Graphene-based Environmental Sensors: Electrical and Optical Devices
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Abstract: In this review paper, we summarized the recent progress on using graphene as a sensing
platform for environmental applications. Especially, we highlight the electrical and optical sensing
devices developed based on graphene and its derivatives. We discussed the role of graphene in
these devices, the sensing mechanisms, the advantages and disadvantages of specific devices. The
approaches to improve the sensitivity and selectivity are also discussed.
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1. Introduction
Simple and reliable sensors for trace species detection are highly desirable in a spectrum of
applications ranging from medical diagnosis, environmental monitoring, industrial and
agricultural processes control, and lab-on-a-chip. In the past two decades, various nanomaterials
have been explored for sensing applications, including nanoparticles, nanowires, nanotubes, and
nanosheets. (/—6) Among these nanomaterials, graphene, a two-dimensional (2D) carbon layer,
has drawn significant attention in sensing applications due to its novel properties. The unique
structure and electronic properties of graphene (e.g., ultra-thin thickness, large specific surface
area, extremely high electron mobility, and high sensitivity to electronic perturbations from foreign
molecules) are the cornerstones for the development of graphene-based materials as sensing
platforms. (7—11) The general working principle of graphene-based sensors rely on detecting
perturbations in electrical and optical signals caused by interactions between graphene and a target
molecule. To make these interactions for selective sensing, probes are usually introduced on the
surface of graphene sheet through surface modifications (e.g. chemical linkages) that act as

specific binding sites to the target species.



In this review, we highlight the versatility and robustness of graphene as a sensing platform, with
emphasis on environmental chemical sensing applications in both liquid and air media. In
particular, we focus on two types of sensors: electrical and optical sensors. Electrical sensors based
on conductivity changes benefit from graphene’s exceptional carrier transport properties, allowing
for improved sensing capabilities. Optical sensors take advantage of graphene’s unique optical
properties and show great promise for future applications. The differences between optical and
electrical sensors are vast, and it is outside the scope of this review to enumerate them. Instead, we
highlight graphene’s versatility and offer practical considerations for sensor designing. In the
following, we demonstrate how graphene has been employed in assessing pH and humidity levels,
and the presence and concentration of various gaseous and liquid molecules, under different

sensing mechanisms.

1.1 Graphene: Basic optical and electronic properties

A single layer of graphene consists of sp>-hybridized carbon atoms arranged in a honeycomb
lattice with a thickness of only 0.34 nm. (72, /3) Although both graphene and graphite share the
same chemical composition, their properties are distinctively different: whereas single layer
graphene is nearly transparent, allowing up to 97.7% of light transmission in the visible range,
each successive graphene layer in graphite adds an additional 2.3% opacity yielding its
characteristic dark color; (/4) graphene is also mechanically flexible and stretchable, and most

importantly while graphite exhibits metallic behavior, graphene is semi-metallic. (15)

Graphene’s linear electronic band structure around the K point is largely responsible for the
sensitivity to changes in its immediate surroundings. As shown in Figure 1b, at the Dirac point,
there is no gap between the valence and the conduction band, meaning the charge carriers have
zero rest mass, and electrons and holes are free to move, which gives graphene its semi-metallic
nature. (15) Graphene also exhibits a high carrier density (n > 10*2¢m™2), awarding it a superior
carrier mobility of over 10* cm?/V's at room temperature. (16, 17) These unique properties render
graphene a promising future in sensing applications. Specifically, molecules that approach
graphene’s surface induce charge transfers between graphene and the molecules, leading to the
dope of graphene positively or negatively. (/8) The doping effect changes the relative position

between the Dirac point and the Fermi level, which can be reflected in the energy momentum



dispersion relation and the density of states, as shown in Figure 1c. (19, 20) In intrinsic graphene,
the Fermi level is at the Dirac point, while in n-doped graphene, the Fermi level is above the Dirac
point; in p-doped graphene, the Fermi level is below the Dirac point. Consequently, assessing
changes in the Fermi level allow quantitative measurements of the doping nature of graphene
which can be easily done through field effect transistors (FET) devices. Although FET devices are
limited to only measuring changes in conductivities, a major advantage of developing onto the
FET structure rests on the ease of implementation of such devices when compared to new state-
of-the art approaches. New technology is not required for the analysis of results, the overall

structure is maintained requiring minimal adaptation in the manufacturing process.

1.2 Graphene Production

In nature, graphene is found in the form of graphite, where individual layers of graphene are
stacked and held together by van der Waals (vdW) forces (Figure la). Graphene was
experimentally isolated in 2004 by Geim et al. by cleaving graphite until few layers was achieved.
(21) Since then, graphene has been extensively used in research across various fields, ranging from
biomedical research to fundamental physics. (8, 22—26) The researchers used an adhesive tape to
overcome the vdW forces to separate the individual graphene layers, known as the mechanical
exfoliation (ME) technique. Although this method yields one of the highest graphene grades, with
lower concentration of defects and impurities, it comes at the expense of relatively small lateral

sizes, and a long preparation time.

