
1 mL (32 ppt) of ethanol (C,H;OH), 1 mL (18 ppt) of toluene (C,Hy),
40%, 60%, and 80% of relative humidity (RH). [Reprinted with
permission from ref 164. Copyright American Chemical Society.]

The nanocomposites of AgNPs/rGO with poly(ionic liquid)
(PIL) were used by Tung et al.'®® to fabricate chemoresistive
sensors for volatile organic compounds (VOCs). The Ag-RGO/
PIL nanocomposite fabricated by the LbL method was used to
detect polar vapors of methanol, ethanol, acetone, methyl

acetate, and water and nonpolar vapors of chloroform, toluene,
dichlorobenzene, and styrene. The sensitivity of the sensors
showed a trend toward polar vapors: methanol > ethanol >
methyl acetate > acetone > water. The higher sensitivity and
selectivity were observed toward polar vapors over those of
nonpolar vapors. The sensors showed a signal-to-noise ratio of
168 for 1 ppm of methanol and less than 3% degradation over
3 months. The Ag-RGO/PIL nanocomposite-based sensors
showed higher chemoresistive response than that of bare RGO-
based sensors toward different polar vapors. This provides
evidence that AgNPs play a significant role in enhancing the
sensitivity of RGO nanosheets. Cho et al.'*® incorporated metal
nanoparticles on the graphene surface to develop a flexible gas
sensor for NO, and NHj; The synergistic effect of metal
nanoparticles and graphene alters the electronic properties of
graphene film, which enhances the selectivity and sensitivity
toward gases. Palladium (Pd) nanoparticles on graphene build up
hole carriers on graphene, which results in the sensitization of the
material by adsorbed NH; molecules. On the other hand,
aluminum (Al) nanoparticles deplete the hole carriers of
graphene, which significantly improves the sensitivity for NO,
molecules. A similar approach was used for flexible graphene-
based gas sensors where the sensitivity was retained after
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Figure 11. (a) Photograph of a printed flexible Ag-S-RGO sensor and mechanical testing at 1 cm bending radius. (b) Changes in normalized resistance
(AR/Ry) of the normalized resistance as a function of bending cycles for the Ag-S-RGO sensor. [Reprinted with permission from ref 164. Copyright

American Chemical Society.]
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10 000 bending cycles and even after 3 months. The details of
graphene-based materials used for developing NO, sensors are
listed in Table 1. An excellent review on graphene-based gas
sensors has been written by Wang et al.'*'

The hybrids of ethylenediamine-modified rGO and poly-
thiophene (PTh) were used by Bai et al.”*" to develop flexible
sensors onto a PET film. The rGO-PTh hybrids were
characterized by SEM, XRD, TG, UV—visible, and FTIR tech-
niques. The sensing behavior was studied with different rGO
weight ratios (1.5, 3, 5, 8, and 10 wt %) in response to 1—10 ppm
of NO, where the highest response to 10 ppm of NO, was
observed for 5 wt % rGO hybrid. This also indicates that the
excessive loading of rGO contents leads to lower gas-sensitivity.
The selectivity and sensitivity of rGO/PTh hybrid film-based
sensors were examined for NO,, NH;, Cl,, C,H;OH, and CH,O
at a fixed concentration of 10 ppm at room temperature. The 5%
rGO/PTh sensor showed both higher response and higher
selectivity toward NO, than other gases. The response of the
hybrid with S wt % rGO to 10 ppm of NO, was found to be
4 times higher compared with pure PTh due to a synergistic effect.
The rGO/PTh hybrid-based flexible sensors were also fabricated
using PET thin film substrate. They not only show higher
sensitivity and selectivity toward NO, but also exhibit flexibility
and, therefore, can be used for wearable and portable electronics
to detect toxic gases in the environment. In another interesting
study, gas sensors were developed from 3D rGO hydrogel using
an integrated microheater that was able to detect 200 ppb NO,
and 20 ppm of NH; at room temperature.'®> The microheater
was used to enhance the selectivity of NO, because the sensor
response for NH; can be suppressed by increased temperature
whereas NO, showed no such sensitivity, thus enabling
selectively between NO, and NHj at substrate temperature

elevated by the microheater. A limit of detection as low as ~300
parts per trillion (ppt) for NO, was achieved by flexible
graphene-based papers, where graphene layers were deposited
onto paper.

3.2. Ammonia (NH;) Sensors. Ammonia is a toxic gas,
hazardous to human health; therefore, its monitoring by sen-
sors is very important. A general introduction to ammonia gas,
its sources, and detection at low concentrations of parts per
billion (ppb) in air is summarized by Timmer et al.**° Different
nanostructured materials including carbon nanotubes, %3723
polyaniline,”** polypyrrole,”*°~** Zn0Q,***~>** tungsten trioxide
(W03),*** 8n0,,”**** Ti0,**"" a-Fe,0;" vanadium
oxide,”*”**° transition metal dichalcogenides,”"*** and gra-
phene,zs"’_259 have been investigated for ultralow-level detection
of NH;. Wang et al.”*” chemically reduced GO sheets on Au
electrodes to rGO sheets by hydrazine or pyrrole vapors, which
consequently provided a gas sensor based on self-assembled rGO
sheets. The rGO reduced by pyrrole vapors exhibited 2.7 times
higher response to 50 ppm concentration of NH; compared to
rGO reduced by hydrazine vapors. The change in resistance was
clearly observed when the sensor was exposed to a wide range of
concentrations from S ppb to 100 ppm. The resistance changed
by 22% at 100 ppm concentration of NH;. However, as the
concentration was decreased to a minimum level of S ppb, the
resistance changed only by 4.2%. The rGO reduced by pyrrole
showed excellent sensitivity and long-term reproducibility to
NHj over a period of several months. The rGO sensor showed
2.3 times higher response to 100 ppm of NH; compared
with 1% saturated vapor concentrations of DMMP, methanol,
dichloromethane, hexane, chloroform, and xylene, indicating
selectivity of self-assembled rGO (pyrrole reduced)-based sen-

sors over different gases. Karaduman et al."”* used Ag, Pt,and Au

Table 1. Gas Sensors Developed from Graphene-Based Materials”

Graphene-based gas sensors

NO, sensors
Pristine graphene (CVD-grown) in situ cleaning with UV light
Graphene (mechanical exfoliation)
Graphene (CVD-grown)
3D porous graphene hydrogel
Graphitic carbon nitride (g-C;N,)/graphene composite
Graphene single-layer/SiC
Graphene/MoS, hybrid aerogel
Ozone-treated graphene (CVD-grown)
Multilayer graphene films (CVD-grown)
Nitrogen-doped graphene nanosheets
Graphene oxide doped with cesium (GO-Cs)
ZnO nanorods/rGO) mesoporous nanocomposites
rGO/SnO, nanoparticles
Nitrogen-doped reduced graphene oxide/SnO, nanoparticles
Graphene aerogel-supported SnO, nanoparticles
Reduced graphene oxide (rGo)
rGO/Cu,O nanowire mesocrystals
rGO nanosheet/SnO, monocrystals
rGO/WOj; nanocomposite
rGO/a-Fe,0; nanocomposite
3D rGO hydrogel with integrated microheater
rGO/polyuethane nanofiber nanocomposites (flexible)
Graphene (CVD-grown) on PET substrate (flexible)
rGO/NaBH, on PET substrate (flexible)
Single-layer graphene on PES substrate (flexible)
Sulfonated rGO decorated with AgNPs on PI substrate (flexible)
Flower-like ZnO/flexible rGO sheets

34554

Sensor type Gas analyte Limit of detection Ref.
Chemiresistor NO, 2.06 ppt 167
Chemiresistor NO, 1.S ppm 168
Chemiresistor NO, 100 ppb 169
Chemiresistor NO, 200 ppb 170
Chemiresistor NO, S ppm 171
FET NO, 2.5 ppm 172
Chemiresistor NO, 14 ppb 173
Chemiresistor NO, 1.3 ppb 174
Chemiresistor NO, 1 ppm 175
Chemiresistor NO, 120 ppb 176
Chemiresistor NO, 90 ppb 177
Chemiresistor NO, 50 ppb 178
Chemiresistor NO, S ppm 179
Chemiresistor NO, S ppm 180
Chemiresistor NO, S0 ppm 181
Chemiresistor NO, 82 ppb 156
Chemiresistor NO, 64 ppb 156
Chemiresistor NO, 50 ppb 182
Chemiresistor NO, S ppm 183
Chemiresistor NO, 180 ppb 184

NO, 200 ppm 185
Chemiresistor NO, S0 ppb 186
Chemiresistor NO, 200 ppm 187
Chemiresistor NO, S ppm 157
Chemiresistor NO, 500 ppb 188
Chemiresistor NO, 500 ppb 164
Chemiresistor NO, S ppb 189
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Table 1. continued

Graphene-based gas sensors Sensor type Gas analyte Limit of detection Ref.
NH; sensors
Pristine graphene (CVD-grown) in situ cleaning with UV light NH; 33.2 ppt 167
Graphene (CVD-grown) Chemiresistor NH; 500 ppb 169
3D porous graphene hydrogel with integrated microheater - NH; 20 ppm 185
NO,-doped graphene (CVD-grown) FET NH, 200 ppb 190
Single-layer graphene (CVD-grown) on mica substrate FET NH; S0 ppm 131
Graphene (CVD-grown) FET gated by ionic liquid FET NH,; 130 ppb 191
Cobalt porphyrin functionalized graphene - NH; 100 ppb 192
Graphene nanoplatelets/polyaniline nanocomposite Chemiresistor NH; 1 ppm 144
Graphene/PEDOT:PSS composite (flexible) Chemiresistor NH,; S ppm 261
Graphene (CVD-grown) with gold nanoparticles Chemiresistor NH; 6 ppm 193
rGO/AgNPs nanocomposite Chemiresistor NH, 1.2 ppb 194
rGO/PtNPs nanocomposite Chemiresistor NH; 1.6 ppb 194
rGO/AuNPs nanocomposite Chemiresistor NH; 16 ppb 194
rGO/1,8,15,22-tetra-(4-tert-butylphenoxyl)-leadphthalocyanine hybrid Chemiresistor NH; 300 ppb 195
Pyrrole-reduced graphene oxide (rGO) Chemiresistor NH; 1 ppb 196
rGO/poly(3-hexylthiophene) composite Chemiresistor NH, 10 ppm 197
rGO/polyaniline (PANI) composite Chemiresistor NH; S ppm 198
Polyaniline (PANI)/graphene oxide (GO)/ZnO hybrid LbL film Chemiresistor NH, 25 ppm 199
H, sensors
Graphene oxide (dielectrophoresis process) Chemiresistor H, 100 ppm 200
Graphene monolayer (CVD-grown)/Pd nanoparticles Chemiresistor H, 25 ppm 201
Graphene nanoribbons/Pd nanoparticles Chemiresistor H, 30 ppm 202
Pd-functionalized multilayer graphene nanoribbon Chemiresistor H, 40 ppm 203
Graphene monolayer (CVD-grown)/Pd nanoparticles on PET (flexible) Chemiresistor H, 20 ppm 204
Graphene monolayer (CVD-grown)/Pd nanoclusters on PEN (flexible) Chemiresistor H, 0.1 ppm 205
rGO/Pt nanoparticles composite (flexible) H, RFID H, 1 ppm 206
Multiwalled carbon nanotubes (MWCNTSs)/Pd nanocubes/rGO Chemiresistor H, 10 ppm 207
Graphene/ZnO nanotubes (self-assembed) Chemiresistor H, 10 ppm 208
rGO/TiO, decorated by Pd/Pt nanoparticles Chemiresistor H, 500 ppm 209
Graphene (mechanical exfoliation) decorated by SnO, nanoparticles FET H, 1 ppm 210
PtNPs decorated graphene oxide (GO) hybrid FET H, 200 ppm 211
PdANPs decorated graphene composite Chemiresistor H, 0.2 ppm 212
CO, sensors
Pristine graphene (CVD-grown) in situ cleaning with UV light Chemiresistor CO, 136 ppt 167
Graphene sheet prepared by mechanical cleavage Chemiresistor CO, 10 ppm 213
Hydrogen plasma reduced GO (CVD-grown) Chemiresistor CoO, 750 ppm 214
Graphene/Sb,0; quantum dots (QDs) composites Chemiresistor CO, S0 ppm 215
Graphene/Al, O3 QDs composites Chemiresistor CO, 100 ppm 216
SO, sensors
Pristine graphene (CVD-grown) in situ cleaning with UV light Chemiresistor SO, 67.4 ppt 167
Graphene (CVD-grown) FET SO, S0 ppm 217
Reduction of graphene oxide (rGO) Chemiresistor SO, S ppm 218
TiO,/rGO hybrid film (layer-by-layer self-assembly) Chemiresistor SO, 1 ppb 219
H,S sensors
Chemically converted graphene/ZnO nanorods Chemiresistor H,S 2 ppm 220
Nonoxidized graphene flakes/porous WO, nanofibers composite Chemiresistor H,S 100 ppb 221
Cu,0 nanocrystals grown on functionalized graphene sheets Chemiresistor H,S S ppb 222
Poly(4-styrenesulfonic acid)-doped PANI/graphene nanocomposites Chemiresistor H,S 1 ppm 223
SnO, nanofibers/rGO nanosheets Chemiresistor H,S 1 ppm 224
Acetone 100 ppb 224
SnO, nanorods/graphene nanosheets Chemiresistor H,S 1 ppm 225
SnO, quantum wire/rGO nanocomposites Chemiresistor H,S 43 ppb 226
rGO/polyimide flexible substrate Chemiresistor H,S 1 ppm 227
Chemiresistor H, 1 ppm 227
Chemiresistor CcO 1 ppm 227
Pristine graphene (CVD-grown) in situ cleaning with UV light Chemiresistor NO 158 ppq 167
Pristine graphene (CVD-grown) in situ cleaning with UV light Chemiresistor N,O 103 ppt 167
Pristine graphene (CVD-grown) in situ cleaning with UV light Chemiresistor 0, 38.8 ppt 167

“Sodium borohydride (NaBH,), poly(ether sulfone) (PES), 2,4,6-trinitrotoluene (TNT), liquid petroleum gas (LPG).
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nanoparticles decorated rGO films for NH; sensing. The AgNPs-
rGO nanocomposite shows the higher sensitivity and selectivity
toward NH; gas compared with PtNPs-rGO and AuNPs-rGO
nanocomposites and excludes the interference from CO, H,, and
CO, gases (Figure 12). The sensitivity of 6.52, 2.87, and 0.5%
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Figure 12. Selectivity of NH; gas by the AuNPs-rGO, AgNPs-rGO, and
PtNPs-rGO nanocomposite-based sensors over interfering CO, H,, and
CO, gases at 1 ppm. [Reprinted with permission from ref 194.
Copyright Elsevier.]

were measured for the AgNP-rGO, PtNPs-rGO, and AuNPs-
rGO nanocomposites at 1 ppm concentration of NH; gas at
room temperature, respectively. The AgNPs-rGO, PtNP-rGO,
and AuNPs-rGO nanocomposites showed the linear range of
5—1S5 ppm, 4—15 ppm, and 4—13 ppm; and response/recovery
times of 5/6's,7/8 s, and 13/17 s for the NHj gas, respectively.
The higher sensitivity of AgNPs seemingly originated from the
stronger molecular interactions, lower ionization energy of Ag
that improved catalytic adsorption and also more surface active
sites accessible to NH; gas molecules.

