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ABSTRACT: Carbon nanotubes (CNTs) promise to advance a number of real-world
technologies. Of these applications, they are particularly attractive for uses in chemical
sensors for environmental and health monitoring. However, chemical sensors based on
CNTs are often lacking in selectivity, and the elucidation of their sensing mechanisms
remains challenging. This review is a comprehensive description of the parameters that
give rise to the sensing capabilities of CNT-based sensors and the application of CNT-
based devices in chemical sensing. This review begins with the discussion of the sensing
mechanisms in CNT-based devices, the chemical methods of CNT functionalization,
architectures of sensors, performance parameters, and theoretical models used to
describe CNT sensors. It then discusses the expansive applications of CNT-based
sensors to multiple areas including environmental monitoring, food and agriculture

applications, biological sensors, and national security. The discussion of each analyte focuses on the strategies used to impart
selectivity and the molecular interactions between the selector and the analyte. Finally, the review concludes with a brief outlook
over future developments in the field of chemical sensors and their prospects for commercialization.
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1. INTRODUCTION AND SCOPE

Carbon nanotubes (CNTs) have been a subject of research for
more than 20 years. Mirroring this academic endeavor is the
worldwide commercial interest, leading to the production
capacity of several thousand tons of CNTs per year." These
developments have paved ways to the wide array of emerging
applications™ in microelectronics,*’ computing,’ medicinal
therapy,” electrochemical biosensors,” and chemical sen-
sors.”'® However, the field is far from mature, and our
understanding of the chemical and physical properties of these
materials continues to grow. At the outset, it is fair to state that
the chemistry of CN'Ts remains dubious and often imprecise."’
Although advances in the production have allowed preferential
synthesis of single-walled carbon nanotubes (SWCNTs) with
metallic or semiconducting properties with selectivity of 90—
95%,'>"* production of pure semiconducting tubes remains
cost prohibitive. Commercial supplies of SWCNTSs, despite
improvements in consistency, are still polydisperse in length,
diameter, and chirality. Separation methods by density-
gradient centrifugation with selective surfactants,"* conjugated
polymer wrappings,"'® or gel chromatography'”'® are not
readily scaled. Bottom-up syntheses have seen heroic efforts'
but remain far from full realization. Similarly, multiwalled
carbon nanotubes (MWCNTs) can be produced in high
volume through large-scale chemical vapor deposition (CVD);
however, they suffer from structural deviations and contami-
nations that often require costly treatment for removal.

One may ask why CNTs continue to garner such attention
given the complexity and what some chemists may even refer
to as impurities. Clearly, scientific curiosity is one answer. The
other motivation driving CNT research is their unusual optical,
electrical, mechanical, and chemical properties. CNTs are
unique organic electronic wires with shape persistence. These
m-electron wires possess quantized electronic states with
coherence lengths that are longer than what is possible for
conducting polymers, making them ideal building blocks for
nanoelectronic devices. Furthermore, CNTs can be organized
in nanowire networks and with the addition of recognition
elements are ideal for sensing applications. Indeed, it was
understood from the early 1990s that molecular and nanowire
architectures could produce sensors with superior sensitivity,
benefiting from the restricted transport along percolative paths
and the large surface area-to-volume ratio.”” Hence, these
principles were translated quickly to create the first example of
SWCNT chemical sensors by Dai and co-workers.”' The
authors strived to realize the concept of a nanowire in its
purest form by connecting electrodes with an individual
SWCNT to observe the change in its conductivity when
exposed to oxidative p-doping (NO,) and reductive undoping
(NH,) gases. This study is certainly historic in the field of
SWCNTs. However, similar to the onset of every area, much
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more progress was required to usher CNT platforms into
versatile and useful sensors.