There are numerous synthetic routes to make graphene, but all fall within two general approaches:
bottom-up and top-down. Briefly, in the bottom-up approach individual C are assembled to form
graphene, while in the top-down route bulk graphite is broken down to graphene. The specific
approach should be chosen carefully as the resulting graphene’s quality will vary accordingly, for
each production method has its own starting material, with inherent type and amount of defects.
Transfer procedures also add another layer of complexity as different (substrates) supporting layers
are required, and so forth; consequently all should be taken into account when considering the

intended use of graphene.

A popular approach to obtain graphene is liquid-phase exfoliation (LPE), a process fundamentally

similar to ME, albeit in liquid media. In LPE, precursor graphite, or other multilayered forms of



graphene, is added to a solution containing chemicals that are able to intercalate between the
graphite layers. Once embedded, these chemicals increase the interlayer distance between
individual sheets, thereby weakening the vdW forces, and subsequent sonication leads to the
delamination of the sheets. (27) Some drawbacks to this procedure include smaller lateral sizes,
increased contamination from leftover reagents. Nevertheless, LPE is still desirable for its relative

lower operating cost and scalability.

Alternatively, bottom-up approaches offer the possibility to produce graphene sheets much larger
(> 1 cm?), while also exhibiting performances similar to pristine ME graphene samples. (28) For
example, in chemical vapor deposition (CVD), methane (CH4) and hydrogen (H2) gases flow in a
tube furnace containing a metal catalyst (often a copper foil). At high enough temperatures (>1000
°C), the CHa4 gas decomposes to CH radicals and coalesce on the reactive surface of copper to
make graphene. (29-31) Although the resulting product is polycrystalline, has grain boundaries

and adlayers, the overall quality of the graphene may still offset these considerations.

2. Graphene-based FET sensors: Air and Water
Graphene-based electrical sensors are based on FET devices, working by detecting changes in the
conductance of the transducing material (i.e. graphene). Due to the unique linear band structure
around the K point, the conductance of the graphene channel is very sensitive to molecular
adsorptions on the FET device. Figure 2a shows a typical back-gated GFET, it is composed of
source and drain metallic electrodes bridged by graphene channel and is usually supported by
highly conductive silicon substrate coated with an insulating dielectric SiOz2 layer as the back gate.
In such devices, the carrier concentration, and thus the conductivity of graphene can be tuned by
the gate voltage. Figure 2b shows a typical measurement, where a constant bias voltage (Vsd)
between the graphene channel and the source is applied, and changes in the source-drain current
(Isa) are recorded. By changing the back-gate voltage (Vyg), the electrochemical potential of the
charge carriers (i.e., the Fermi energy) can be modulated. The type of carrier can continuously be
tuned from holes (red curve) to electrons (gray curve), with the Isa change following a “V” shape,
where the minimum current point marks the transition between p- and n-type, also known as the

charge neutrality point (CNP). This behavior is the so-called “ambipolar behavior”.



When exposed to a gaseous environment, gas molecules adsorb on graphene, causing a doping
effect to graphene, which in turn affects the carrier concentration in graphene. The CNP
consequently shifts positively or negatively, depending on whether the gas molecules are p-type
or n-type dopant. (/8) The degree of the shift can be used to quantify the concentration of gas
molecules in the environment. Such device has been shown useful in assessing gas by-products in
manufacturing plants, such as carbon dioxide and ammonia gas — well-known greenhouse
gases.(32) Schedin et al. realized the first micrometer-sized graphene sensor, and demonstrated its
great potential by detecting a single gas molecule adsorbed on graphene’s surface (Figure 2¢), the
highest sensitivity among any detection techniques at the time. To achieve this feat, the authors
used a mechanically exfoliated single crystal graphene, for its inherent low Johnson noise and
negligible crystal defects,(33) leading to an impressive signal-to-noise ratio. The device showed
concentration dependent changes in electrical resistivity when adsorbing NO2, H2O, NH3, and CO
gases, allowing for quantitative analysis, shown in Figure 2d. As CO and NH3s act as electron
donors and NO:2 and H20 act as electron acceptor gases, they were found to strongly adsorb on
graphene at room temperature. Moreover, the authors demonstrated the robustness of these devices
by recovering them through vacuum annealing at 150°C suggesting the potential for multiple

measurements.

Considering over 70% of Earth’s surface covered by water, there is great interest in developing
technology that is capable of assessing water samples. Following the realization of the GFET gas
sensors, liquid-gated GFET sensors were also developed for sensing liquid samples to assess
changes in pH, ion concentrations, and contaminants in water samples. (32) The change of Isx
versus Vrer of the liquid-gated GFETs has similar characteristics to back-gated GFETs, but the gate
bias is applied to the liquid medium through a reference electrode (often Ag/AgCl), instead of a

dielectric material (e.g. Si02) as in the back-gated configuration.