In order to make sensors cost-effective, multilayered graphene
on a 3 in. diameter filter paper was used to develop highly sensi-
tive and flexible ammonia sensor.”®” The sensor was able to
detect ammonia concentrations as low as 430 ppb. The response
of the graphene sensor was measured as a function of ammonia
concentrations, varying from 400 to 4000 ppm. The variation in
sensitivity was recorded for both flat and bent positions. Seekaew
et al.**" used inkjet-printing technique for fabricating flexible sensors
consisting of graphene/poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) composite film for detecting
ammonia at room temperature. The electronic ink made of
graphene dispersion in PEDOT:PSS solution was inkjet-printed
on a transparent substrate with prefabricated electrodes. TEM,
FTIR, UV—visible and Raman spectroscopy were used to confirm
a few-layer graphene in PEDOT:PSS matrix and 7—7 interactions
occurring between graphene and PEDOT:PSS. The sensor
exhibited high selectivity to NH; in the concentration range of
25—1000 ppm at room temperature, which may be due to the
increased specific surface area by graphene and increased
7 electron interactions between the sensing film and molecular
NH,.

Polyanline (PANI) is an interesting 7-conjugated polymer that
has been investigated for sensor applications. Guo et al.”* used
graphene/PANI composite films for fabricating flexible and
transparent gas sensors for foldable and wearable electronic
devices. The nanocomposite film was prepared by anchoring
PANI nanoparticles into the rGO surface and simultaneously
depositing PANI nanofibers on a flexible PET substrate to form a

nanocomposite network. The flexible gas sensor showed high
sensitivity toward NH; from 100 ppb to 100 ppm, fast response
(36 s)/recovery time (18 s), and strong mechanical flexibility
over 1000 bending cycles. The high sensitivity arises from
the synergetic effects and a high surface area of 47.9 m*/g of
the graphene/PANI composite films. Gavgani et al.”*® reported
flexible ammonia sensor using sulfur (S) and nitrogen (N) codoped
graphene quantum dots (GQDs)/PANI composite deposited
on flexible poly(ethylene terephthalate) PET thin film. The S
and N doped GQDs/PANI hybrid showed S-fold higher sensi-
tivity compared with pure PANI for 100 ppm of NH;. The
incorporation of S- and N-doped GQDs in PANI increased NH,
response (42% at 100 ppm and 385% at 1000 ppm) and showed
fast response time of 115 s and recovery time of 44 s at room
temperature. Furthermore, the sensitivity of flexible gas sensors
was found to increase as the bending angle was increased. Duy
et al.”** developed flexible and transparent sensors using rGO
coupled with organic dye bromophenol blue. The flexible sen-
sors showed high mechanical flexibility, workability >5000 bend-
ing cycles with 0.95 cm bending radius and 60% transparency
in the visible region. The water-trapping dye layer on rGO
facilitates higher sensitivity and operation in 80% humidity,
and detection of NH; (5—40 ppm). The flexible and transparent
rGO sensor coupled with bromophenol blue dye can be used
for real-time monitoring of chemical vapors in wearable elec-
tronics.

Two-dimensional TMDs are emerging as a new class of
electronic and optoelectronic materials.”””** Cho et al**®
fabricated a 2D heterostructured gas sensor using graphene/
molybdenum disulfide (MoS,) prepared by CVD. For
developing flexible sensors, exfoliated MoS, flakes were used as
the channel whereas patterned graphene lines were used as the
electrodes. Figure 13 shows an optical image of the flexible
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Figure 13. (Left) Optical image of flexible graphene/MoS, hetero-
structured sensor on a bent polyimide substrate. SEM image of the MoS,
sensor with patterned graphene electrodes. MoS, flake is bridged by two
graphene lines. (Right) Comparison of NO, and NH; gas response
characteristics of the flexible sensor before and after 5000 bending
cycles. The inset is 3D schematic images of the sensor under the bending
test. [Reprinted with permission from ref 265. Copyright American
Chemical Society.]

graphene/MoS, heterostructured sensor device on a PI substrate
and NO, gas response characteristics before and after 5000
bending cycles. Patterned graphene was employed for charge
collection in place of metal electrodes in the sensor, which
detected NO, as low as 1.2 ppm. For Au/Ti/MoS, sensor device,
the sensitivity to NO, was saturated at a concentration of 20 ppm
whereas NHj elicited sensitivity up to 100 ppm. The NO,
molecules caused negative sensitivity so the resistance was found
to decrease whereas NH; molecules increased the resistance.
Furthermore, as the concentration of NH; increased from $ to
100 ppm, the sensitivity of graphene/MoS, gas sensor increased.
The limit of detection for NO, was much lower compared with
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NH;. For comparison, Au/Ti/MoS, gas sensor showed n-type
behavior whereas graphene/MoS, heterojunction gas sensor a
p-type behavior. The flexible graphene/MoS, heterostructured
sensor device showed no significant degradation up to 5000
bending cycle tests and gas sensing could be performed at 150 °C;
the sensor also showed long-term stability, performing well even
after 19 months. Huang et al.”*® reported SiO,@graphene core—
shell hybrids for increasing sensitivity to different gases. The hybrid
showed higher performance compared to bare rGO films due to
large surface area and less agglomeration. The response of SiO,@
graphene hybrid-based sensors for 50 ppm of NH; was increased
by 8 times whereas to 50 ppm of NO, gas was increased by
S times. The graphene layers also helped to increase the stability
of the sensors. The SiO,@graphene core—shell hybrid showed
25% decay in performance compared to a 92% decay observed
for the bare rGO films. NH; sensors have been developed from
rGO/PANI hybridslg8 and characterized by TEM, SEM, IR,
UV—visible, and Raman spectroscopy. These sensors exhibited
3.4 and 10.4 times higher sensitivity to S0 ppm of NH; compared
with sensors based on bare PANI nanofibers and bare graphene
sheet, respectively. The synergetic interaction between the rGO
sheets and PANI nanoparticles led to enhanced sensing behavior
of the rGO/PANTI hybrids.

The kinetics of NH; adsorption/desorption on the surface of
graphene thin film has been studied using graphene field effect
transistors.””” The desorption process involves a rapid loss of
NHj; from the top graphene surface with a slower removal of
NH; from the bottom surface that interfaces with SiO,/Si
substrate identified as a Fickian diffusion process. Adsorption
kinetics of NH; onto Pt nanoparticle-decorated graphene films
has been studied.”*® Both sensitivity and the sensor recovery time
were enhanced by the Pt nanoparticles dispersed on the graphene
surface. The adsorption/desorption process was evaluated using
Langmuir kinetic theory for NH; adsorption whereas the effect
of surface inhomogeneity was analyzed through Freundlich
isotherm. The heat of adsorption and the activation energy
indicated that the Pt NP-decorated graphene surface had two
different adsorption sites whereas the bare graphene surface had
only one adsorption site. This phenomenon yielded 80%—85%
increase in sensitivity for Pt NP-decorated graphene surface
compared to that of bare graphene surface.

3.3. Hydrogen (H,) Sensors. Hydrogen is widely used
in transportation and aerospace applications, but its safety is a
serious concern because it is a highly flammable and explosive
gas. Therefore, highly sensitive H, detectors are in a great
demand to monitor possible hydrogen leaks. Metal oxides such
as tin oxide (Sn0Q,), zinc oxide (ZnO), titanium oxide (TiO,),
vanadium dioxide (VO,), tungsten trioxide (WO,), molybde-
num trioxide (MoOQ;), indium oxide (In,0,), niobium pentoxide
(Nb,Os), nickel(Il) oxide (NiO), and metal oxides doped with
gold (Au), platinum (Pt), palladium (Pd), and ruthenium (Ru)
show a si§niﬁcant change in their resistance after exposure to
hydrogen. 697278 Iy this regard, graphene-based materials have
also been investi%ated for their low-cost and ease of fabricating
sensors. Wu et al.”" prepared graphene film on Cu foils by CVD
under ambient pressure. The large-area (4 in. X 4 in.) graphene
film was transferred onto a 6 in. silicon wafer. Raman spec-
troscopy indicated the formation and transfer of a monolayer
graphene film. A 4 mm X 3 mm size graphene film was used
for fabricating hydrogen sensors with 1 nm Pd nanoparticle
film. Hydrogen in air with 25—10000 ppm (0.0025%—1%)
concentrations was used to measure the sensitivity. A 10%
increase in resistance was observed when exposed to 1%

hydrogen concentration whereas for lower hydrogen concen-
tration of 0.0025% (25 ppm), the resistance increased only by
0.2%. A response time of 213 s was measured for 0.05%
(500 ppm) hydrogen concentration where the resistance
increased by 1% in less than 30 s. The Pd-decorated graphene
films showed high sensitivity, fast response and recovery, and
usability for multiple cycles.

It has been demonstrated that surfaces of Pd and Pt
nanoparticles selectively adsorb H, molecules; hence Pd and Pt
NPs-decorated graphene films are attractive materials for H,
sensing. Lange et al.”’’ prepared Pd nanoparticle-decorated
graphene composite by LbL deposition on gold electrodes. The
incorporation of Pd nanoparticles increased the sensitivity over 1
order of magnitude in their study for hydrogen, nitrogen dioxide,
and humidity. The sensitivity depended on the number of
bilayers of graphene/Pd nanoparticles where nanocomposites
with seven bilayers showed a stronger response to H, dissolved
in wet air than ten bilayers. Pristine graphene without Pd nan-
oparticles exhibited a very little response to H,. Therefore, Pd
nanoparticles play a catalytic role in the n-doping of graphene by
H, molecules. The effect of humidity was measured on both
pristine graphene and graphene/Pd nanoparticle composite, and
the resistance was found to decrease when switching from humid
air to dry air. However, the graphene/Pd nanoparticles composite
showed a faster response. For nitrogen dioxide (NO,), the
graphene sensor showed more sensitivity than that based on
graphene/Pd nanoparticles composite. Johnson et al.”** fabricated
Pd-functionalized multilayer graphene nanoribbon (MLGN)
networks for H, sensing at room temperature with fast response
as well as recovery time. When the MLGN network sensor was
exposed to 2000 ppm hydrogen, the maximum relative resistance
response (AR/R) increased from 72% to 113% whereas the
response time decreased from 8 to 3 s and recovery time from 35
to 7 s as the operating temperature was raised from 20 to 100 °C.

Metallic Pd and Pt nanoparticles show an excellent sensitivity
toward hydrogen gas. Pak et al.””* prepared residue-free
graphene nanoribbons (GNRs) of 200 nm width at 1 ym pitch
using laser interference lithography. AFM, micro-Raman spec-
troscopy, and XPS measurements showed the formation of high-
quality GNRs. The Pd nanoparticles were deposited on the
GNRs as a catalyst for H, sensing, and the GNR array acts as a
conductive path. The Pd-decorated GNR array showed 90%
response within 60 s to 1000 ppm of H, and 80% recovery within
90 s in nitrogen. The repeatable sensitivity of GNRs array was
observed even at a low H, concentration of 30 ppm. The sensi-
tivity as a function of time was compared for pristine graphene
and 200 nm-wide GNR sensors with H, concentration ranging
from 30 to 1000 ppm. The pristine graphene sensor showed
80% recovery in 18 min 40 s compared to the GNR sensor that
recovered by 80% within 90 s. In order to compare the
repeatability, 22 cycles of 2 min on-state and then 2 min off-state
were conducted at 1000 ppm, and the GNR sensor exhibited
good repeatability, and fast and stable on/off switching behavior
in each cycle while the pristine sensor saturated after S cycles and
only recovered over 30% within 2 min. In comparison to
graphene, Mubeen et al.”®’ used Pd nanoparticle-decorated
single-walled carbon nanotube films for H, nanosensors, which
showed 0.42% sensitivity at 100 ppm detection limit, 90%
response time of 18 min for H, concentrations up to 300 ppm,
and 20 min recovery time at 100 ppm in air.

To demonstrate the role of PANPs in H, gas sensing, Chung
et al.”** fabricated flexible sensors using a single-layer graphene-
decorated with Pd nanoparticles on a flexible substrate. The Pd
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Figure 14. Fabrication procedure of flexible hydrogen gas sensor using graphene decorated with palladium nanoparticles. [Reprinted with permission

from ref 204. Copyright Elsevier.]

Figure 15. FE-SEM images of flower-like palladium (Pd) nanoclusters onto a CVD-grown graphene layer with different populations of Pd nanoclusters
((a) low, (b) medium, and (c) high). (d) High-resolution SEM, (e) TEM images, (f) HR-TEM, and inset is an FFT pattern. [Reprinted with permission

from ref 20S. Copyright Nature Publishing Group.]

nanoparticles were deposited on the graphene surface by thermal
evaporation. Figure 14 shows the fabrication procedure of
graphene-based H, sensor. The single-layer graphene was
deposited on both sides of the Cu foil using CVD. One side of
the Cu foil was spin-coated with PMMA in order to provide
support to the graphene layer while transferring to a substrate
whereas the graphene was removed from other side by oxygen
plasma treatment. The graphene/PMMA layer was separated
and transferred onto a flexible PET substrate, and the PMMA
layer was removed using chloroform. Palladium with a thickness
of 1—10 nm was deposited on the graphene surface using thermal
evaporation. The density of Pd nanoparticles on the graphene
surface can be controlled during deposition, which is important
for the performance of the gas sensor. The sensor with 3 nm thick
Pd showed 33% gas response after exposing to 1000 ppm of H,.
The sensor is capable of detecting noise level as low as 20 ppm of
H, at 22 °C (room temperature). The gas response was found to
saturate during consecutive cycles with slow recovery. The sensor
based on graphene decorated with Pd nanoparticles is highly
flexible and showed no significant degradation after bending with
a 3 mm bending radius and exposing to 1000 and 500 ppm of

H, gas. This indicates that Pd-decorated graphene sensors are
suitable for flexible sensing applications.