It is indisputable that selectivity underpins the utility of any
chemical sensor. Of course, sensitivity and stability must be
given the appropriate weight as discussed in the later sections
of this review. The advancements in system integrations and
electrical interfaces have lowered the stringent requirements of
these latter parameters. For example, electrical signals can be
isolated and amplified, and trace analytes can be captured and
released using preconcentrators. However, without selectivity,
the sensors are often rendered ineffective as a result of
confounding effects in real-world environments such as
interfering species, varying humidity, and fluctuation in
temperature. Specificity, or perfect selectivity, is often not
needed, and robust sensors can be created from arrays of
sensing elements, with each sensor having limited discriminat-
ing ability.”> Array-based sensors, such as a CNT-based
chemical nose/tongue, are applicable to most types of chemical
sensing and continue to progress toward the idea of a
“universal sensor”. Inspired by the biological olfactory system,
each individual channel in the sensor array needs not be
perfectly orthogonal to every other channel. On the contrary, a
unique “fingerprint” corresponding to each analyte or group of
analytes can arise when each channel of an array responds to
several analytes in varying degrees. Nevertheless, it is seldom a
disadvantage to incorporate sensors that are inherently
selective to the target analytes. Indeed, a combinatorial
approach of several highly selective and cross-selective sensing
channels might lead to an optimized performance of the sensor
array. SWCNTs are natural sensing materials as their transport
properties are extremely responsive to their environment. They
have suffered from limitation in selectivity at the inception of
this field. This limitation contributed to the relatively few
commercial CNT-based sensors in spite of a massive
worldwide research effort.

As a result, this review will place significant emphasis on the
ways in which chemical science and engineering can be applied
to create CNT-based sensors exhibiting selective responses to
target analytes. Such approaches predominantly include
functionalization with selectors (e.g, polymer-wrapping and
sidewall attachments). Quite often the sensing performance of
CNTs depends not only on the molecular recognition but also
on the response of the collective system, which can be affected
by nonspecific chemical, thermal, and mechanical interactions.
As will be discussed, the mechanism of chemical sensing may
likely be intra-CNT and inter-CNT in nature; however, the
other interfaces (CNT—electrodes and CNT —dielectric) must
also be considered. In functionalization of SWCNTs, it was
proposed initially that noncovalent attachments were preferred
as a result of the simplicity of the technique and the small
perturbation on the base transport properties of the SWCNTs.
Early applications of these methods to immobilized proteins
appeared to give excellent performing biosensors.””> However,
detailed follow-up studies by the same researchers later
revealed that the interfaces between the metal electrodes and
the CNTs were non-innocent, and the interactions at these
locations constituted the major responses for these sensors.”*
Hence, if the primary response occurs at locations other than
sites comprising receptors/selectors, the sensor will lack
predictably selective responses. In surveying the literature on
chemical sensors, it is imperative to be properly skeptical
regarding the advertised selectivity. Indeed, we will call out

DOI: 10.1021/acs.chemrev.8b00340
Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

some of the results presented in this review when there is no
apparent chemical rationale for the anticipated selectivity.

Although the nanocarbon area presents considerable
diversity for chemical sensors, this review will strictly focus
on electrical transduction using CNTs. The majority of
nanocarbon sensors are based upon SWCNTSs. Semiconduct-
ing CNTs are highly sensitive to carrier pinning and
populations (i.e,, doping levels). These are finite conductive
pathways through the nanowire networks, and perturbing such
pathways increases the tortuosity for charge transport from one
electrode to the other (i.e., resistivity). In addition to electrical
transport, semiconducting SWCNTSs are emissive. Similar to
the concepts developed around semiconducting molecular
wires,”” transport of excitons in SWCNTSs can provide signal
gain and emissions at long wavelengths for in vivo
applications.”® This area is promising, and we direct interested
readers to a review by Strano and co-workers.”” Although there
is ongoing interest in graphene-based sensors,”*”’ the metallic
state of these 2D materials is more difficult to quench or
enhance, allowing carrier migration around perturbed regions.
MWCNTs provide the wire architecture; however, the inner
tubes in these structures are prevented from interacting with
the surrounding chemical environment. As a result, the intra-
CNT mechanisms are not operative because the carriers can
migrate through the unperturbed pathways of the inner core.
Nevertheless, with suitable modulation of the inter-MWCNT
transport, these materials can constitute effective sensors.

It is our intent to provide the reader a comprehensive
perspective on the field of electrically read CNT-based sensors.
However, there have been previous reviews that have covered
aspects of this field that may complement some of our
descriptions.””'**°7%% This review is conceptually self-
contained and intended to serve as an informational resource
to both newcomers and experienced researchers in the area of
CNT-based sensors. As a result, we will cover some
contributions that were highlighted in previous reviews. For
researchers working in the sensor area, it is natural to think
about real-world applications. It is also our perspective that
these materials will become a significant commercial sensor
platform in the near future. Thus, after introducing the
concepts, we have organized the coverage of the literature by
the respective application areas as shown in Figure 1. This
approach is also intended to assist researchers with interest in
the use of sensors who are not sensor developers themselves.