In the following sections we discuss important considerations for the design of environmental

sensors that can affect cost, selectivity, and sensitivity.

2.1 GFET sensors: graphene quality considerations



The early proof-of-concept devices were primarily built with mechanically exfoliated (ME)
graphene samples, which are often of the highest quality because they come from single crystals
but pose a challenge to manufacturing as they are quite small, and the process is not suitable for
automation. Although their performance is high, mechanically exfoliated graphene samples are
cost inefficient for large-scale fabrication. An alternative to the mechanical exfoliation method is
chemical vapor deposition (CVD), in which gaseous precursors react in a low-pressure tube
furnace to provide great quality, large-area, continuous monolayer films, offering a path for the
commercialization of GFET devices. Significant progress in the development of CVD GFET
devices has been made over the past decade. (34—36) For example, Chen et al. assessed the
sensitivity of a CVD GFET sensor when exposed to oxygen (O2) at room temperature. (37) The
authors found that when O:2 molecules adsorbed onto the surface of graphene, epoxide and
carboxylic groups formed, which significantly decreased the electrical resistivity. The reported

limit of detection (LOD) for the O2 sensor was about 400 parts per million (ppm).

Another popular method to produce graphene is liquid phase exfoliation (LPE), where ions are
intercalated between layers in graphite in a liquid solution, thereby overcoming the vdW forces
and leading to the separation of individual graphene layers. (38) In a systematic study, Ricciardella
et al. investigated how graphene from CVD, ME and LPE affected the sensitivity of a gas sensing
device. (39) The authors exposed the devices to an environment containing NO: in various
concentrations, ranging from 0.1 to 1.5 ppm. Not surprisingly, the highest response rate came from
the least defective graphene prepared by ME, which was 50% faster than the CVD graphene
sensor. While the LPE sensor was also able to detect concentrations down to 0.1 ppm, the response
rate was much slower, about a fifth of the ME device. The immense differences are attributed to
the presence of low- and high-energy binding sites stemming from point-defects, generated during
graphene preparation. Lower-energy binding sites allow for quicker adsorption, thus the ME

graphene chemosensor shows the highest response rate.

In addition to graphene quality, the effect of the number of graphene layers on the device’s
performance has also been studied. (25, 40) For example, Li et al. used CVD graphene grown on
copper (single layer) and on nickel (few-layer) to detect pH changes in aqueous solutions. In their

work, the authors demonstrated that few-layer graphene (FLG) was sensitive to a pH range



between 7 and 13, while single layer graphene (SLG) was sensitive to a shorter pH range between
7 and 8. (25) And the resolution on the pH scale was one order of magnitude higher in the SLG
than that in the FLG devices, 0.01 vs 0.1 respectively. The choice between SLG and FLG will be
determined by the application of the device, if the interested pH range lies within physiological
processes then SLG is better suited for the task. On the other hand, if the device needs to cover a

larger and alkaline pH range then FLG should be chosen.

Considering manufacturing efforts, scalability, and device performance, CVD graphene shows
larger commercialization potential in GFET sensors, because it retains the relatively high
performance of ME graphene, and has less defects than LPE graphene which hinders carrier

mobility.

2.2 Functionalization of graphene for selectivity improvement

To improve selectivity, a widely used approach is borrowed from a “lock-and-key” model that
preferentially targets the molecule of interest to interact with graphene. (41, 42) This is achieved
through the addition of functional groups to graphene’s surface.(43) The most commonly used
functionalization methods include covalently bonding functional groups (e.g. carboxylic acid,
epoxy) on graphene, or adsorbing conjugated organic molecules (e.g. enzyme, sRNA or
DNAzyme) through n-n interactions. (44—46) Here, we introduce two typical approaches used for

graphene functionalization for highly selective GFETs sensing devices.

Covalent functionalization occurs through the formation of new bonds between the sp? backbone
of graphene, or graphene oxide, and reactive intermediates such as carbenes, nitrenes, or free
radicals.(47) Generally, graphene oxide is easier to be functionalized through covalent bonding
due to dangling oxygenated groups (e.g. carboxylic acid and epoxy) on the surface, compared to
the chemically inert surface of intrinsic graphene. However, even though the functionalization can
be very stable, it can interfere with the electron transport performance, due to the disruption of
graphene’s conjugated m system. Consequently, it is not the most popular approach in the

fabrication of GFETSs sensors.