Shin et al.”” electrodeposited flower-like Pd nanoclusters
onto a CVD-grown graphene electrode. The graphene layer was
transferred onto flexible poly(ethylene naphthalate) (PEN) thin
film substrate to induce flexibility and mechanical stability.
The surface of the graphene layer was functionalized with
1,5-diaminonaphthalene (DAN) to mediate the formation of
flower-shaped Pd nanoclusters, which grow in size with reaction
time. The population density of the flower-like Pd nanoclusters,
which is responsible for H, sensitivity, can be controlled by
adjusting the concentration of DAN (Figure 15). The population of
Pd nanoclusters increased as the DAN concentration is increased
from 0.01 to 0.1 M due to the higher number of PANPs as nuclei;
therefore, a high population of Pd nanoclusters eventually leads
to higher sensitivity because of more reactive sites for H,
molecules. Pd nanoclusters were 300 nm in size and consisted
of long needles of hexagonal pyramids. The HR-TEM images
indicated a highly crystallized structure of Pd nanoclusters and
fast Fourier transform (FFT) diffractogram exhibited a 6-fold
symmetry of diffraction spots. H, sensitivity as low as 0.1 ppm
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was observed for Pd nanoclusters deposited graphene layer
which was 2 orders of magnitude lower compared with Pd-based
hybrid chemical sensors. The resistance of the flexible Pd
nanoclusters/graphene-based H, sensor for different bending
radius varying from 10 to 30 mm did not change. Furthermore,
2% change in relative resistance was noticed after 100 bending
cycles to 10 ppm concentration of H, gas. This indicates excellent
flexibility and mechanical flexibility of flower-like Pd nanoclusters/
graphene electrodes to be useful for wearable electronics.

Like Pd nanoparticle-decorated graphene, PtNPs/graphene
nanocomposites have been studied for H, sensing. Lee et al.”*®
fabricated a radio frequency identification (RFID)-based sensor
tag from PtNP-decorated rtGO (PtNPs/rGO) nanocomposite
system to detect H,. The nanocomposites were developed by a
chemical reduction process and spin-coated on an antenna
pattern in the RFID sensor tag. PtNP-decorated graphene-based
wireless sensor system has two components, ultrahigh frequency
(UHF) RFID sensor tag made of Pt/rGO composite and a RFID-
reader antenna-connected network analyzer. Figure 16 shows the
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Figure 16. (a) Schematic diagram for fabricating PtNPs/rGO
nanocomposite-based flexible radio frequency identification (RFID)-
based wireless sensor system made of two components, Pt/rGO
composite-based ultrahigh frequency (UHF) sensor tag and a RFID-
antenna-connected network analyzer. Field effect scanning electron
microscopy (FE-SEM) (b) low-, (c) middle-, and (d) high-resolution
images of the PtNPs/rGO nanocomposites sensing area. (e) Photo-
graphs of the flexible RFID sensor tag under bending and twisting.
[Reprinted with permission from ref 206. Copyright American
Chemical Society.]

schematic illustration for fabricating the nanocomposite-based
flexible RFID sensor tag, field effect scanning electron micros-
copy (FE-SEM) images of the sensing area and flexibility of the
RFID sensor tag under bending and twisting. The sensor tag
showed high sensitivity to H, at a very low concentration of
1 ppm via wireless communication between the RFID-reader
antenna and the sensor tag. The sensor has a linear range of
1—-50 ppm and a response time of 15 s. The change in electrical
resistivity of the antenna occurs due to the strong interactions

between the uniformly dispersed PtNPs on the rGO surface and
H, molecules, which cause a shift in the reflectance of the RFID
sensor tag resulting in hydrogen detection. The wireless sensor tag
also exhibited flexibility and mechanical stability after bending
and twisting due to the flexible substrate.

The graphene hybrid materials with ZnO nanostructures have
been used to fabricate flexible H, sensors. Kathiravan et al.>*®
used self-assembled hierarchical ZnO nanotubes/graphene to
fabricate H, sensors. This sensor exhibits sensitivity at a low
detection level of 10—100 ppm and long-term stability up to
90 days under hydrogenation/dehydrogenation conditions.
Yi et al.”®' fabricated flexible gas sensors containing ZnO layer
in the bottom on a metal foil, a channel of vertically aligned ZnO
nanorods, and top conductive electrode made of graphene. Both
ZnO nanorods and graphene exhibited good flexibility without
any electrical or mechanical deformation or failure for repeated
bending and releasing up to 100 times for a bending radius of less
than 0.8 cm. The hybrid showed 70% optical transmittance. The
gas sensors fabricated using flexible ZnO/graphene hybrid
materials were able to detect ethanol vapors with high sensitivity
of ~9 for 10 ppm ethanol. Yang et al.”** developed H, sensors
from orthorhombic MoQOj; nanoribbon grown on the surface of
graphene sheet. The MoO; nanoribbon/graphene composite
showed improved sensitivity, and fast response and recovery
times at room temperature. A response time of 10 s and recovery
time of 30 s were measured for the MoO; nanoribbon/graphene
sensor with 1.5 wt % graphene content.

The above section discussed the specific examples of detecting
NO,, NH;, and H, gases using graphene-based flexible gas
sensors in detail. However, significant advances have been made
on the detection of these gases over past years; therefore, more
reports are briefly summarized. The pristine CVD-grown
graphene films using in situ cleaning with UV light were utilized
to fabricate the chemiresistor-type high sensitivity sensors for
detecting NO,, NH;, O,, CO,, SO,, N,O, and NO gases at
the ppt and ppq levels."”” Different types of graphene-based
materials have been used for developing chemiresister-type NO,
gas sensors including mechanically exfoliated graphene sheets, "
CVD-graphene,'® 3D porous graphene hydrogel,'”® graphitic
carbon nitride/graphene composite, " graphene monolayer/
SiC comg)osite (FET sensor),'”” graphene/MoS, hybrid
aerogel,'”” ozone-treated CVD-graphene,'”* multilayer CVD-
graphene films,'”® N-doped graphene nanosheets,'’® cesium
(Cs)-doped GO films,'"”” rGO/ZnO nanorods composites,'”*
rGO/SnO,NPs composite,'’” N-doped rGO/SnO,NPs,"*’
graphene aerogel/ SnO,NPs,"®' rGO and rGO/Cu,O nanowire
mesocrystals,">° rGO/SnO, monocrystals,"*> rGO/WO, nano-
composite,'** rGO/a-Fe,O; nanocomposite,** 3D rGO hydrogel
with integrated microheater,'® rGO/polyurethane nanofiber, *°
CVD-graphene/PET,187 rGO/NaBH4/PET,157 graphene
monolayer/PES,"** sulfonated rGO/AgNPs/polyimide,'** and
rGO/ZnO composite.'™

The chemiresistor-type NH; gas sensors with high sensitivity
were prepared using graphene-based materials including CVD-
graphene,1 3D porous graphene hydrogel with integrated
microheater,"*> NO,-doped CVD-graphene,'”’ CVD-graphene
monolayer/mica (FET device),"" CVD-graphene/ionic liquid
(FET device),"" cobalt porphyrin functionalized graphene,'”” graph-
ene/polyaniline nanocomposite,'** CVD-graphene/AuNPs,'”
rGO/rose bengal nanocomposite,194 rGO/1,8,15,22-tetra-(4-tert-
butylphenoxyl)—lead—thha]ocyaJﬂne hybrid,"” pyrrole-reduced gra-
phene oxide (rGO),"” rGO/poly(3-hexylthiophene) composite,
rGO/PANI composite,198 and GO-PANI/ZnO hybrid film.'”?
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Similarly, H, gas sensors showing high sensitivity were fabricated
using graphene-based materials including GO with dielectropho-
resis process,””’ multiwalled carbon nanotubes (MWCNTs)/Pd
nanocubes/rGO,*"’ rGO/TiO, decorated by Pd/PtNPs,*’
mechanically exfoliated graphene decorated by SnO,NPs,*'’
GO decorated with PtNPs,*'' and graphene decorated with
PANPs.*'* The sensitivity data on graphene-based NO,, NHj;,
and H, sensors reported in literature by different research groups
have been compiled in Table 1.

3.4. Sensors for Carbon Dioxide (CO,), Sulfur Dioxide
(S0,), and Hydrogen Sulfide (H,S). Table 1 lists the details
of graphene-based materials used for developing different
types of gas sensors including carbon dioxide (CO,), sulfur
dioxide (SO,), hydrogen disulfide (H,S), and their related
sensing characteristics. Graphene sheet prepared by mechan-
ical cleavage,”"” few-layer and sheets of graphene,”* Sb,0,/
graphene composites,”’> and ALO, quantum dots/graphene
composites216 have been explored for carbon dioxide (CO,) gas
sensing. Graphene field effect transistor’’’ and rGO-based
chemiresistive gas sensors”'® have been studied for detecting
sulfur dioxide (SO,). Zhang et al.”"” reported LbL self-assembled
titania (TiO,)/rGO hybrid composite film-based n-type sensor
that displayed a response of 6.05% to 11.14% when exposed to a
concentration of 1—5000 ppb of SO,. The response of TiO,/
rGO hybrid film sensor was found to be 9.54% compared to a
response of 1.77% for rGO and 4.47% for TiO, sensors toward
500 ppb SO,. The resistance of both rGO and TiO, sensors
decreased upon SO, gas exposure. The TiO,/rGO hybrid
displayed response/recovery times of 71—73 sand 95—128sat 1,
50, 250 ppb and 1 ppm concentrations of SO, gas, respectively.
The normalized response of 6.05, 6.81, 7.24, 8.39, 9.57, 10.08,
and 11.14% was recorded for 1, 50, 100, 250,500, 1000, and
5000 ppb concentrations of SO, gas, respectively. The sensor

response was increased with the increase of SO, gas
concentration. The TiO,/rGO hybrid composite film showed
n-type behavior toward electron donating SO, molecules which
increased its electrical conductivity. The TiO,/rGO hybrid
composite film also exhibited the highest selectivity for SO, when
exposed to 1 ppm of various gases including CH,, C,H,, H,, CO,
NO,, and SO, at room temperature.

Graghene-based materials, including graphene/ZnO nano-
rods,”* graphene/porous WO, nanofibers composite,””" Cu,O
nanocrystals/graphene sheets,””” poly(4-styrenesulfonic acid)-
doped PANI/§raphene nanocomposites,”>” SnO, nanofibers/
rGO hybrids,*** SnO, nanorods/ §raphene,225 and SnO, quan-
tum wire/rGO nanocomposites”*" have been studied as H,S
sensing elements. Choi et al.””” developed flexible wearable
chemical sensors using RGO and transparent colorless polyimide
(CPI) substrate. The irradiation by intense pulsed light (IPL)
formed RGO sheets on flexible CPI film within 4 ms, resulting
into a 100-fold increase in electrical conductivity due to the
reduction of GO sheets. The intense pulse light (IPL) irradiation
onto GO-coated CPI film formed IPL-RGO/CPI film. The bare
CPI film showed 89% optical transmittance at 550 nm, which
decreased to 78% for the GO-coated CPI film. The IPL-RGO-
coated CPI film exhibited 78% optical transmittance at 550 nm
similar to that of GO-coated CPI film. The optical transmittance
can be controlled by varying the GO film thickness on the CPI
substrate. The IPL-RGO sheets showed significantly improved
sensitivity toward C,H;OH, H,S, and H,, whereas negligible
gas sensitivity was noticed for the pristine GO sheets. Figure 17
shows the dynamic resistance change of GO and IPL-RGO
sensors toward 5—20 ppm concentration of H,S gas, the
response of IPL-RGO sensor in the flat state and bent state at
30° bending angle and under repeated 10 000 bending cycles.
The performance of IPL-RGO sensor was also evaluated for H,,
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Figure 17. (a) Dynamic resistance change of GO and IPL-RGO sensors toward H,S for S—20 ppm concentration at room temperature. Dynamic
response change of the IPL-RGO film sensor to 5—20 ppm of H,S gas at room temperature in the flat state (b) and the bent state (c) at 30° bending
angle. (d) Resistance change of the IPL-RGO sensor up to 10 000 bending cycles. (e) Comparison of H,, H,S, and ethanol sensing by the IPL-RGO film
sensor at 20 ppm before and after bending at 30° angle. [Reprinted with permission from ref 227. Copyright Springer Nature.]
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Figure 18. (a) Photograph of a wearable sensor module (wrist) integrated with the intense pulsed light-reduced graphene oxide (IPL-RGO) sensor
(denoted by blue dotted box). (b) Dynamic resistance change of the IPL-RGO-based wearable sensor module to 20 ppm of H,S gas at room
temperature. [Reprinted with permission from Professor 1-D. Kim from Korea Advanced Institute of Science and Technology (KAIST), ref 227.

Copyright Springer Nature.]

H,S, and ethanol at 20 ppm before and after bending. The IPL-
RGO sensor showed sensitivity of 0.238% at 20 ppm and 0.107%
at 10 ppm toward H,S. The sensitivity slightly changed to 0.224%
when exposed to 20 ppm of H,S during the bending test.
The IPL-RGO/CPI film-based sensors retained their sensitivity
up to 10 000 bending cycles at 30° bending angle without any
mechanical deformation and +3% resistance change than that of
initial resistance after repeated bending. This indicated the
excellent long-term mechanical stability of IPL-RGO film sensor
on CPI substrate. The sensing performance of IPL-RGO film
sensor was compared before and after bending for three different
analytes at 20 ppm where negligible variations were observed
toward H,, H,S, and C,H;OH in the flat and bent states even
after 10 000 bending cycles which again confirmed the long-term
endurance of the IPL-RGO film sensors. Figure 18 shows the
photograph of a wearable sensor module developed from IPL-
RGO/CPI film and resistance change upon exposure for 7 cycles
at 20 ppm of H,S at room temperature. The selectivity of IPL-
RGO sensor was studied for H,S, H,, carbon monoxide (CO),
methane (CH,), ethanol (C,H;OH), acetone (CH;COCH};),
and toluene (C;H;CH;) at 20 ppm, which showed very low
sensitivity of 0.1% for other interfering analytes compared to
H,S. The resistance of IPL-RGO sensor changed from 1873.7 Q
in 1.5% relative humidity to 2722.4 Q in 97% relative humidity
for H,S. Moreover, H,S at 10 ppm behaved as a p-type sensor in
1.5% RH and an n-type sensor in 63% RH. The sensitivity was
retained both in flat and bent states. The resistance of the IPL-
RGO sensor was found to increase from 2568 to 6780 € after
7 months for 20 ppm of H,S in air showing 0.231% difference in
sensitivity due to the oxidation and high stability. Figure 19
shows the comparative sensitivity of IPL-RGO sensor toward
different gaseous species at 20 ppm concentration in the flat state.
The IPL-RGO sensor showed a gas sensing trend of H,S >
ethanol > H, > toluene > acetone > CO > CH, where H,S gas
showed the highest sensitivity and methane (CH,) as the lowest
sensitivity. This RGO-based sensor can be integrated on flexible
printed circuit boards for wireless communication and used as
portable sensors for healthcare and environmental monitoring
systems.

The results reported from various research groups on
graphene-based gas sensors for detecting NO,, NH;, H,, CO,,
SO,, and H,S gases have been discussed above in detail giving
specific examples. Table 1 summarizes the sensor-type such as
chemiresistor or FET or RFID devices and detection limit of
different graphene-based gas sensors.
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Figure 19. Selectivity of IPL-RGO-based flexible sensor toward various
gaseous molecules (H,S, ethanol, H,, toluene, acetone, CO, and CH,) at
20 ppm gas concentration in the normal flat state. [Reprinted with
permission from ref 227. Copyright Springer Nature.]