1.1. Chemical Sensing Mechanisms

The discussion on the exact mechanisms that cause the
response of carbon nanotube-based sensors is very much alive.

Figure 1. Schematic highlighting the application fields of the CNT-
based chemical sensors covered in this review.
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In contrast to conducting polymers, whose behavior can be
described via molecular mechanisms, the properties of CNT's
need to be described beyond local molecular structures, as is
done in solid-state physics. As a result of their extended =
system, the frontier orbitals of CNTs are best described
through band structures rather than discrete molecular orbitals.
Accordingly, chemical intuition is often not sufficient when
trying to predict or describe CNT-based sensing mechanisms.
In this section, we will discuss several mechanisms that give
rise to signals in CNT-based chemical sensors of different
architectures and functionalization techniques. Responses of
CNT-based sensors are attributed to effects arising within the
tubes (intra-CNT), effects arising at contact points between
tubes (inter-CNT), or effects due to the contact between the
tubes and the electrodes (Schottky barrier modulations)
(Figure 2). The strength of these different mechanisms can

Figure 2. Schematic of sensing mechanisms in CNT-based sensors:
(a) at the sidewall or the length of the CNT (intra-CNT), (b) at the
CNT—CNT interface (inter-CNT), and (c) at the interface between
the metallic electrode and the CNT (Schottky barrier).

depend strongly on the analyte, the defect concentrations in
the CNTs, and the device architecture. For a historical
discussion of the first investigation of CNT—sensor behavior
and mechanistic investigations, we refer the interested reader
to the reviews on CNT gas sensing mechanisms.**”’

1.1.1. Intra-CNT. Intra-CNT sensing mechanisms are
modes of interaction between analyte and individual nanotubes
or nanotube bundles. They include changes in the number or
mobility of charge carriers and generation of defects on the
walls of the tubes.

Charge transfer induced directly or indirectly by analyte
interactions will modulate the conductance of the CNT by
changing (decreasing or increasing) the concentration of the
majority charge carriers. Under ambient conditions, CNT's are
p-doped as a result of physisorption of oxygen molecules on
their surfaces. Thus, exposure to further p-dopants will increase
the hole conduction and cause a decrease in the resistance,
while n-type dopants will induce the reverse effect.”**~*'
Direct charge transfer between the analyte and CNTs has been
identified as a major sensing mechanism for polar analy-
tes.”"*'=% In some cases, this mechanism has a more localized
nature. For example, interactions of a Lewis-basic localized pair
of electrons can create a local pinning force for cationic carriers
as opposed to the fractional transfer of electron density to
delocalized CNT states. For individual SWCNTs,>"%** charge
transfer between analyte and tube can be observed
experimentally through the current—voltage (I-V) character-
istics, photoemission spectroscopy (PES), and Raman spec-
troscopy.

Investigation of I—V characteristics through field-effect
transistor (FET) experiments is a powerful tool for probing
the sensing mechanism of CNT-based devices. When plotting
the current through the CNT material as a function of the
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Figure 3. Intra-CNT (semiconducting) sensing mechanism through changes in charge carrier concentration or mobility. Hypothetical transfer (I—
Vg) curves and band diagrams before (black) and after (red) exposure to the analyte for three different sensing mechanisms. Dotted line in the
band diagram corresponds to the metal work function of the electrode, and diagrams are given for both p- and n-type semiconductors interfaces
with a metal. (a) n-Doping of the CNT induces a shift of the I-V curve to more negative voltages. (b) Schottky barrier modulation corresponds to
a change of the barrier height between the work function of the metal electrode and CNT and asymmetric change in conductance for electron and
hole transport. (c) Change in mobility can be induced by the addition of resistive elements or carrier scattering which reduces the conductivity in

both p- and n-type materials. Inspired by ref S3.

applied gate voltage (transfer curve), different sensing
mechanisms induce characteristic changes. Adsorption of
electron-donating species (charge transfer to the tube from
the analyte) induces negative charge in the CNT, thus n-
doping the CNT and shifting the threshold voltage toward a
more negative gate voltage and vice versa (Figure 32\).21
Modulation of the metal/CNT junction induces asymmetric
conductance change, as electron and hole conductions are
affected differently (Figure 3b). Lastly, a reduction of the
charge carrier mobility through charge carrier trapping or
scattering sites induces a reduction in conductance (Figure
3c).** Any perturbation of the ideal SWCNT structure
introduces charge scattering sites, which reduce the mobility of
the charge carriers and thus the conductance. Using -V
curves, changes in charge carrier mobility have been observed
for scattering through adsorption of charged or polar
species”’ " or via deformation of the tube.’”