Non-covalent functionalization, on the other hand, is a less invasive approach to enhance
selectivity. To achieve non-covalent functionalization, the devices are usually incubated in the
solution of probe molecules (e.g. polymers, enzymes, SRNA or DNAzyme).(48) This type of
functionalization occurs through n-m interactions and does not present considerable changes to the
electron transport properties of graphene. Because of its extensive conjugated 7 system, pristine
graphene is an excellent candidate for non-covalent functionalization.(48, 49) For example, Zhang
et al. used self-assembled 1-octadecanethiol on graphene to sense mercury. (50) In the sensing
process, Hg?" interacted strongly with the thiol group in 1-octadecanethiol, and LOD of about 10
mg/L was achieved. Although still not comparable to the guidelines for drinking water set forth by
the World Health Organization (WHO) for mercury of 0.006 mg/L. (57) In nature, water samples
are often a mixture of several solutes other than a single molecule of interest, such as salts, heavy
metals, among others. Therefore, high selectivity to the target species is needed to distinguish from
other contaminants in the water. An et al. achieved an improved LOD for Hg?" detection by
modifying the surface of graphene with 1,5-diaminonaphthalene (DAN) as a linker through n-n
interactions between the phenyl groups on DAN and the & electrons of graphene. (52) Then, the
immobilized RNA aptamer was grafted onto graphene, and showed an excellent field-induced
response when detecting Hg?*. The device showed preferential binding to Hg*" instead of several
ions, including Cd**, Co*", Ni**, Na*, Pb**, Sr**, Li* and Zn**. The reported LOD for Hg?" was
about 6.5 X 107® mg/L, well below the WHO standard. As many molecules has been explored to
“lock” on graphene,(43) more targets can be detected in a highly efficient way with proper “locks”.

(52)

2.3 Graphene hybrid structures for improved sensitivity

Once selectivity of the target molecule has been achieved, the detection sensitivity should also be
improved for sensing of trace-amounts. To this end, several groups have reported that the addition
of some metal nanostructures could increase the sensitivity to changes in electron mobility and
conductivity. (53, 54) Graphene can be doped by the addition of a metallic film or nanoparticle
layer, thus modulating the Fermi level: when combined with Al, Ag, or Cu, graphene will be n-
doped, and Au or Pt will lead to p-doping of graphene. (55) In addition to modulating the Fermi
level, Igbal ef al. demonstrated that the addition of Ag nanoparticles (1.0 M) can significantly

increase the electron mobility, from 944 cm? V! s”! for pristine CVD grown graphene to 1170 cm?



V- 5T with Ag nanoparticles with 200 nm diameter. Further decreasing the nanoparticle diameter
to 30 nm leads to an electron mobility of over 1400 cm? V' s, almost a 50% increase from pristine

graphene. (53)

Another route to improve sensitivity that has been under investigation is the vertical stacking of
other 2D materials on graphene. For example, Long ef al. reported MoSz/graphene hybrid aerogel
used for NO2 detection. (56) The graphene scaffold provided high specific surface area and high
electrical and thermal conductivity, and a few-layer MoS2 (molybdenum disulfide) sheets could
provide a higher sensitivity and selectivity to NO2 against H2 and CO. The sensor shows an
ultralow LOD of 50 ppb NOz2 at room temperature, much lower than the NO: standard (106 ppm)
in air quality guidelines of WHO. (57) An additional benefit of the implementation of other 2D
materials is that the GFET device can be made flexible, and has drawn significant interest from
both academia (58) and industry. (59, 60) Cho et al. fabricated a graphene/MoS:2 2D heterostructure
based flexible gas sensor, where mechanically exfoliated MoS: flakes were used as the channel
material, while the patterned graphene strips were used as electrodes. (6/) Figure 2e shows an
optical image of the flexible graphene/MoS: heterostructure sensor on a flexible polyimide
substrate. The device was able to sense NO2 down to 5 ppm, and NH3 down to 100 ppm even after

5000 bending cycles.

Higher performance can be achieved by the implementation of both functionalization and
graphene-metal hybrids approaches. For example, the WHO Guidelines for drinking-water quality
(2011) state that the concentration of Pb*" should not exceed 0.01 ppm. (5/) Wen et al.
demonstrated their GFET device could detect concentrations several orders of magnitude lower
than the WHO standard, about 4x10°° ppm. (62) The authors deposited gold nanoparticles (Au
NPs) on a graphene channel and modified it with a DNAzyme by non-covalent functionalization.
As discussed, such graphene-metal hybrid FETs can reach a low detection limitation comparable

to worldwide standards, highlighting the potential for immediate practical applications.

In summary, FETs can benefit from the implementation of graphene as the sensing layer for its
superior carrier transport properties. Additionally, graphene as a platform is ideal for the

introduction of surface modifiers (eg. chemical linkers, nanoparticles, and 2D hybrid structures)



that increase selectivity and sensitivity. Table 1 summarizes GFET chemical sensors discussed

here.