3.5. Humidity Sensors. The amount of humidity has a great
influence in our daily life including physiological activities,
climate, building constructions, storage facilities for medicines
and foods, electronic devices, chemical refineries, corrosion and
degradation of instruments, etc. Therefore, humidity sensors
with high sensitivity, accuracy, selectivity, repeatability, long-
term stability under ambient conditions, corrosion resistance to
pollutants, and low cost of manufacturing are in great demand.
The basic introduction, principles, materials, fabrication
techniques, and applications of humidity sensors have been
summarized in the literature.”*>™>*” 1D, 2D, and 3D nano-
structured materials including porous silicon carbide,”****’
CeO, nanowires,”’”**" ZnO nanorods,”**~*** CdS/Zn0,**
SnO, nanowires,””® CuO nanowires,””” BaTiO, nanofibers and
composites,””* % sulfonated poly(ether ether ketone),™’
sulfonated polybenzimidazole,302 olypyr1*ole,303’_305 PANI
nanofibers,” carbon nanotubes,”**™*"" transitional metal dichal-
cogenides layers,”*™>'” black phosphorus nanosheets,” "'
and graphene sheets’*”~*** have been applied for developing
high-sensitivity humidity sensors. Today, flexible and stretchable
nanostructured-material-based wearable sensors are gaining
attention for applications in ubiquitous health monitoring,
electronic textile, e-skin, detecting humidity in food 3packaging,
semiconductor devices, communication systems, etc. 393

Graphene-based materials have emerged as key elements for

fabricating humidity sensors with high flexibility as well as
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stretchability. Chi et al.”™™" used GO films prepared by the
modified Hummer’s method for optical humidity sensing where
the GO active layer detects humidity change in the entire range of
RH with an ultrafast response time of 250 ms. A series of
saturated salt solution was used to adjust the vapor pressure
where rapid color change was observed when silicon wafer chips
with GO film were put into vials. Figure 20 shows a systematic
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Figure 20. (a) Color change of graphene oxide (GO) film-based sensor
when exposure to 0 to 98% ranges of relative humidity. (b) Change of
reflectance showing reversible behavior from the dual-colorimetric of
GO films after alternately exposing to selected relative humidity of 12,
60, and 86%. [Reprinted with permission from ref 342. Copyright
American Chemical Society.]

change of GO films after exposing to RH from 0 to 98% and
reflectance peaks of GO film-based humidity sensor with
multiple cycles from 12%, 60%, to 86% RH where the sensor
had great reversibility over the entire humidity range. UV/vis
reflectance spectra show clear shifts as the GO films are exposed
to different humidity conditions. Linear optical shifts were
detected with increasing humidity from a dry state to 98%.
The sensor shows two main reflection peaks at 386 and 526 nm
at 12% RH. When RH was increased to 98%, these two reflection
peaks shifted to 474 and 645 nm, respectively. A linear
relationship was noticed between these two reflection peaks
with the change of RH. The response and recovery times were
measured at a reflectance wavelength of 550 nm at room
temperature from 50% to 98% RH. The response time was
found to be 250 ms, whereas the recovery time was 1.2 s. Such a
big difference in the response and recovery times of GO films
may be due to the hydrophilic groups attached to the GO
nanosheets. The spectra changes were seen by the naked eye
to be from deep blue to red by GO-based dual-colorimetric
humidity sensor. The GO film-based sensors can be used as
humidity sensors for health, packaging, and environmental
monitoring.

A flexible humidity sensor was fabricated on polyimide (PI)
substrate using rGO and poly(diallylimethyammonium chloride)
(PDDA) nanocomposite by Zhang et al.”*> The hierarchical
nanostructure of GO and PDDA was constructed using an LBL
self-assembly approach and then partially reduced by hydro-
bromic acid treatment to generate chemically active defect
sites. The sensing properties of the nanocomposite films were
studied in 11-97% RH range at room temperature. The resis-

tance of sensor increased with the increase of RH varying as
much as 37.41% at 97% RH. Figure 21 shows an optical image of
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Figure 21. (Left) Time dependent response and recovery curves of the
rGO/PDDA nanocomposite film sensor at different relative humidity.
(Right) Optical image of 4 X 6 tGO/PDDA nanocomposite film sensors
array on a flexible polyimide substrate. [Reprinted with permission from
ref 343. Copyright 2014 Elsevier. ]

4 X 6 rGO/PDDA nanocomposite film sensor array on a flexible
PI substrate and time-dependent response-recovery curves.
The hysteresis behavior of the sensor was compared for
RH-increasing with absorption of water molecules and
RH-decreasing after desorption within 11% to 97% RH range
where the maximum hysteresis was noticed at 33% RH.
The sensor showed repeatability behavior when measured
for five exposure/recovery cycles at 43%, 75%, and 97% RH.
A response time of 108—147 s and recovery time of 94—133 s
were measured. The standard deviation (SD) derived from six
sensors during the humidity exposure was 2.6%, showing a good
reproducibility of sensor devices. The long-term stability of the
sensor was measured, and no significant change in the sensor
response was observed for 23%, 52%, and 75% RH over a period
of 60 days. The sensor showed high sensitivity to humidity, a fast
response-recovery time, and durability. The rGO/PDDA
composite film is highly sensitive toward humidity where water
molecules act as electron donors. The concentration of holes in
p-type rGO films is reduced by the adsorbed water molecules
which increases the film resistance. Here, the large density of
surface vacancies and the presence of hydrophilic carboxylic
groups in rGO film play a significant role in capturing copious
water molecules from the environment. The interlayer distance
of PDDA/rGO composite film is 3.67 A compared with 3.60 A
for rGO film because of the surrounding polymer chains.
The multilayer films absorb water molecules resulting into
swelling of rGO/PDDA interlayers, which increased inter-
layer distance and deteriorated the connectivity in the composite
film causing an increase in electrical resistance. The sensing
mechanism is associated with p-type behavior of rGO at low RH,
and the humidity-induced interlayer swelling of rGO/PDDA
composite film at high RH instead of ionic conductivity.
Another flexible humidity sensor was fabricated using two-
beam-laser interference (TBLI) method for patterning of GO on
aflexible PET substrate as reported by Guo et al.”** The contents
of oxygen functional groups in the GO sheet, which assists in
controlling the electrical conductivity, could be changed by
tuning the laser power that consequently influences the response
and recovery times of the sensor device due to the molecular
interactions occurring between oxygen functional groups and the
adsorption/desorption process of water molecules on the GO
sheets. The pristine GO had 46.5% contents of oxygen atoms and
32% content of carbon which is not bonded to oxygen. After
TBLI reduction at 0.15W laser power, C—C percentage was
found to increase to 68% whereas C—O percentage was
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decreased to 23%, demonstrating the removal of oxygen
functional groups. A significant increase in C—C percentage
whereas a decrease in the C—O and C=0O percentages was
observed with the increasing laser power. Using the TBLI
reduction process, the oxygen functional groups from GO sheet
can be removed, as a result the conductivity of the RGO thin film
could also be tailored within a particular range by controlling the
oxygen functional groups. Figure 22 shows the current—voltage
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Figure 22. (a) Current—voltage (I-V) curves of RGO sensor prepared
by two-beam-laser interference under different laser powers of 0.15, 0.2,
and 0.3 W at room temperature. The inset is a photograph of flexible
RGO humidity sensor. (b) Humidity hysteresis characteristics of the
RGO- and GO-based sensors. [Reprinted with permission from ref 344.
Copyright Elsevier. ]

curves of the RGO sensors prepared by two-beam-laser inter-
terence with laser powers of 0.15, 0.2, and 0.3 W and humidity
hysteresis features of RGO and GO sensors where absorption/
desorption resistance was measured as a function of RH at room
temperature. The resistance for GO did not change over the
whole range. However, the resistance of the sensor decreased
by 2 orders of magnitude with increasing RH in the 11-95%
range after reduction with 0.15W laser power. The response time
was 2 s when RH was increased from 11% to 95%, whereas
the recovery time was over 100 s when RH was decreasing from
95% to 11%. For sensors fabricated at the laser powers of 0.2 and
0.3 W, the response time was 3 and 50 s, and the recovery time
was 10 and 3 s, respectively. This indicates that both response
and recovery time of RGO-based flexible humidity sensor was
fast.

In addition to chemiresistor-type sensors, Su et al.*** developed
flexible impedance-type humidity sensors using GO and AuNPs
by self-assembly and the sol—gel technique. The GO-containing
hydrolyzed 3-mercaptopropyltrimethoxysilane (MPTMOS)
sol—gel solution was spread out on Au electrodes on a flexible
PET substrate. The AuNP/GO/MPTMOS sol—gel film was
characterized by SEM and AFM. The effect of the AuNPs
and GO amount on the humidity-sensing properties of the

AuNPs/GO/MPTMOS sol—gel films was studied. The optimum
flexibility, humidity sensitivity, and long-term stability were
observed from sensors fabricated with 9.0 wt % GO. The effect
of frequency, temperature, and response as well as recovery
times on the impedance was studied for flexible humidity sensors.
Su et al.** also developed impedance-type humidity sensors
from diamine-functionalized GO films coated on either alumina
or plastic substrates. GO was functionalized by ethylenediamine
and 1,6-hexanediamine using N-(3-(dimethylamino)propyl)-N’-
ethylcarbodiimide hydrochloride and N-hydroxysuccinimide
(EDC/NHS) as a coupling reagent. The effect of the diamine
chain length on the electrical and humidity sensitivity was studied
where impedance-type humidity sensor fabricated with ethyl-
enediamine-GO film showed great performance in terms of
sensitivity, flexibility, rapid response/recovery time, and high
long-term stability. The H;O" ions control the conductance of
the diamine-functionalized GO film-based sensor. Xuan et al.**’
fabricated flexible Lamb wave humidity sensors using GO
microflakes as a sensing layer. The sensor was prepared on
piezoelectric ZnO thin films deposited on a flexible PI substrate.
The humidity sensitivity of the GO sensors was 145.83 ppm
per % relative humidity (at humidity 85% RH). The flexible
GO-based humidity sensors showed no degradation under
severe bending conditions up to 36° bending angle and showed
stability upon repeated bending for 1000 times. The GO-based
Lamb wave flexible humidity sensors could be used in flexible
electronics. GO biopaper made of GO-silk fiber was used to
develop humidity sensors where the reduction of GO was rein-
forced by silk interlayers. The flexible GO-silk-based chem-
iresistive sensor showed a fast response time of 3 s, sensitivity
range of 20—97% to RH and stability to thousands of folding
cycles and chemical solvents.”**

Table 2 presents the detection range and response time of
flexible humidity sensors fabricated using graphene, GO, and

Table 2. Flexible Humidity Sensors Developed from
Graphene-Based Materials

Graphene-based RH detection  Response
sensing material Sensor type range (%) time (s) ref.
Graphene/ Capacitor 12-90 15 324
polypyrrole
nanocomposite
GO/PEN substrate Impedance 35—-80 30—-120 325
GO/PET substrate Impedance 30-90 28 327
GO/silicon bilayer Piezoresistor 10-98 19 323
GO paper Resistor 30-9S 100 350
GO/PSS Capacitor 20-80 60 351
nanocomposite
rGO/PDDA Resistor 11-97 108 343
composite/PI
substrate
rGO/PET substrate  Impedance 11-95 2 344
rGO/PU Resistor 10-70 3.5 349
composite/PDMS
substrate
rGO/SPS:PEDOT/  Resistor 0.13-68.46 39 352
PET substrate

rGO. The overall RH detection range is quite wide from 10 to
98% and response from 3.5 s to 2 min depending upon the sensor
device structure. Yao et al.’*’ developed GO/silicon bilayer
flexible structure as humidity sensor with a RH detection range of
10—98%. The sensitivity of GO/Si sensor was influenced by the
thickness of GO thin films where sensitivity toward humidity was
enhanced by thicker GO films. GO thin films having a thickness
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of 215 nm showed 3 times higher sensitivity compared witha GO
thin film of 65 nm thickness. The response of GO/silicon sensor
was also found to be related to the deformation of GO films
caused by humidity. Lin et al.*** developed a humidity sensor
with 10% graphene/polypyrrole composite that exhibited RH
detection range of 12—90%, higher sensitivity (S = 138), the
response time of 15 s and recovery time of 20 s, and <0.16% value
of humidity hysteresis at all humidity. Borini et al.”** used GO
films to develop humidity sensors having high transparency and
flexibility. The GO thin films were coated on the silver screen-
printed interdigitated electrodes (IDE) on a flexible PEN
substrate The GO/PEN-based flexible sensors showed high
sensitivity to humidity and fast response/recovery times of 30 ms
for a 15 nm-thick film due to the superpermeability of GO to
water molecules. The RH response of GO sensor remained
unchanged after 1000 bending cycles conducted at a 10 mm
bending radius during the mechanical testing. The impedance
and the sensors response were affected by the morphology and
thickness of the GO films. Su et al.>*” developed GO-based
flexible impedance-type sensors for humidity detection by layer-
by-layer (LBL) assembly on a PET substrate. Both electrical
conductivity and humidity response were influenced by the
reduction process of the GO thin film. The GO humidity sensor
showed high sensitivity with a broad linear range dependent on
applied frequency, fast response time, and long-term mechanical
stability. The impedance data showed that the dominance of ions
(H;0") for the conductance of the partially reduced GO thin
film. Trung et al.’*’ developed transparent and stretchable
humidity sensor using rtGO/polyurethane (PU) composite and
PEDOT:PSS/PU conductive electrodes on a flexible PDMS
substrate. The rGO/PU sensor can be stretched up to 60% strain.
The rGO/PU sensor showed a RH detection range of 10—70%,
response time of 3.5 s and relaxation time of 7 s. The sensitivity
and dynamic response of sensor remained almost unchanged up
to 60% stretching and even after 10000 stretching cycles
conducted at 40% mechanical strain. Naik and Krishnaswamy**’
developed humidity sensor from 10 mm wide X 30 mm long
rectangular GO paper obtained from chemical exfoliation which
showed RH detection range of 30—95%.