The effect of charge transfer on the doping levels of CNTs
can also be estimated from shifts in the Raman spectrum.”*~>*
A shift of the G-band—stretching of the sp*> C—C bond in
graphitic materials—toward higher wavenumbers is indicative
of an electron-accepting analyte and a shift toward lower
frequencies is indicative of an electron-donating analyte
(Figure 4). This shift can have a magnitude of +30 cm™ for
strong dopants and has been observed for inorganic>* and

. 59,60
organic dopants.””
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Figure 4. G-bands in the Raman spectra of SWCNTs when
interacting with electron-donating and -accepting molecules: (1)
tetrathiafulvalene, (2) aniline, (3) pristine SWCNT, (4) nitrobenzene,
(S) tetracyanoquinodimethane, and (6) tetracyanoethylene. Repro-
duced with permission from ref 59. Copyright 2008, American
Chemical Society.

In addition to charge-transfer effects, analytes can also
promote the degradation of the CNT sidewalls. In particular,
the chemisorption of NO, via formation of nitro and nitrite
groups has been identified as a plausible sensing mecha-
nism.”' ~** Soylemez et al.** reported a chemiresisitive glucose
sensor based on poly(4-vinylpyridine) (P4VP)-wrapped
SWCNTs functionalized with glucose oxidase. Upon exposure
to glucose, hydrogen peroxide is formed which oxidizes the
SWCNT sidewall. The degradation of the conjugated sp
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network of pristine CNTSs increases the number of defect sites
of the SWCNT, also observable as an increased D/G peak
intensity ratio of the Raman spectrum. Strong localized
interactions associated with carrier pinning can manifest
increases in the D/G peak ratios.

1.1.2. Inter-CNT. For devices consisting of a network of
CNTs, mechanisms at the interface between tubes can have a
significant influence on the electronic properties of the overall
network. Small changes in the distance between two CNTs
dramatically influence the contact resistance as the probability
of charge tunneling decreases exponentially with distance.’**®
The intertube conduction pathways can be modulated either
by partitioning of analytes into interstitial spaces between tubes
or by swelling of the supporting matrix/wrapper. Alternatively,
an analyte can trigger the disassembly of a molecular/polymer
wrapping of the CNTs, Figure S.

ionizing radiation. Upon exposure to radiation, the metastable
POS spontaneously depolymerizes with fragmentation result-
ing in an increase in the interconnections between CNTs and
the overall CNT network conductivity.

1.1.3. Schottky Barrier (SB) Modulation. In certain
cases, the device performance is influenced not only by intra-
and inter-CNT effects but also by modulation of the junction
of the metal electrode and CNT (Schottky barrier). To
differentiate between the previous mechanisms and effects at
the electrode/CNT interface, several groups have observed the
sensing behavior with and without passivation of the CNT/
electrode contacts. In these experiments, passivating layers are
deposited selectively over the whole device, over the areas
where CNTs are in contact with the electrode, or over the
length of the CNTs that is not in contact with the electrodes,
Figure 6.

Figure 5. CNT-based chemical sensors based on inter-CNT
mechanisms. (a) Illustration of polymer swelling upon exposure of
a CNT/polymer composite to solvent vapors. Reproduced with
permission from ref 70. Copyright 2007, Elsevier. (b) Schematic
illustration of a chemiresistive sensor comprising SWCNTSs and
metallosupramolecular polymer (MSP) showing the polymer
degradation upon exposure to chemical warfare agent mimic diethyl
chlorophosphate (DECP). Reproduced with permission from ref 73.
Copyright 2017, American Chemical Society.

Swelling of a matrix material causes a decrease in the bulk
conductance of CNT networks by increasing the width of
tunneling gaps (Figure 5a). For example, Ponnamma et al.’’
reported the influence of swelling on the electronic properties
of a MWCNT—natural rubber composite. The swelling index
was determined by quantifying the equilibrium uptake of a
given solvent for all tested composites. They reported that the
swelling index correlates with the magnitude of the decrease in
conductance for all tested samples. A similar sensing behavior
has been observed for porphyrins®® and covalently®”’® and
noncovalently”"”* attached polymers toward VOCs.