3. Graphene-based Optical sensors
The versatility of graphene is also showcased in optical sensors, which enjoy a plethora of sensing
mechanisms that can provide more information about the target species than field-effect-
transistors. In essence, optical sensors are instruments capable of measuring the interaction
between electromagnetic radiation and matter; here, we review how spectroscopies can benefit
from graphene. A major advantage of optical sensors arises from the fact that they are capable of
probing energetic states (e.g. electronic, vibrational, rotational) which are intrinsic to the target
species, paving way for directly detecting the presence of the target analyte. In stark contrast to
GFET devices that, instead, rely on indirect measurements (i.e. conductivity changes in the

graphene-molecule complex) to detect the target analyte.

There are numerous optical sensors with distinct sensing mechanisms, and while all are not
presented here, we highlight the use of graphene in a variety of spectroscopic modalities ranging
from colorimetric sensors, that require little sample preparation and almost no post analysis
processing, to more complex techniques like Raman spectroscopy that provide specific spectral
signatures but require specialized instrumentation and knowledge to operate. We begin by

reviewing sensors that detect changes in the optical properties of the graphene-analyte complex.

3.1 Colorimetric sensors
One of the simplest optical sensor designs comes in the form of colorimetric sensors, because of

its streamlined operation, both in data acquisition and analysis. This type of sensor consists of a
substrate to hold the graphene, and the graphene film itself. To operate the sensor, the user only
needs to expose the device to the sensing medium (i.e.: air, water) for a color change to occur in
real time. Although they are easy to operate, the underlying mechanisms for the color change can
vary significantly, and here we highlight two distinct examples of how colorimetric sensors can
take advantage of graphene. The first one relies on an optical inference caused by the swelling of
the graphene film that ultimately affects the reflection of visible light, in other words, the

reflectance changes. The second method involves grafting molecules on the surface of graphene
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that emit light in the presence of the target species, a process called fluorescence resonance

energy transfer (FRET).

2D graphene, especially, graphene oxide, has demonstrated exceptional promise for humidity
sensing, because of their super permeability that arises from the rich oxygen-containing functional
groups on the surface.(63) The functional groups of graphene oxide (i.e. hydrophilic hydroxyl,
epoxy, and carboxylic groups) were tuned for monitoring humidity. Chi et al. reported an optical
sensor for monitoring relative humidity up to 98% (Figure 3a). (64) A thin film of GO was coated
on a SiOz substrate and exposed to several environments with different humidity levels. To realize
different levels of humidity, the researchers prepared several vials with varying water vapor
pressures from saturated salt solutions. The relative humidities were 12% (LiCl), 33% (MgCl),
44% (K2CO3), 52% (Mg(NO3)2), 68% (CuClz), 75% (NaCl), and 98% (PbNOs3). The thin film
changed colors from light blue to orange, according to their relative humidity levels (Figure 3b).
The device allowed visualization of humidity within a fast speed of 250 ms. More recently, Li et
al. proposed in 2018 a similar colorimetric device capable of detecting ammonium, methanol, and
ethanol gas. (65) The sensor was especially sensitive to ethanol gas, with an LOD of 3.3 ppm and
a fast response time of 120 ms. Additionally, because both sensors relied on the adsorption of gas
molecules on the surface of graphene, desorption can also be induced, and the same device can be
reused multiple times. As these reflectance-based sensors don’t require electrical power to

function, they are an attractive option for quick field measurements.

Although it is desirable to fabricate sensors with the least amount of complexity (for economic or
durability concerns), their technical simplicity may pose limitations on their practical use. It is not
possible for graphene, or its derivatives, to detect all possible target analytes by themselves and
the addition of functional groups as anchor points may be required — much like the approach
described in Section 2.2. We review a similar approach that instead of anchoring the target
molecule to a binding site on the surface, functional groups in the form of “light-switches” are
added to the surface of graphene that are tailored to turn-on under certain environmental
conditions.(66) For example, in 2014, Kim ef al. demonstrated a photoluminescent pH sensor that
when dispersed in water could detect a pH range from 1 to 7. (67) To realize this feat, the authors

made clever use of graphene’s fluorescence quenching capabilities, by grafting two differently
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colored fluorophoroes on graphene that are sensitive to either acidic or neutral pH. As both
chromophores make contact with graphene, their fluorescence is quenched and no light is emitted.
However, when the sensor is exposed to acidic (neutral) media, one of the fluorophores will emit
an orange (blue) hue light. In another example, Huang ef al. introduced a sensitive, rapid, label-
free fluorescent method using reduced graphene oxide (rGO) to identify tartrazine (Figures 3¢ and
3d). (68) The authors first bound a fluorescein to rGO, resulting in the quenching of the
fluorescence. As tartrazine was added into the system, it competed with fluorescein to bind with
rGO, leading to the desorption of some fluorescein molecules from rGO. Thus, fluorescence
recovery was observed afterwards. By quantifying the fluorescence recovery using fluorescence
spectroscopy, the concentration of tartrazine was determined based on the linear relationship

between the fluorescence quenching intensity and the concertation of the tartrazine.