In order to increase the water absorption, Yu et al*’
intercalated hydrophilic and electrically insulating poly(sodium
4-styrenesulfonate) (PSS) between GO platelets to develop a
capacitive humidity sensor. This sensor device configuration
helps in enhancing the water permeation behavior. A significant
change in capacitance was observed for the GO/PSS composite
film (100 nF) compared with GO film (70 nF) with the increase
of RH due to the absorbed water molecules. The GO/PSS
composite sensor showed a capacitance of 480 nF compared with
6.4 nF for GO film at 40% RH, which is 75 times higher than the
latter one. The GO/PSS composite sensor showed 5.6 times
higher voltage and 3 times faster response time compared with
GO sensor over a 0—80% RH range. Such a significant improve-
ment in humidity sensing was associated with water absorption
capability of both GO and PSS and increased interlayer distance
in GO films. Yuan et al.”>* prepared humidity sensor with
sulfonate polystyrene:PEDOT NPs (SPS:PEDOT NPs) and GO
ink. Multilayers of SPS:PEDOT NPs/GO was obtained using
layer-by-layer inkjet printing where one GO layer was followed
by one layer of SPS:PEDOT NPs ink on a flexible PET substrate.
Thermal annealing was used to obtain SPS:PEDOT NPs-
reduced GO (SPS:PEDOT NPs/rGO) nanocomposite-based
sensors. The SPS:PEDOT NPs/rGO/PET-based sensor shows
high humidity sensing with a 0.13—68.46% range and response

and recovery times of 39 and 57 s, respectively. The electrical
resistance of sensors remained unchanged after repeated folding
for 200 times. The above studies demonstrated that GO- and
rGO-based flexible resistance and impedance-type sensors with
high sensitivity, a wide detection range and fast response/
recovery times can be prepared on different flexible substrates.

4. GRAPHENE-BASED FLEXIBLE CHEMICAL SENSORS

Nanomaterial-based sensors have been studied for detecting
environmental pollutants, toxic benzene derivatives, dyes,
cosmetics, and byproducts of chemical and pharmaceutical
industries as well as for detecting heavy metal ions in water/soil
to daily household appliances. These pollutants are also highly
toxic and cause cancer because they accumulate in the human
body through many different sources. In this regard, graphene-
based materials have been used as sensing elements for detect-
ing different types of environmentally harmful volatile organic
compounds (VOCs),*¥3373%9 pathogens,366 cancer bio-
markers,””’~>* and heavy metal ions.””*"""

A litmus-type colorimetric sensor fabricated using polydiace-
tylene (PDA)/graphene stacked composite film exhibited
sensitivity to 0.01% concentration of VOCs including methanol
(CH;0H), chloroform (CHCL,), tetrahydrofuran (THF), and
dimethylformamide (DMF).””* The color change caused by the
VOCs was visible to the naked eye due to interactions between
PDA molecules and different VOCs. Bisphenol A (BPA) is one of
the most hazardous industrial chemicals for environment and
human health. Zou et al.”” used heptakis-(2,3,6-tri-O-methyl)-
p-cyclodextrin (TM-f-CD) functionalized graphene/PtNPs-
based sensors for BPA detection due to host—guest supramole-
cular recognition offered by cyclodextrin and high electrical con-
ductivity, large surface area, and high electrocatalytic activity
originating from the graphene/PtNPs networks. The oxidation
peak current of BPA was found to be increased by the TM-f3-CD-
graphene/PtNPs modified glassy carbon electrode (GCE) than
those of graphene/PtNPs/GCE and TM-f-CD/graphene/GCE.
The lowest limit of detection (LOD) was 1.5 X 10~ mol/L
(signal/noise = 3). Graphene-based formaldehyde (HCHO)
sensors have been developed using ZnO QD/graphene nano-
composites.””* The rGO/TiO, hybrid film-based sensor detected
formaldehyde with high sensitivity at 0.8 ppm level.’”> The
polyoxometalate/rGO/AgNPs com6posite film selectively detected
formaldehyde up to 10~ mol/L.*’

The poly(3,4-ethylenedioxythiophene)/graphene nanocom-
posite-based sensors simultaneously detected hydroquinone,
catechol, resorcinol, and nitrite at lowest limits of 0.06, 0.08, 0.16,
and 7 uM, respectively.”’” A Love-wave device developed with
GO sensitive layer was used to detect chemical warfare agent
(CWA) simulants.”’® The sensors detected 0.2 ppm for
dimethyl-methylphosphonate (DMMP), which is a stimulant
of sarin nerve gas and 0.75 ppm for dipropylene glycol
monomethyl ether (DPGME), which is a simulant of mustard
gas. The limit of detection was calculated as 9 ppb for DMMP
and 40 ppb for DPGME. The high sensitivity was associated with
the hydrogen bonding formation between CWA stimulants and
the GO layer. The rGO formed by the reduction of GO by
p-phenylenediamine (PPD) was used as a sensing material for
detecting DMMP at 30 ppm level.”””

Organophosphates used as pesticides and insecticides in
agriculture pose serious food safety and public health concerns.
An enzyme-free electronic tongue (e-tongue) was developed for
detecting organophosphate pesticides using four sensing units
consisting of graphene-based hybrid materials where the

DOI: 10.1021/acsami.7b07063
ACS Appl. Mater. Interfaces 2017, 9, 34544—34586


http://dx.doi.org/10.1021/acsami.7b07063

ACS Applied Materials & Interfaces

reduction of GO was accomplished in the presence of
PEDOT:PSS, polypyrrole (PPy), and AuNPs as reported by
Facure et al.**" The e-tongue array was composed of rGO, PPy/
rGO, PEDOT:PSS/rGO, and PEDOT:PSS/rGO-AuNPs nano-
composite films. The nanocomposite solutions were drop-casted
onto the gold-based interdigitated electrodes (IDEs) to ana-
lyze different pesticides by the e-tongue system using imped-
ance spectroscopy and then pesticides were selectively clas-
sified using the Principal Component Analysis (PCA) technique.
Figure 23 presents the PCA plot showing electrical resistance

1.2 4@ Mineral Water
Cadusafos
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Figure 23. PCA plot showing electrical resistance responses measured
with the e-tongue at 100 Hz for analyzing cadusafos and malathion
solutions of different nanomolar concentrations (0.1 to 5.0 nmol/L)
prepared with phosphate buffer solution (PBS) and tap water (indicated
by real samples). [Reprinted with permission from ref 380. Copyright
Elsevier. ]

responses at a frequency of 100 Hz for analyzing solutions of
different nanomolar concentrations (0.1, 0.5, 1.0, and 5.0 nmol/L)
with phosphate buffer solution (PBS) and tap water samples having
pesticide concentrations of 0.1, 0.5, and 1.0 nmol/L. The PCA
showed that the e-tongue array clearly differentiated between
PBS buffer and real water samples. The first principal component
(PC1) and the second principal component (PC2) components
accounted for 99.50% total variance. The PCA plot showed no
overlapping between real and buffer samples and both cadusafos
and malathion pesticides were selectively identified by the rGO
sensor array. The rGO-based nanocomposites exhibited the
lowest LOD of 0.1 nmol/L toward pesticide due to the high
specific surface area and electrical conductivity. This study
indicates that the rGO nanocomposite-based e-tongue sensor
array can be used in identifying a mixture of organophosphate
pesticides at nanomolar concentrations below the recommended
levels by various countries. Likely, other graphene-based sensor
arrays can be developed for selectively identifying and classifying
other chemical mixtures with PCA method.

The rGO/CNT composites micropatterned on flexible PI
films and followed by the bismuth (Bi) electrodeposition on
micropatterns was used to detect 0.2 ppb of Pb and 0.6 ppb of
Cd ions.”®" Yuan et al.>®* prepared conjugated microporous
polymers (CMPs)/PLA-based light-emitting nanofibrous films
by electrospinning. The CMP/PLA nanofibrous films exhibited
high flexibility, high porosity as well as high surface-area-
to-volume ratios, which were used as sensors for detect-
ing nitroaromatic, benzoquinone vapors and oxidizing metal
ions. The 4-iodophenyl-substituted graphene sheets were used
to prepare graphene-templated CMP sandwiches as flexible
chemical sensors. Figure 24 shows the synthetic strategies for
preparing CMPs and their graphene-templated CMP (G-CMP)

hybrids. PTEPE-TBPE was prepared from their monomers;
1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TEPE) and 1,1,2,2-
tetrakis(4-bromophenyl)ethene (TBPE) using the Sonoga-
shira—Hagihara-type cross-coupling reaction. The graphene-
templated CMP hybrids namely G-PTBPE and GPTEPE-TBPE
were obtained by the reaction of TBPE or TEPE/TBPE mix-
ture with 4-iodophenyl-substituted graphene (RGO-IBz) as
templates using Yamamoto-type coupling reaction or Sonoga-
shira—Hagihara-type coupling reactions, respectively. The use of
tetraphenylethene (TPE)-cored monomers was based on their
inherently high photoluminescence (PL). The morphologies of
CMPs and GCMPs were studied by SEM, TEM, and high
resolution TEM techniques, which showed porous nanostruc-
tures. The PTBPE, G-PTBPE, PTEPE-TBPE, and G-PTEPE-
TBPE showed Brunauer—Emmett—Teller (BET) surface areas
of 1716, 1477, 1083, and 883 m?*/ g, and cumulative pore volumes
of 2.34, 1.88, 1.51, and 0.94 cm®/ g, respectively. The graphene-
templated G-PTBPE and G-PTEPE-TBPE hybrid materials had
lower values of surface area and pore volume compared with their
corresponding counterparts. Figure 25 shows the photographs of
light-emitting PTBPE/PLA nanofibrous films, morphological
images, and fluorescence intensity measured after exposing
1,2-dinitrobenzene (DNB), 1,3,5-trinitrobenzene (TNB), and
1,4-benzoquinone (BQ) vapors and oxidizing metal ions to
PTBPE/PLA nanofibrous films. The electrospun PTBPE/PLA-
based nanofibrous films are flexible and highly photoemissive
under UV light. SEM, TEM, and HRTEM images indicated
homogeneous distribution of PTBPE within the PLA matrix with
smooth surface of the PTBPE/PLA nanofibers. The normalized
fluorescence intensity exhibited by the electrospun PTBPE/PLA
nanofibrous films for the 1,2-dinitrobenzene (DNB) was 51%
and 29% of the initial intensity after 2 and 30 min exposure,
respectively. The 1,3,5-trinitrobenzene (TNB) and 1,4-benzo-
quinone (BQ) exhibited 52 and 57% PL quenching for 2 min,
and 75 and 79% PL quenching for 30 min, respectively. The high-
quenching sensitivity resulted from the photoinduced electron
transfer occurring between PTBPE and the electron-deficient
DNB, TNB, and BQ analytes. The fluorescence quenching of the
PTBPE/PLA nanofibrous films for different metal ions including
K, Ca**, Mg*, Ni**, Co*", Cu®", Fe’", and Ag" was recorded in
aqueous solutions (10~ mol/L) after immersing for 1 min where
enhanced fluorescence quenching of 38% for Ag* and 77% for
Fe’* was observed due to electron-deficient Ag" and Fe’"
oxidizing metal jons. The hierarchically porous carbon nano-
sheets prepared from G-CMP hybrids at 800 °C also showed
48% higher specific capacitance than that of porous carbons
without the graphene template due to improved porosity and
interfacial interactions. This study supported the fact that light-
emitting nanofibrous films of graphene-templated CMPs can be
used for flexible chemical sensors and supercapacitors.

An et al.*** fabricated liquid-ion gated FET-type flexible and
transparent graphene-based aptasensor for detecting toxic Hg*"
ions in mussels. The surface of single-layer graphene was
functionalized with an aptamer that is sensitive specifically to
ng*. Figure 26 shows HRTEM image, UV—visible spectra of
CVD-grown single-layer graphene transferred on flexible PEN
film, gold electrodes deposited on a flexible graphene film, real-
time response, and high selectivity of graphene/aptamer to Hg*".
Raman spectra of a single-layer graphene showed G-band at
1600 cm ™" and 2D band at 2700 cm™". The UV—visible spectra
of the graphene film on flexible PEN substrate showed optical
transmittance of 97.73% at 550 nm. The Hg*" ions up to 10 pM
concentration were detected in mixed solutions. The flexible
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Figure 24. Preparation of conjugated microporous polymers (CMPs): (A) PTBPE was prepared from 1,1,2,2-tetrakis(4-bromophenyl)ethene (TBPE)
by the Yamamoto-type coupling reaction and (B) PTEPE-TBPE was synthesized from 1,1,2,2-tetrakis(4-ethynylphenyl)ethene (TEPE) and 1,1,2,2-
tetrakis(4-bromophenyl)ethene (TBPE) as monomers by the Sonogashira—Hagihara-type cross-coupling reaction. (C) Process of preparing graphene-
templated CMPs involved (a) 4-iodobenzene diazonium salt (b) Yamamoto-type coupling Sonogashira—Hagihara-type coupling reactions;
panels D and F are open-frameworks simulated by DFT calculations whereas panels E and G represent closed macrocyclic units showing segments of
PTBPE and PTEPE-TBPE, respectively, also simulated by DFT calculations. [Reprinted with permission from ref 382. Copyright American Chemical

Society.]

FET-graphene aptasensor showed fast response time of <1 s with
different Hg*" ion concentration. The flexible graphene-based
aptasensor showed high selectivity to Hg*" in a mixed solution
of Cd*, Co*", Ni**, Na*, Pb*, Sr**, Li**, and Zn*". Negligible
variation in resistance of a flexible graphene aptasensor was
measured for different bending radius (0—16 mm) up to 100
bending/relaxing cycles. The aptasensor was developed from
CVD-grown graphene onto flexible PEN substrate which
showed excellent mechanical flexibility and durability for detect-
ing Hg ions.

Table 3 presents a very wide variety of chemical sensors those
have been developed using graphene-based materials. Graphene,
GO, and rGO have been hybridized with other materials in order
to improve sensitivity and selectivity toward a particular chemical
analyte. Many different chemical species have been detected with
graphene-based materials; Au-PdNPs-loaded graphene for
Bisphenol A,”** Pt/Pd NPs-graphene nanocomposite for
formaldehyde,”® porous graphene/CNT for methotrexate in
cancer chemotherapy,”®® rGO/platinum(II)-tetraphenylpor-
phyrin for hydrazine,”®’ rGO/nickel-tetraphenyl porphyrin
nanocomposite’*® and f-cyclodextrin/graphene oxide™” for
nitrobenzene, rGO/ZnO composite®’ and rGO/SnO, aero-
gels™' for phenol, glassy carbon electrode/rGO composite
for 4-nitrophenol,*”> diamond/graphene/polyaniline compos-
ite®® and molecularly imprinted polymer/graphene oxide for
2,4-dichlorophenol,** nitrogen-doped graphene GQDs for

2,4,6—trinitrophenol,395 GO/chitosan nanocomﬁposite for meth-
9

ylamine, dimethylamine and trimethylamine.’