3.2 Optical fiber-based sensors

Optical fibers offer a great way to guide light over long distances, due to its incredibly high total
internal reflection that allows for minimal propagation loss inside the cladding. Over the last few
decades, demands for miniaturization of sensors for real time and remote monitoring has
positioned optical fibers as a pivotal platform for its small size, flexibility, chemical inertness, and

more importantly insusceptibility to external electromagnetic interference. (69, 70)

However, the same cladding that protects the fiber from interference and signal loss, also prevents
analytes from interacting with the light in the core of the fiber. (7/) To overcome this challenge
several approaches have been proposed, such as polishing (72), chemical etching (73), tapering
(71) to name a few, and they all share a similar trait: exposure of the core to the elements. With
the removal of the cladding, light propagating through the fiber is able to interact with its
surrounding. The sensing mechanism of these optical-fibers rests in exciting the evanescent field
so that it can interact with its surrounding medium. However, because the core of the fiber is
usually made of primarily silica and is therefore inert, there is little selectivity towards any given
analyte, and a sensing layer is required to draw the molecules close to the exposed portion of the
fiber. (74-76) In the following, we present two types of optical-fiber sensors, one is based on
reflectance changes, like the colorimetric sensor discussed above, and another sensor that is based

on a phenomenon called surface plasmon resonance.
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Rosli et al. prepared a rGO nanocomposite coated on a tapered fiber sensor to sense aqueous
ethanol by measuring differences in the reflectance spectrum. The reflectance response of the rGO
coated fiber tip reduced linearly, upon exposure to ethanol concentrations ranging between 20-
80%. (77) Zhang et al. reported a polymer optical fiber with graphene film deposited on the distal
end of the optical fiber as an acetone sensor. (78) When the acetone vapor molecules were adsorbed
on the graphene film, the change of the reflectance on the spectra showed a two-fold improved
sensitivity than without it. Detection of acetone vapor concentrations as low as 44 ppm was
achieved on such graphene modified sensor, while original sensor can only detect acetone down

to about 70 ppm.

Another sensing technique that has enjoyed significant progress from the development of optical
fibers are Surface Plasmon Resonance (SPR) sensors. (79—87) SPR sensors are based on an
optical phenomenon in which the collective coherent oscillation of free electrons, usually of a
metal, is induced by an incoming electromagnetic field at the interface between a metal and a
dielectric. (82) These charge density oscillations are called surface plasmon polaritons (SPP).
The SPPs form an electric field that propagates outward into the surrounding medium, namely
the evanescent field, which is sensitive to changes in the refractive index. SPR sensors, then, are

sensors capable of measuring refractive-index changes at the sensing surface.

Recently, the addition of graphene to Au and Ag systems have shown to increase the SPR signal
change when compared to the bare metal. (83, 84) Zhu et al. coated monolayer graphene onto the
silver film surface of long-period fiber grating (LPFG) and used the SPR property of such structure
to sense methane gas, Figure 3e. (85) At a 3.6% methane concentration, a three-fold improved
sensitivity in spectral shift was observed compared with the traditional LPFG sensor, from 0.4 to
1.2 nm, and 1.3 times better than the Ag coated LPFG SPR sensor, with a spectral shift of 0.9 nm,
(Figure 3f). It was attributed to a graphene-induced increased intensity of the evanescent field on

the surface of the fiber, and thus the interaction between SPR wave and the target molecules was

enhanced. (85, 86)

33 Graphene-mediated Surface Enhanced Raman spectroscopy
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Raman spectroscopy is a fingerprinting technique that is non-contact and non-destructive. An
advantage of Raman spectroscopy is that it can assess the intrinsic vibrational signature of the
target molecule and the signal is not inferred from changes in the system. However, a major
drawback to spontaneous Raman scattering is that it is a relatively weak process: around one in a
million photons will undergo Raman scattering. The remaining photons will scatter photons with
the same energy as the incident light, also called Rayleigh scattering (after Lord Rayleigh, who
discovered this phenomenon). To mitigate the low efficiency, many efforts in far-field, near-field,
and non-linear Raman spectroscopy have been made to increase the scattered signal, notable
mentions include resonance Raman, surface enhanced Raman, and stimulated Raman

spectroscopy.

In practical terms, surface enhanced Raman spectroscopy (SERS) offers a balanced solution
between signal intensity and relatively low sample preparation. In SERS the experimental setup is
identical to traditional Raman spectrometers, the only difference lies in the sample preparation:
molecules must be in close proximity to a SERS substrate. Surface enhanced Raman spectroscopy
works primarily through two mechanisms, either by (1) increasing the probability that a given
mode will interact with the incoming photons, (2) intensifying the incoming or scattered photons.