Graphene-based materials have been widely used for detectin%
toxic metal ions such as rGO/polyethylenimine/Pd hybrids,*”
cobalt sulfide (CoS)/porous rGO,””® rGO/chitosan/DNA
composite*” and polypyrrole/graphene/f-cyclodextrin compo-
site™” for Hg**, AgNPs/rGO for H§2+, Pb** and Cr(VI),**”
N-doped §raphene /chitosan for Pb**,*” S-doped graphene QDs
for Ag*,*'? p-penicillamine-functionalized graphene QDs*"" and
rGO/AuNPs composite’”” for Fe*. The detection of other
chemical species include the use of §raphene/polyaniline
(PANI) nanocomposite for methane,”> rGO for arsine
(AsH;)** and 2,4-dinitrotoluene (DNT),” graphene QDs
for 2,4,6-trinitrotoluene (TNT),*” GO/polypyrene for tol-
uene,**° rGO/AgNPs/ZnO hybrid for acetylene,™” cerium oxide
(Ce0,)/rGO for fenitrothion insecticide,”’' N and S codoped
graphene QDs/AgNPs for cyanide,"'” graphene interdigitated
microelectrodes for E. coli O157:H7,*"* and graphene/PtNPs/
Nafion composite for metoprolol associated with cardiovascular
disease treatment.*'*

5. SELECTIVITY AND STRATEGIES FOR EXCLUDING
INTERFERENTS

Here we emphasize on the sensitivity and selectivity of chemical
species by the graphene-based sensors and a few examples of
strategies on how to exclude the interference from other analytes
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in order to distinguish the sensitivity response of different analytes
through the chemical modification of graphene, GO, and rGO.
The selectivity of different analytes is one of the most important
factors for evaluating the performance of a sensor. Sensor arrays
have also been used for differentiating between various analytes
present in a given mixture such as detecting proteins,415 cancer
biomarkers,”* 6417 VOCs,*'**? and other analytes.420
Graphene-based sensor arrays have been studied for simul-
taneously detecting and categorizing a set of chemical elements
using the linear discriminant analysis (LDA) for recognizing
patterns. Nanographene oxide (NGO)-based sensor arrays have
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Figure 25. (A) Photographs of light-emitting, electrospun PTBPE/
poly(lactic acid) (PLA) nanofibrous films under sunlight (left) and UV
lamp excited at 365 nm (right). (B) SEM, (C) TEM, and (D) HRTEM
images of the PTBPE/PLA nanofibers. (E) Fluorescence intensity
recorded for sensing organic vapors from the electrospun PTBPE/PLA
nanofibrous films after exposing to 1,2-dinitrobenzene (DNB), 1,3,5-
trinitrobenzene (TNB), and 1,4-benzoquinone (BQ) vapors from
0—30 min. (F) Detection of different types of oxidizing metal ions
shown in terms of the degree of fluorescence quenching of the PTBPE/
PLA nanofibrous films upon immersing for 1 min in aqueous solutions
of metal ions (107* mol/L). [Reprinted with permission from ref 382.
Copyright American Chemical Society.]

been used for detecting ensemble aptamers (ENSaptamer)
proteins with pattern recognition by Pei et al."*' Figure 27 shows
the identification of different proteins using NGO-ENSaptamer
as a sensing platform. The nine different proteins includ-
ing subtilisin A (SubA), fibrinogen (Fib), hemoglobin (Hb),
cytochrome ¢ (CC), lysozyme (Lyso), horseradish peroxidase
(HRP), bovine serum albumin (BSA), lipase, and casein were
identified six times against ENSaptamer-5, ENSaptamer-6, and
ENSaptamer-7 at S M. A 20-base ssDNA probe series (P1—P7)
tagged with 6-carboxyfluorescein (6-FAM) fluorescent dye was
used to study the interactions between NGO and DNA. The
proteins were analyzed using ENSaptamer sensor containing
ENSaptamer-S (ssDNA probes P1, P2, PS, P6, and P7). Each
protein gives rise to different fluorescence response patterns
arising from NGO-DNA probes interactions, which were
analyzed using classical linear discriminant analysis (LDA).
The six replicates of each protein with LDA method yielded four
canonical factors with variations of 81.1, 16.4, 1.3, and 1.2%. The
54 canonical fluorescence response patterns (nine proteins X
six replicates) were isolated into nine separate groups. The six
out of nine proteins were noticeably identified with ENSap-
tamer-S in the pattern recognition, however, three remaining
BSA, HRP, and Fib proteins showed a significant overlapping,
insinuating to the limited differentiation by the use of
ENSaptamer-5. By increasing the number of DNA probes to
BSA, HRP, Fib, ENSaptamer-6 was able to separate BSA from
the HRP and Fib proteins. The jackknifed classification matrix
demonstrated classification accuracy enhancement from 96%
for ENSaptamer-5 up to 100% for ENSaptamer-6 as well as
ENSaptamer-7. Both HRP and Fib still exhibited clear overlap
even after increased the classification accuracy in the 2D canonical
score plot. One more DNA element was added to prepare
ENSaptamer-7, which was able to identify all nine proteins having
different surface properties and 3D structures. When Euclidean
distance was increased from 2.6 to 4.7 between HRP and Fib,
both were separated in the plot. This NGO-ENSaptamer-based
sensor array was found to be highly sensitive and selective for
detecting nine different proteins at a very low concentration of
nanomolar scale. In another study, Chou et al.*** used the
conventional GO and nanographene oxide (NGO)-based nose
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Figure 26. (a) HRTEM image of a single-layer graphene: (b) UV—visible spectra of single-layer graphene (1L) on flexible PEN substrate showing 97.7%
optical transmittance at 550 nm; (c) gold electrodes deposited on flexible and transparent graphene aptasensor for detecting Hg** ions in mussels.
(d) Real-time responses of graphene/aptamer and pristine graphene and (e) Sensitivity of aptasensor with varying Hg?* concentrations (10 pM to
100 nM). (f) Aptasensor showing high selectivity toward target metal ion of Hg** at 10 pM and nontarget metal ions of Cd**, Co**, Ni**, Na*, Pb**, Sr*,
Li*", and Zn®* at 10 mM. [Reprinted with permission from ref 383. Copyright American Chemical Society.]
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Table 3. Chemical Sensors Developed from Graphene-Based Materials

Limit of
Graphene-based electrodes Analyte detection Ref.
rGO/polyimide flexible substrate ~ Acetone 1 ppm 227
Toluene 1 ppm 227
Ethanol 1 ppm 227
Graphene nanoelectronic DMMP 43 ppb 355
heterodyne (FET, 100 kHz)
DMF 0.92 ppm 35S
1,4-Dioxane 50 ppm 35S
Chloroform 164 ppm 355
2-Propanol 105 ppm 355
Chlorobenzene 12 ppm 355
Toluene 210 ppm 355
Dichloromethane 139 ppm 355
Acetone 58 ppm 35S
Ethanol 65 ppm 355
Cyclodextrin-functionalized Bisphenol A (BPA)  0.15 nM 373
graphene/PtNPs
AuPd nanoparticles-loaded Bisphenol A (BPA) 8 nM 384
graphene nanosheets
Pt/PdNPs-graphene Formaldehyde 2.85 uM 385
nanocomposite
Poly(3,4- Hydroquinone 0.06 uM 377
ethylenedioxythiophene)/
graphene composites
Catechol 0.08 uM 377
Resorcinol 0.16 uM 377
3D porous graphene/carbon Methotrexate 70 nM 386
nanotube
rGO/platinum(1I)- Hydrazine S nM 387
tetraphenylporphyrin
nanocomposite
rGO/nickel-tetraphenyl Nitrobenzene 0.14 uM 388
porphyrin nanocomposite
-Cyclodextrin/graphene oxide Nitrobenzene 0.184 uM 389
rGO/ZnO composite Phenol 1.94 yM 390
rGO/SnO, aerogels Phenol 10 ppb 391
Glassy carbon electrode/rGO 4-Nitrophenol 42 uM 392
composite
Diamond/graphene/polyaniline 2,4- 0.25 uM 393
composite Dichlorophenol
Molecularly imprinted polymer/ 2,4 0.5 nM 394
graphene oxide Dichlorophenol

Nitrogen-doped graphene 2,4,6- 420 nM 395
quantum dots (N-GQDs) Trinitrophenol

Graphene oxide/chitosan
nanocomposite

Methylamine 3 ppm 396

Limit of
Graphene-based electrodes Analyte detection Ref.
Dimethylamine 3 ppm
Trimethylamine 3 ppm
rGO/polyethylenimine/Pd ng* 10 nM 397
nanohybrids
Cobalt sulfide (CoS)/porous Hg™* 14.23 nM 398
rGO nanocomposite
Nitrogen-doped graphene/ Pb** 6.64 X10°°M 399
chitosan nanocomposite
AgNPs/rGO nanocomposite Hg2+ 50 nM 400
(Moringa oleifera fruit)
Pb>* 1S mM 400
Cr(VI) 500 nM 400
p-penicillamine-functionalized Fe®* 12X 10°°M 401
graphene QDs
rGO/gold nanoparticles (AuNPs) ~ Fe®* 3.5 nM 402
composite
Graphene nanosheets/polyaniline CH, 10 ppm 403
(PANI) nanocomposite
Reduced graphene oxide (rGO)  AsH; 0.01 ppm 404
Reduced graphene oxide flakes DNT 52 ppb 25
Graphene quantum dots (GQDs) TNT 0.49S ppm 405
Graphene oxide/polypyrene Toluene 24 ppm 406
composite
rGO/Ag nanoparticles-loaded Acetylene 100 ppm 407
ZnO hybrid
rGO/chitosan particles/DNA Hg"* 0.016 nM 408
nanocomposite
Polypyrrole-decorated graphene/  Hg** 0.47 nM 409
P-cyclodextrincomposite
Sulfur-doped graphene QDs Ag* 30 nM 410
(fluorescence)
Graphene oxide (GO) layer in DMMP 9 ppb 378
Love-wave device
DPGME 9 ppb 378
tGO/p-phenylenediamine (PPD) DMMP 30 ppm 379
rGO/PEDOT:PSS/polypyrrole/ Pesticide 0.1 nmol/L 380
AuNPs
Cerium oxide (CeO,)/rGO Fenitrothion 3 nM 411
nanocomposite
N and S codoped graphene QDs/  Cyanide (CN™) 0.52 uM 412
AgNPs (fluorescence)
Graphene interdigitated E. coli O157:H7 10 cells/mL 413
microelectrodes
Graphene/PtNPs/Nafion Metoprolol 4.30 nM 414
nanocomposite

arrays with five different fluorescent molecules including acridine
orange (AO), thodamine B (RB), pyronine Y (PY), rhodamine 6G
(R6G), His-tagged emerald green fluorescent protein (eGFP) to
identify eight different proteins including hemoglobin (Hem),
myoglobin (Mayo), ribonuclease A (Rib-A), f-galactosidase
(p-Gal), lysozyme (Lys), bovine serum albimin (BSA), histone
(His), and lipase (Lip) by the nose arrays at 10 and 100 nM
concentrations. The conventional GO arrays showed lower fluo-
rescence response and minor classification at 100 nM protein
concentration. The canonical score plot calculated by the linear
discriminant analysis (LDA) showed that all eight proteins
including Rib-A, His, #-Gal, Hem, Lys, Mayo, BSA, and Lip at
100 nM concentration were 100% accurately categorized by the
NGO sensor array whereas the canonical score plot for the
conventional GO sensor array was overlapped and not so clear
compared to NGO array. The sensing of eight proteins at 10 nM
concentration and their canonical score plot obtained from the
LDA showed 95% accurate classification for the NGO sensor

array but an incomplete classification for the conventional GO
sensor array. The 100% classification was achieved with three
NGO sensors in the array including eGFP, R6G, and PY for
protein detection at 100 nM with LDA/Jackknife analysis. In the
case of conventional GO array at 100 nM, 100% classification
was achieved with five sensors including AO, RB, eGFP, R6G,
and PY and 98% classification using three sensors with eGFP,
R6G, and PY. NGO sheets having more oxygenated reactive
sites showed enhanced fluorescence response due to their high
affinities for different analyte proteins compared to conventional
GO associated with the increased charge density of NGO
supramolecules. The above studies showed that NGO-aptamer
and NGO-based sensor arrays could be used for identifying
various proteins at nanomolar concentrations for their potential
applications in nanomedicine including bioimgaing, diagnostic
and therapeutics.

The PCA is another method of recognizing patterns through
graphene-based sensor arrays as used for selectively identifying a
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Figure 27. (a) Fluorescence response patterns recorded using
ENSaptamer-5 for detecting nine different proteins including subtilisin
A (SubA), fibrinogen (Fib), hemoglobin (Hb), cytochrome ¢ (CC),
lysozyme (Lyso), horseradish peroxidase (HRP), BSA, lipase, and casein
at S uM. Error bars shows the standard deviations for six measurements.
(b) Canonical score plot obtained using the NGO-ENSaptamer-5
sensor array having ssDNA probes P1, P2, PS, P6, and P7. In this plot, six
out of nine proteins were clearly identified; however, there was an
overlap between BSA, Fib, and HRP proteins. (c) Canonical score plot
obtained for NGO-ENSaptamer-6 sensor array containing ssDNA
probes P1, P2, P4, PS, P6, and P7. In this case, BSA protein was
separated out from Fib and HRP proteins. (d) Canonical score plot
obtained for the NGO-ENSaptamer-7 sensor array containing ssDNA
probes P1—P7 where all nine proteins were clearly separated and
selectively identified. (e) Precision—recall plots for the NGO-
ENSaptamer sensor arrays where 99% precision for ENSaptamer-7
was obtained at <83% recalls. [Reprinted with permission from ref 421.
Copyright American Chemical Society.]

mixture of organophosphate pesticides.”® PCA has been
extended to selectively discriminate a mixture of gases. Choi
et al.”*” demonstrated the selectivity of gas molecules by pattern
recognition using principal component analysis (PCA). In order
to examine the selectivity of IPL-RGO-based flexible sensors for
different gaseous molecules, the PCA was conducted for pattern
recognition of H,S, H,, acetone, ethanol, methane, toluene, and
carbon monoxide at 5—20 ppm both in the flat as well as bent
states (Figure 28). The H,S, H,, and ethanol were found to
cluster in completely different regions without any overlapping
in the flat as well as in the bend state, showing that IPL-RGO
sensor can distinguish among three different chemical species
using pattern recognition. Furthermore, other chemical species
including toluene, acetone, methane, and carbon monoxide
at 20 ppm in the flat state were also clustered separately in
the three-dimensional (3D) PCA pattern recognition domain.
The sensitivity and selectivity of IPL-RGO sensor was also
evaluated for gaseous molecules at different concentrations.
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Figure 28. Principal component analysis (PCA) for recognizing pattern
of H,, H,S, acetone, ethanol, toluene, methane, and carbon monoxide at
5—20 ppm using IPL-RGO-based flexible sensors both in the flat and
bent states. [Reprinted with permission from ref 227. Copyright
Springer Nature. ]

The IPL-RGO sensor showed the highest sensitivity toward H,S
at 20 ppm whereas very low sensitivity of 0.1% was observed
toward other interfering chemical species even at this high gas
concentration. The ethanol especially displayed the highest
sensitivity between 1 and 5 ppm gas concentration whereas
hydrogen at 10 ppm. The IPL-RGO sensor showed an n-type
behavior for H,S at 20 ppm due to the heavy doping by electron
donating H,S gaseous molecules, which increased the electrical
resistance whereas sensor showed a simple p-type characteristic
below 10 ppm of H,S concentration without displaying any
p—n transition. Alizadeh and Soltani*** designed a rGO sensor
array for the pattern recognition of DMMP vapors. The rGO
chemiresistors were capable of selecting and interfering with
DMMP from other vapor analytes. The rGOs were prepared
from GO using hydrazine hydrate, ascorbic acid, and sodium
borohydride reducing agents. The sodium borohydride and
ascorbic acid obtained rGOs were found to be more sensitive
to DMMP vapor than rGO reduced by hydrazine hydrate;
therefore, synthetic conditions also had a big impact on the
selectivity of rGO sensor toward DMMP vapors.

Sensor arrays for selectively detecting proteins by gold
nanoclusters** and aptamer-based plasmonic element,"*> phos-
phate anions and metal ions by carbon dots,"*® metal ions by
CNTs,*” explosive vapors by ZnO,*** and toxic gases by metallic
NPs** have been reported. Typically, chemiresistive and FET-
type sensors with carbon nanotubes, graphene or metal oxides
are used to construct an electronic nose system employing a
sensor array with the aid of pattern recognition algorithms for
selective identification of the analyte of interest. The principles
and an example of an e-nose system constructed using CNT’s can
be found in a review article by Meyyappan.**

Though graphene shows self-sensitivity to some analytes such
as NO, and NH; due to their electron exchange properties, but to
achieve an absolute selectivity over existing interfering analytes
within a working environment is difficult. Therefore, doping of
graphene/GCEs with other materials such as metallic nano-
particles of Pt, Pd, Au, etc., polymers such as polyaniline and
polypyrrole, semiconducting metal oxides such ZnO, TiO,,
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SnO,, and biological species such as DNAzyme oligonucleotides
has been found a very effective approach in order to discriminate
among various analytes and significantly increasing the selectivity
toward a particular analyte by excluding interference by other
existing analytes in a given mixture using modified graphene-
based sensors. Furthermore, the factors such as temperature,
nature and ratio of a dopant, concentration of analyte, morphol-
ogy, and device structure also assist in differentiating a particular
analyte within a mixture. A few examples are discussed in this
section.

The semiconducting nanoparticles such as titania, gold
nanoparticles (AuNPs) have been used in combination with
graphene-based materials for fabricating chemical sensors those
can exclude the interference from other chemical species.
Chang et al®! used self-assembled AuNPs-rGO/chitosan
hybrid-modified GCE for catalytic oxidation and electrochemi-
cally detection of f-nicotinamide adenine dinucleotide (NADH)
coenzyme where chitosan was used as a stabilizing agent for
graphene solution and to immobilize AuNPs. The amperometric
detection of NADH by the AuNPs-rGO/chitosan film electrode
showed a wide linear range from 1.5 to 320 uM, high sensi-
tivity of 0.318 mA uM ™" cm ™2, S s response time and low LOD
value of 1.2 uM (S/N = 3). The synergistic effect between
AuNPs and rGO started the catalytic oxidation of NADH at 0.05 V
and decreased oxidation overpotential by 220 mV compared to a
bare electrode, and also significantly enhanced the oxidation
current. The interference of ascorbic acid (AA) was investigated
through CV analysis for mixtures containing of 0.5 mM AA and
different concentrations of NADH on bare and AuNPs-rGO/
chitosan film-modified GCEs. The voltammetric signals of a
mixture containing 0.5 mM AA and 0.14 mM NADH was hardly
discriminated by the bare GCE. In case of AuNs-rGO/chitosan
hybrid film modified GCE, two separate oxidative current peaks
at 0.36 V for NADH and 0.05 V for AA were observed at 29 yM
NADH concentration. The oxidation peak currents of NADH
showed a linear increase from 29 uM to 143 yM concentrations
in the presence of AA. The anodic peak current for NADH was
found to be larger in the presence of AA at particular concen-
tration compared with in the absence of AA. The AuNPs-rGO/
chitosan used for detecting NADH showed the exclude effect
from the oxidation of AA interference. Yan et al."*> developed
photoelectrochemical sensor for dopamine detection using
GQDs dots with TiO, nanparticles (GQDs/TiO,NPs nano-
composites) which showed photocurrent enhancement by
30-time and 12-time for GQDs-TiO,/GCE under visible-light
compared with bare GQDs/GCE and bare TiO,/GCE, respec-
tively, due to the synergy between GQDs and TiO, NPs and
excluded the interference of other electrochemical species.
Furthermore, the dopamine selectively sensitized GQDs-TiO,
nanocomposites and enhanced photocurrent with the increasing
concentration of dopamine from 0.02 to 105 #M with a LOD of
6.7 nM (S/N = 3) under optimized experimental conditions.
Hou et al.**® used N-(trimethoxysilylpropyl) ethylenediamine
triacetic acid (EDTA) modified rGO with Nafion to fabricate an
electrochemical sensor which detected neurotransmitter dop-
amine wih LOD of 0.01 uM. The oxygenated functional groups
in rGO sheets and their molecular interaction with dopamine
eliminate the interference of ascorbic acid.

Wau et al.*** developed a new approach to detect glucose and
efficiently exclude the interference from coexisting chemical
species by incorporating glucose oxidase (GOx) into graphene.
The electrocatalytic reduction of dissolved oxygen was observed
at the GOx-graphene/GC electrode. The reduction current was

found to decrease after glucose addition and sensor showed a
high sensitivity of 110 + 3 A mM™" cm™, a linear range of
0.1-10 mM, and alow LOD of 10 + 2 uM for glucose detection.
This approach excluded the effect of interference of other
electroactive species because of a low detection potential used
in the experiment (—470 mV, versus SCE). Luo et al. ™
electrodeposited CuNPs on graphene sheets to develop
nonenzymatic glucose sensor and studied electrochemical
behavior and interference using cyclic voltammetry and
chronamperometry. The CuNPs/graphene composite electrode
showed a synergistic effect toward glucose oxidation in alkaline
solution by displaying a higher oxidation current, a linear range
up to 4.5 mM glucose, and response time of (<2 s). The sensor
showed high selectivity where the contamination by chloride
ions, interference from ascorbic acid, dopamine, uric acid, and
carbohydrate was effectively avoided and glucose was selectively
detected by the CuNPs/graphene electrode. This study indicated
the high selectivity by the sensor toward target glucose detection
with LOD of 0.5 uM (S/N = 3) in the presence of other
interferents. Kim et al."*° used single-Si-nanowire (SINW)-based
DNA sensors hybridized with CVD-graphene to develop diode-
type biosensors for selectively detecting specific oligonucleo-
tides. This hybridization process leads to a doping effect of
SiNWs where the current increased from 19% to 120% as
the concentration of DNA was increased from 0.1 to 500 nM.
The graphene/SiNWs-based biosensor accurately selected
targeted oligonucleotides.

The morphology of a nanostructured material (thin film,
nanorods, nanoribbons, nanoflowers, etc.), which controls the
surface area and accessible reactive sites to the analytes, plays
an important in determining the magnitude of sensitivity toward
an analyte. Esfandiar et al.*’’ developed H, gas sensors by
incorporating Pd-WO; hybrid into GO and partially reduced
graphene oxide (PrGO) sheets using a hydrothermal process.
Pd-WO; hybrid has ribbon-like morphologies, Pd-WO;/GO as
irregular nanostructure and Pd-WO;/PrGO a high surface area
hierarchical nanostructure. The gas sensitivity was decreased by
50% after adding GO into the Pd-WOj; because of lower surface
area arising from irregular nanostructure compared with the
ribbon-like morphology. The Pd-WO;/PrGO films exhibited
10 times higher sensitivity that of Pd-WO;/GO. This study
demonstrated that the residual oxygenated functional groups of
PrGO and a high surface area of Pd-WO;/PrGO hierarchical
nanostructure contributed to higher H, gas sensitivity. Huang
et al."”® reported several folds enhancement in sensitivity toward
NH; gas after adding PANI to rGO sheets (PANI/rGO)
compared with pure PANI nanofiber and rGO-based sensors.
Feng et al.”>’ developed ammonia sensors using electrospun
rGO and Co;0, nanofibers that showed sensitivity to ammonia
between S and 100 ppm and selectivity over interferrents
including methanol, ethanol, formaldehyde, acetone, benzene,
and methylbenzene. Wang et al.”>" reported the selectivity by
self-assembled rGO (pyrrole reduced) sensors for different
analytes. Ammonia was detectable at a very low concentration of
100 ppm; however, chloroform, hexane, methanol, dichloro-
methane, xylene, and DMMP were detectable to 1% of vapor
concentrations, which is a much higher concentration compared
with ammonia gas. This indicates that the Py-rGO sensors are
highly selective for detecting ammonia gas.

In another study, Zou et al. *® reported much higher sensitivity
and selectivity of the Pd-PANI/rGO nanocomposite film
(surface area of 71.5 m*/g) sensor toward H, gas compared
with PANI/rGO (44.3 m*/g) and PANI (38.5 m*/g) due to the
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hydrogen absorption on Pd, and the high surface area offered
by the PANI/rGO nanocomposite as shown in Figure 29a.
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Figure 29. (a) Gas sensing responses of sensors based on the PANI,
PANI/rGO, and Pd-PANI/rGO films toward 1% hydrogen at room
temperature. [Reprinted with permission from ref 438. Copyright
Elsevier.] (b) Selectivity of the GO-DNAzyme oligonucleotide-based
sensor toward Pb** ions over 10 different interference metal ions at
1 uM. [Reprinted with permission from ref 440. Copyright The Royal
Society of Chemistry.]

The Pd-PANI/rGO nanocomposite-based sensor showed 25%
H, gas sensitivity, low detection limit of 0.01 vol %, and response
and recovery times of 20 and 50 s, respectively. The electrical
conductivity of the Pd-PANI/rGO nanocomposite-based sensor
decreased with the increase of H, gas concentration due to the
adsorption of H, molecules on the surface of Pd nanoparticles
that formed Pd hydride (PdHx) and reduced the carrier mobility.
The selectivity of H, was examined over CO,, CH;0H, and H,S
gases at 1 vol % concentration, no response was observed for
CO, and H,S gases but a slight response occurred for CH;OH.
These studies showed the role of Pd doping on graphene-based
sensors in enhancing sensitivity for H, gas because Pd can selec-
tively absorb a high amount of H, gas. The selective gas sensing has
been reported with a single pristine graphene transistor.'”’ The
CuO-ZnO/rGO hybrid sensors showed highly selective gas-
sensing toward acetone at 100 ppm concentrations of various inter-
tering VOCs including methanol, ethanol, chloroform, toluene,
ethylene glycol, formic acid, acetic acid, and propionic acid.**”
The different absorption characteristics, reactivity, and molec-
ular interactions are exhibited by each and every analytes. Wen
et al.**" reported a GO-DNAzyme oligonucleotides-based
sensor that demonstrated the molecular interactions between
GO and the Pb**-dependent DNAzyme exclude the interference
from 10 different metal ions including Ca, Cd, Co, Cr, Cu, Hg,
Mg, Mn, Ni, and Ni ions at 1 M and selectivity detected Pb*
ions with ultrahigh sensitivity as shown in Figure 29b. This study
indicated that the molecular level interactions occurring between
GO sheet and the Pb**-dependent DNAzyme play a major
role in selectively detecting Pb*" ions. Zhao et al.**' used a
GO-DNAzyme-based biosensor showing high selectivity and a
LOD of 300 pM for Pb** where the fluorescence detection of
Pb** was selected by the GR-S DNAzyme oligonucleotide cat-
alytic unit instead of 8—17 DNAzyme oligonucleotide. These
biosensors were tested for detecting Pb** in river water. Li
et al."** incorporated GO sheets in the aptamer-functionalized
CdSe/ZnS QDs to develop GO/aptamer-CdSe/ZnS QDs that
functions as a “turn-on” fluorescent sensor for detecting Pb**.
The interaction of Pb** ions with the aptamer form a complex
where the QDs are separated from the GO sheet. This detach-
ment “turns on” the QDs fluorescence. The sensor showed a
LOD of 90 pM and Pb** ions were exclusively selected over a
broad range of other metal ions. The ethylenediamine was
utilized as a chelating reagent to exclude the effect of interference
of other metal ions. This study showed that the fluorescence of

34571

CdSe/ZnS QDs was quenched by GO through metal surface
energy transfer mechanism instead of Forster resonance energy
transfer (FRET) process. Zhao et al.*** reported selective
sensing Pb*" due to the selective adsorption by the polypyrrole/
rGO composite toward Hg*". The sensor showed Pb** sensitivity
of 0.642 uA nM ™" and a LOD of 4 pM in the presence of Hg*".
The minimal interference was observed with other ions at high
concentrations.

Graphene QDs (GQDs) have been explored for sensing appli-
cations. Wei et al.*** used fluorescent GQDs to detect TNT
in a solution using FRET quenching. The fluorescent GQDs and
TNT bind together via the 7—7 interactions, which suppresses
the fluorescence emission due to the FRET from electron donor
GQDs to electron acceptor TNT via intermolecular interactions.
The unmodified GQDs showed high sensitivity down to
0.495 ppm (2.2 uM) of TNT with 1 mL solution of GQDs.
The FRET-based GQDs exhibited high fluorescence without any
modification and can detect ultratrace analytes. The high
selectivity of potassium (K) ions was achieved by using an ion-
selective crown ether and by the transfer of fluorescence
resonance energy from carbon dots to graphene. Highly selective
detection and visual identification of Fe®* ions in wine was
reported using Nile red with partially oxidized graphene film.***