In reality, the SERS signal is usually a combination of both processes.

By the end 0f 2009, Ling et al., made the first observation of a surface-enhanced Raman scattering
(SERS) effect on graphene. The authors demonstrated that dye molecules (possible water ways
contaminants) deposited on graphene gave significantly higher Raman signals than those deposited
on the bare substrates (Figure 4a).(87) The researchers compared the Raman intensities of certain
dyes (i.e. thodamine 6g, crystal violet, phthalocyanine) deposited onto bare Si02/Si substrates with
those deposited on mechanically exfoliated single crystal graphene. Following this discovery, the

authors termed the phenomenon Graphene Enhanced Raman spectroscopy, or GERS for short.

The advantages of using graphene as a platform for Raman enhancement were readily appreciated
as the authors found that no conspicuous signals were observed for R6G under a 632.8 nm
excitation wavelength on the bare SiO2/Si, however with the addition of graphene those signals

were clearly observed (inset of Figure 4b). A concentration dependence study revealed that
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graphene was able to detect R6G down to 8x107'° M, a remarkable finding considering no extra

steps in sample preparation were required to achieve such low detection limit (Figure 4b).

While graphene can enhance Raman signals, there are many other factors that make it a prime
candidate for environmental sensing. In addition to enhancing Raman signals, graphene can also
take advantage of its huge surface area to volume ratio for the addition of allowing for specific
binding to target molecules, thus increasing both selectivity and sensitivity. By combining
traditional SERS substrates (i.e. noble metals) and graphene, both the Raman scattering cross
section and the incident and scattering photons get enhanced, together making a graphene-

mediated surface enhanced Raman scattering substrate, or G-SERS.

Such designs are under current exploration with ever more sensitive, selective, and efficient SERS
substrates. Xu et al. have proposed a G-SERS tape consisting of a polymer layer supporting a
graphene/metal hybrid structure, that takes advantage of both the chemical interaction between the
analyte and graphene, and the surface plasmons originating from the gold metal (Figure 4c).(88)
The resulting structure is a highly sensitive, flexible, and reusable proof-of-concept device that can
aid future research to develop tailored solutions to specific sensing applications. To demonstrate
its recyclability, the researchers took Raman spectra of the G-SERS tape onto a water solution
containing R6G molecules (1 x 10 M) and compared it to the tape placed only on water without
the dye, Figure 4d. The design of the tape takes advantage of the fact that graphene offers an ideal
surface for R6G molecules to adsorb on, and gold nano particles to enhance the incoming and
scattered photons. When the tape is placed on water, no R6G modes are visible in Spectrum I in
Figure 4d; once the tape is moved to the R6G solution, clear peaks are observed in Spectrum II in
Figure 4d. The molecules can be washed off simply by placing the tape in water, evidenced by the

lack of conspicuous R6G Raman peaks in Spectrum III in Figure 4d.

The G-SERS tape is also remarkably versatile, as it can also be used with both liquid and solid
samples. To demonstrate this feat, the authors submerged a cauliflower head into a copper
phthalocyanine (CuPc) solution (I x 10> M) and took a Raman spectrum which showed no
discernible CuPc peaks. However, when placing the G-SERS tape under the laser spot on the

cauliflower clear CuPc peaks are observed.
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Conclusion

In this review, progresses on recent development of graphene-based sensors in environmental
sensing applications are reviewed. Compared with conventional environmental sensing
techniques, graphene-based sensors have tremendous advantages, such as high sensitivity and
selectivity, fast response, ease of operation with simple instruments, and relatively low cost, and
could be ideal candidates for next generation sensors. Graphene-based FET sensors can be made
to detect target molecules in both gas and liquid samples, and due to their similarity with FET in
operation, their incorporation in existing sensing systems is viable. While graphene-based optical
sensors require more intricate setups (e.g. light source and detector), they offer the advantage of
being non-contact and are promising for multiplexing in the case of optical-fiber sensors and G-

SERS.
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Figure 1 — (a) Graphite comprised of graphene sheets held together by van der Waals forces (b)
Electronic band structure of graphene showing the Dirac cone, where the conduction band meets
the valence band. (c) Sketches of the energy-momentum dispersion relation E (k) and the density
of states of n-doped graphene (green), intrinsic graphene (red), and p—doped graphene (purple).
The doping of graphene leads to a shift of the Fermi level with respect to the Dirac point. Panel
(b) is reprinted with permission from ref. (/5) Copyright 2009, Reviews of Modern Physics.
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Figure 2 — (a) Schematic of a back-gated GFET. (b) Typical ambipolar transfer characteristics
showing that the type of carriers in graphene can continuously be modulated from holes (on the
left, in red) to electrons (on the right, in gray) using the field effect. (c) The charge carriers in
single-layer graphene exposed to different concentrations of NOz. Upper inset: Scanning electron
micrograph of this device. Lower inset: Characterization of the graphene device by using the
electric-field effect. (d) Changes in resistivity,Ap, of graphene by exposure to various gases diluted
to 1 ppm. t is response time. Region I: device in vacuum; II: exposure to diluted chemicals; III:
evacuation of the experimental setup; and IV: annealing at 150 °C. Inset shows an optical
micrograph of the graphene device. (e) Optical image of flexible graphene/MoS: heterostructured
sensor on a bent polyimide substrate. SEM image of the MoS: sensor with patterned graphene
electrodes. MoS: flake is bridged by two graphene lines. Panels (c) and (d) are reprinted with
permission from ref (89) Copyright 2007, Nature Materials. Panel (e) is reprinted with permission
from ref (90) Copyright 2015, American Chemical Society.
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Figure 3 — (a) Color change of GOs film when exposure to various relative humidity and UV/vis
reflecting spectral shifts of a GOs film under diff erent humidity conditions at 25 °C. (b) Reversible
conversion from the dual-colorimetric of GO multilayers by alternately exposing to selected
relative humidity. (c¢) Chemical structures of fluorescein and tartrazine. Assay principle illustrates
a turn-off/on fluorescence response of rGO—dye reporter pairs in the course of a displacement
transformation. (d) Fluorescence emission spectra of the fluorescent sensor in the presence of
different concentrations of tartrazine. (¢) Schematic of the graphene-based LPFG SPR sensor. (f)
Resonance wavelength shift of SPR sensor versus concentration of methane. Panels (a) and (b) are
reprinted with permission from ref (64) Copyright 2015, American Chemical Society. Panels (c)
and (d) are reprinted with permission from ref (68) Copyright 2012, Royal Society of Chemistry.
Panels (e) and (f) are reprinted from ref (85) open access
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Figure 4 — (a) Schematic representation of graphene enhanced Raman spectroscopy. (b) Raman
intensity vs concentration for R6G dye; inset shows representative graphene enhanced Raman
spectrum of R6G (red) compared to the molecules adsorbed on SiO2/Si. (c) Sketch of G-SERS
tape with labeled components. (d) Real-time and reversible characterization of an R6G aqueous
solution (1 x10> M). (e) Pristine (red) and G-SERS (black) Raman spectra of a cauliflower
submerged in a 1 x10° M R6G solution. Panels (a) and (b) are reprinted with permission from ref.
(91) Copyright 2010, American Chemistry Society. Panels (c), (d), and (e) are reprinted with
permission from ref. (88) Copyright 2012, National Academy of Sciences.
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Table 1 — Reported GFET sensors for environmental detection

Surface

Analyte : Graphene type Temperature Sensitivity Response Concentration  Ref.
Modifier [0 time

pH N/A Graphene/CVD 25 pH0.01 3.11-3.7 pH 7-13 (25)

Hg** l-octadecanethiol ~ Graphene /ME N/A N/A N/A 10 ppm (50)

Pb** DNAzyme Graphene /ME N/A N/A 2 min 37.5ng-/I?:3800 (92)

Pb>* AuNP— rGO/Hummers  N/A N/A N/A  163.7%-500 ng/L (93)

Glutathione
NH3 N/A Graphene /CVD RT N/A 1 min 20-100 ppm  (94)
NH NO,-doped  Graphene /CVD  RT NA - 0min g0 ppbt (95)
3 2-dope P (100 ppm) PP
130 ppb?

NH; N/A Graphene /CVD NA N/A 33s 9-2400 ppm (96)
H, SO; nanoparticles ~ Graphene /ME 50°C N/A ~1's 1*-100 ppm (97)
H> PtNPs GO RT N/A 30s 200 - 500 ppm  (98)
SO, N/A Graphene /CVD  40-100°C  N/A 2.5 min 50 ppm 99)
SO, TiO, rGO RT NA - 1205 e 5000 ppb  (100)
H,S Cuz0 nanocrystals  Graphene sheet RT 11% N/A 5%-100ppb (101)

. Graphene single 2.5-50 a
NO; SiC layer/ epitaxial RT ppm N/A 2.5 ppm (102)
Graphene
NO» N/A (Stretchable N/A NA 1 min 200 ppm (103)
devices)/CVD
Mogul-patterned 2.5-25 .
NO; <ubstrate rGO RT ppm 1 min 2.5 ppm (104)
Orthophosphate Ferritin rGO/Hummers RT N/A Few 26 nM? (105)
seconds
L PASE— 0.001 x P

Antibiotic Acapturestrands Graphene /CVD RT e m! 200s 11.5x 107 M* (106)

a LOD ; RT room temperature
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