The gas sensing material SnO, has been used with rGO for
selectivity purpose. The SnO,/rGO-based sensor exhibited up to
33.4% enhancement in sensitivity toward NO, gas compared
with pure rGO, whereas up to 23.8% reduction in sensitivity of
NH; compared with pure rGO. Therefore, selectivity of the gas
sensors was tuned by SnO, nanocrystals as reported by Mao
et al.** Wei et al.*”” mixed gas sensing semiconductor SnO, with
rGO for detecting heavy metal ions and to study difference in
their sensitivity and mutual interference during simultaneous
electrochemical analysis of Cd(II), Pb(II), Cu(II), and Hg(II).
The SnO,/rGO composite modified glass carbon electrode
(GCE) were able to simultaneously and selectively detect traces
of Cd(II), Pb(II), Cu(1), and Hg(1I) in drinking water using
square wave anodic stripping voltammetry (SWASV) technique.
The detection limit of 1.015 X 1071° M, 1.839 X 1071 M, 2.269 X
107'° M, and 2.789 X 107'® M were measured for the Cd(II),
Pb(II), Cu(Il), and Hg(II) respectively, which is below than
the recommended value by the World Health Organization.
The sensitivity of 5.167 uA u/M for Cu(II) and 2.766 pA p/M
for Hg(II) were observed during the individual analysis;
however, during the simultaneous analysis, the sensitivity of
Cu(Il) significantly increased to 9.664 uA u/M whereas
sensitivity of Hg(II) remained unchanged at 2.713 pA u/M.
These results were explained in terms of the Hg film formation
as well as followed by the formation of a Cu-Hg compound on
the SnO,/rGO surface during the deposition process, which
enhanced the sensitivity toward Cu(Il). The Cd(II), Pb(1l),
Cu(II), and Hg(II) showed sensitivity of 18.4, 18.6, 14.98, and
28.2 puA pu/M during simultaneous analysis, respectively. Here,
the sensitivity dramatically increased for both Cu(II) and Hg(II)
compared with the individual analysis as well as simultaneous
analysis of Cu(II) and Hg(II). The effect of the concentrations
of Cd(II) was investigated in order to understand the signif-
icant enhancement of sensitivity for Cu(I) and Hg(II) during
simultaneous analysis. Figure 30 shows the square wave anodic
stripping voltammetry (SWASV) response of the SnO,/rGO
electrode at different Cd(II) concentrations in the presence of
0.5 uM Cu(II) and 0.5 #uM Hg(II) where an interference on the
anodic peak currents was observed. With addition of 1.0 uM
Cd(II), the peak current of Hg(II) was noticeably increased
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Figure 30. (a) SWASV response of the SnO,/rGO composite modified
glass carbon electrode (GCE) at 0, 1.0, 1.5, and 2.0 #M concentrations
of Cd(1I) in the presence of 0.5 uM Cu(II) and 0.5 uM Hg(II) in 0.1 M
NaAc-HAc (pH $.0). Here the concentrations of Cd(II) show an
interference on the anodic peak currents of 0.5 uM Cu(II) and 0.5 uM
Hg(II). (b) Comparison of the voltammetric peak current of Cu(II) and
Hg(1I) at different Cd(II) concentrations corresponding to SWASV
conditions. [Reprinted with permission from ref 447. Copyright
American Chemical Society.]

while the increase for the peak current of Cu(Il) was lower.
Moreover the peak currents of Cu(1l) and Hg(1I) stabilize with
further addition of Cd(II). The sensitivity toward Cu(Il) and
Hg(II) was increased during deposition process which was
interpreted in terms of the formation of Cd film and thereafter
the formation of intermetallic Cd compounds with Cu and
Hg. The formation of Cd film is prevented at a particular
concentration of Cd(II) as a result the peak currents for both
Cu(II) and Hg(II) are stabilized. Likely, the SWASV response of
the Sn0O,/rGO composite modified GCE at 0, 2.5, 3.0, and
3.5 uM concentrations of Pb(II) was studied in the presence of
0.5 uM Cu(II) and 0.5 uM Hg(II) where the Pb(II) concen-
tration also showed an interference on the anodic peak currents
of 0.5 M Cu(II) and 0.5 uM Hg(II). This study clearly explains
the mutual interference phenomenon and the effect of concen-
tration of interference. Furthermore, this work indicated the use
of SnO, in detecting heavy metal ions.

Chemiresistor and FET-type sensors made of modified graphene
films have also been inves '§ated by various research groups for
selectivelz detecting gases,44 —452 heavy metal jons,**>** fluoride
anions,*® glutathione,456 depression biomarker,*” cancer
cells,**® nucleic acid,**’ pesticides,460 tramadol,*®! quercetin,
morin and rutin in grape wine,"*” and other chemicals.****%*

6. CHEMICAL SENSING MECHANISMS FOR GRAPHENE

In this section, reported chemical sensing mechanisms for
graphene, GO, and rGO are briefly described. The sensitivity of
graphene-based materials depends upon the chemical species
attached to graphene surfaces and at the edges in the case of GO
and rGO films which contains oxygentated functional. GO imparts
quite different physical and chemical properties than that of
pristine graphene or rGO due to attached oxygenated functional
groups which are also the adsorption sites for chemical analytes.
The presence of hydroxyl groups play a major role in hydrogen
bond formation between GO films and adsorbed chemical
molecules depending upon their chemical functionality.
For example, water molecule (H,O) will easily form hydrogen
bonds with OH groups of GO or rGO films. For electron
accepting NO, molecules and electron donating NH; and H,S
molecules, the change in electrical resistance is observed due to
the electron exchange processes occurring between the gas mole-
cules and the graphene and such chemical sensing mechanisms
are discussed in the literature,’%'00716%198,2207227,259=267
Humidity sensing by the GO and rGO films has been explained

in terms of H bonding. Bi et al.*” reported ultrahigh sensitivity of
graphene oxide toward humidity. The graphene oxide (GO)
films-based capacitive humidity sensor exhibited sensitivity up to
37 800% at 15% to 95% relative humidity as indicated by the
increase of capacitance from 9.8 pF to 3710 pF. The relative
capacitance of GO sensor changed from 8000% at 100 Hz to
32200% at 10 kHz, which was over 10 times higher compared
with conventional sensors. Figure 31 shows a schematic
illustration of humidity sensing mechanism by the GO films.
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Figure 31. Schematic diagram showing humidity sensing mechanism on
the surface of GO films. [Reprinted with permission from ref 465.
Copyright 2017 Macmillan Publishers Limited.]

The water molecules are adsorbed following two different
hydrogen bonding processes; double hydrogen bonds are
formed between the first-layer of water molecules and on the
surface of GO films whereas a single hydrogen bond is formed
from the second layer of water molecules. The water molecules
adsorbed by hydrophilic oxygenated groups on the GO surface
form two H bonds at low relative humidity. In this case, the free
movement of adsorbed water molecules is restricted by two
H bonds. The hopping of protons between adjacent OH groups
of GO films gives rise to higher electrical resistance. The multilayer
adsorption of water molecules takes place as the RH is increased.
The second layer of water molecules forms a single H bond with
OH groups, where water molecules have more moving flexibility.
With progressing multilayer adsorption, hydronium ions (H;0")
can be generated as charge carriers by the ionization of water
under an electrostatic field. The adsorbed water layers could
behave like a liquid under higher humidity. The higher number of
epoxy groups in GO could help in proton migration. All these
events could lead to high sensitivity of GO films at high RH.
The sensing mechanisms of NO, and H,S gases with rGO
films have been explained in terms of intrasheet and intersheet
effects occurring between an individual rGO sheet and
interconnections formed among different rGO sheets, respec-
tively.*® Sun et al.**” detected physisorption of an individual
CO, molecule on suspended bilayer graphene (BLG). The
density functional theory (DFT) simulation indicated resistance
increment of 50 € in graphene by the adsorbed single CO,
molecule whereas experimentally a resistance change of 61
was measured as a result of individual CO, adsorption and
desorption phenomena in graphene. The CO, gas adsorption
mechanism was described in terms of van der Waals (vdW)
interactions.*”~*” The H, sensing mechanisms for the Pd
nanocluster-decorated graphene””> and Pt nanoparticle-deco-
rated rGO surfaces”*® have been proposed. The H, molecules are
adsorbed onto the Pd or Pt surfaces. and thereafter the H,
molecule is dissociated into two H atoms. The Pd nanoclusters
are transformed from the Pd phase to the palladium hydride
(PdHx) phase when exposed to H, gas, which causes a change in
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electrical resistance and work function. Likely, the transfor-
mation of Pt phase to platinum hydride (PtHx) phase takes place,
which also gives rise to resistance change upon exposure to H,.
The molecular interactions of the graphene, GO, and rGO with
their doping materials are not fully understood; therefore, more
studies are needed to explain the chemical sensing mechanisms
of graphene-based materials.

7. LONG-TERM STABILITY OF GRAPHENE-BASED
SENSORS

Long-term stability of humidity sensors against oxidative
conditions is important for commercial applications. Graphene
multilayer-based sensors displayed stability up to 100 days in
air for NO,.”” The rGO-based flexible gas sensor exhibited
stability up to 43 days toward S ppm of NO,.">” The mechanical
stability of up to 5000 bending cycles and long-term stability
up to 19 months has been reported for a flexible graphene/
MoS, gas sensor.”®> The ZnO nanotubes/graphene-based H,
sensors showed stability up to 90 days under hydrogenation/
dehydrogenation conditions.””® The LbL self-assembled TiO,/
rGO hybrid film-based sensors when exposed to 1, 100, and
500 ppb SO, for 30 days showed very little variation in the
resistances.”’” The rGO/PDDA composite film-based humidity
sensor showed stability in sensitivity under 23%, 52%, and 75%
RH for 60 days.’*® Bi et al.** fabricated capacitive humidity
sensors using GO films as a sensing material, which exhibited
sensitivity of 37 800% that was 10 times higher compared with
conventional humidity sensors and response and recovery times
of 10.5 and 4.1 s, respectively. Long-term stability test of the
GO-based sensors conducted in 15%, 35%, 55%, 75%, and 95%
RH at 100 Hz and 1 kHz frequencies showed negligible variation
over a period of 30 days. Humidity sensors fabricated from
graphene modified with naphthalene-1-sulfonic acid sodium salt
(NA) and AgNPs showed no degradation in sensitivity and
response time when exposed for 110 days in air."’’ The AgNPs-
NA-rGO composite-based sensor exhibited fast response/recovery
time (<1 s) under 11% and 95% RH in air at room temperature at
100 Hz and response time remained the same for 110 days. These
studies indicate that the humidity sensors based on graphene are
quite stable under ambient conditions. Long-term stability of TiO,/
rGO hybrid film-based sensors toward SO, and AgNP-NA-graphene

composite-based sensor for humidity is shown in Figure 32.
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Figure 32. (a) Long-term stability test of TiO,/rGO hybrid film-based
sensors to 1, 100, and 500 ppb SO, gas concentrations. [Reprinted with
permission from ref 219. Copyright Elsevier.] (b) Long-term stability of
humidity sensor fabricated from graphene modified with naphthalene-1-
sulfonic acid sodium salt (NA) and AgNPs. [Reprinted with permission
from ref 470. Copyright American Chemical Society].

As discussed above, the graphene-based gas and chemical sensors
indicate stability for a long period of time under different
environmental conditions from oxidative atmosphere to high
humidity to mechanical testing.

8. CONCLUSION AND PERSPECTIVE

Graphene-based materials have been used as new sensing elements
in developing gas and chemical sensors for wearable electronics
due to their unique optical, electrical, mechanical, and thermal
properties. We have summarized the status of flexible gas sensors
focused on sensing nitrogen dioxide, ammonia, hydrogen,
hydrogen disulfide, carbon dioxide, and sulfur dioxide. Further-
more, applications of a graphene sensitive layer in detecting toxic
bisphenol A (BPA), formaldehyde, acetone, methanol, ethanol,
phenols, nitrobenzene, toluene, amines, explosives such as DNT
and TNT, chemical warfare agents such as sarin and mustard
nerve gases, heavy metal ions (Cd, Hg, Pb, Cr, Fe, Ni, Co, Cuy,
Zn, Ag), and other environmental pollutants were also analyzed.
The sensors based on hybrids of graphene nanosheets decorated
with nanostructured Pd, Pt, SnO,, TiO,, ZnO, Cu,O, WO,
Fe,0;, MoS,, PANI, and polypyrrole and functionalized with
organic moieties provide higher sensitivity and selectivity com-
pared with pristine counterparts. The different types of sensors
discussed here indicate that the right combination with doping
materials, device architectures and synergetically contributing
interfacial effects are important for high-performance sensors.
Both sensitivity and selectivity of chemiresistor and FET-type
graphene-based sensors depend upon a number of factors
ranging from the synthetic conditions to morphological
structures to the concentrations of dopants and analytes. Factors
including chemical structures,'>'®»'9%170263 gynthetic condi-
tions, ”>**”*"! surface area of morphological nanostruc-
tures,”*>2037382437438 Gefects in graphene layered struc-
tures,'®®*'>%** graphene interlayer spacing,'>> concentration of
analytes,122160/164,201,202,205,259-265,360,383,416,431,432447 110,
lecular 7—7 interactions,** fluorescence resonance energy
transfer (FRET) quenching,**>****** etc., control the sensitivity
and selectivity of graphene-based sensors. Graphene-based
sensor arrays could selectively identify and accurately classify a
227 421,422 . .
group of gases™’ and proteins from interfering analytes
using pattern recognition analysis. Both LDA and PCA methods
proved to be significantly instrumental for discriminating a
mixture of chemicals with graphene-based sensor arrays.
Also, the comparative study between conventional GO and
NGO sensor arrays showed that the size of GO sheets, amount,
and the location of oxygenated functional groups (—OH,
COOH, —CO, —C—0-C) offering reactive sites and their
interactions with proteins are important factors for selectively
detecting proteins at nanomolar level.*”> GO-based sensors can
detect various gases, VOCs, and humidity. The adsorption sites
offered by GO are important for sensing analytes, therefore, the
control of the oxygenated functional groups on GO surface and
the edges is important for tailoring electrical resistance as well as
sensitivity and selectivity toward different analytes. The principles
of molecular interactions of the graphene, GO, rGO, and their
hybrid-based materials with different chemical analytes are not
fully understood. The sensitivity and selectivity of graphene
sensors should be significantly improved for accurately detecting
chemical analytes over interferents at a very low concentration.
Flexible graphene-based materials not only exhibit high
sensitivity toward chemicals but also show promise for
developing flexible, transparent, and stretchable strain sen-
sors for wearable electronics.”’*™*" Graphene, GO, and rGO
hybridized with other 2D materials, inorganic, and organic
materials for applications in gas and chemical sensors are also
advancing rapidly.”’*"*"® As discussed above, graphene-based
materials show potential to fabricate transparent and flexible
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sensors that could be used for wearable electronic devices.
The recent advances in flexible gas and chemical sensors for
wearable technology are at an early stage, unparallel to the
outstanding progress made for graphene-based flexible and
wearable strain sensors to monitor various types of human body
activities, which may lead to real commercial applications in the
near future. Graphene flexible sheets fulfill most requirements for
wearable electronic devices. Graphene-based flexible RFID tag
sensors having wireless communication system is such an
example.””® The applications of RFID sensor technology are
expected to grow significantly in various flexible devices
including mobile phones. Furthermore, RFID sensors will have
enormous interest in connection with IoT sector. Wearable
sensors will be one of the most active research areas in coming
years for applications in healthcare, robotics, artificial intelli-
gence, military, space exploration, and in association with IoT by
connecting billions of electronic devices through the Internet/
cloud to the worldwide population; therefore, there will be
enormous demand and growth in developing flexible and
stretchable nanomaterials and their based wearable sensors for
IoT sector.”””** Many challenges remain to find new low-cost
and lightweight materials that can be used to manufacture
transparent, flexible, and wearable chemical and biological
sensors on a large-scale similar to present day conventional
semiconductors. The efforts should be devoted to significantly
improving the flexibility, stretchability, softness, long-term
stability, and durability of graphene gas, chemical and biological
sensors under varying environmental conditions such as
humidity, temperature, and oxidative chemicals. One of the
major challenges of wearable technology is the integration of
flexible wearable sensors with wireless technology for the IoT
applications as it is critical for future commercial success.
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