Alternatively, sensing systems that detect the increase in
conductivity from new conducting pathways are similarly
promising. Ishihara et al. reported the design of a sensor based
on the dewrapping of SWCNTs, which provided an increase of
conductance by 5 orders of magnitude.”’ In this case, the
SWCNTs were wrapped with a metallosupramolecular
polymer designed to depolymerize upon contact with an
electrophilic analyte (chemical warfare agent mimic, diethyl
chlorophosphate); the depolymerization caused the formerly
isolated SWCNT's to come into electronic contact (Figure Sb).
Similarly, Lobez et al.”* and Zeininger et al.”> used CNTs
wrapped by poly(olefin sulfone) (POS) polymers to detect
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Figure 6. Three sensor architectures used to probe Schottky vs
intratube sensing mechanisms. Schematic for (a) device with bare
CNTs, (b) device with passivated CNT—electrode contacts, and (c)
device with passivated length of CNTs that are not in contact with the
metal electrode. Reproduced with permission from ref 76. Copyright
2009, American Chemical Society.

Bradley et al. contact passivated different areas of a pristine
CNT device with SiO, and tested the response of the resulting
sensors toward NH;.”” They found that complete coverage
with SiO, drastically attenuated the response to NH; exposure,
proving SiO, a suitable passivating material. Coverage of the
electrode/CNT contact areas resulted in a sensor with
comparable responsiveness and faster reversibility than the
nonpassivated sensor. From this result, they concluded that the
NH; sensing mechanism is the result of processes occurring
over the length of the CNT and not at the CNT/electrode
interfaces. Liu et al. used poly(methyl methacrylate) (PMMA)
to passivate the channel of the electrode contact areas of a
CNT—FET and detect NO, and NH,.”® In contrast to Bradley
et al,, they observed changes in the transfer characteristics for
both channel- and electrode-passivated devices, suggesting that
the effects on both the metal/CNT junction and the length of
the CNT have significant contributions to the sensor signal.
Zhang et al. also employed PMMA to passivate the contact of a
CNT device used to detect NO,; however, they found that the
sensing response is mainly due to the interface between the
electrode and the CNT.” Similarly, Peng et al. used devices
partially passivated by Si;N, and found that the sensing
response toward NH; mainly results from the metal-CNT
junction.”® Considering the inconsistencies between these
reports, it is understandable that the debate on the sensing
mechanism persists.

DOI: 10.1021/acs.chemrev.8b00340
Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

Figure 7. Noncovalent functionalization of CNTs with small molecules. (a) SWCNTSs noncovalently functionalized with pyrenylcyclodextrins,
which in a chemitransistor can detect closely related analogues of adamantane and sodium cholate. Reproduced with permission from ref 87.
Copyright 2008, Wiley-VCH Verlag GmbH & Co. (b) Chemiresistive sensor using a composite of SWCNTs functionalized by coordination of a
fluorinated tris(pyrazolyl)borate copper(I) complex to the 7-sidewalls to provide selectivity to ethylene gas.

To clarify the contradictory findings just discussed, Salehi-
Khojin et al. investigated the sensing behaviors of CNTs with
different defect levels.”” They reported that the dominating
sensing mechanism is strongly dependent on the bottlenecks in
the conduction pathways. For highly conductive CNTs, the
sensing behavior is dominated by mechanisms influencing the
electrode—tube junctions, while the response of devices with
less conductive, defect-rich CNTs is dominated by intratube
effects. Generalization remains difficult there can be different
types of defects in CNTs and other components in the sensor
material can influence intratube and metal—tube electron
transport.

Apart from the nature of the CNTs, the choice of metal for
the electrode also influences the behavior of the CNT/
electrode junction. Kim et al. reported increased sensing
responses from CNT devices containing Pd instead of Au
electrodes.”” This result was attributed to the stronger
interactions between the Pd surface and CNTs and the
resulting barrier-free electronic transport across the junction,
which agreed well with several theoretical studies.””*’ Zhang et
al. demonstrated that targeted disruption of this Pd/CNT
junction is a useful approach to fabricate H, sensors using
CNTs without any further functionalization.®* A further
discussion on the H, sensing capability of Pd/CNT junctions
can be found in section 2.1.2, Hydrogen (H,) and Methane
(CH,).

1.2. Functionalization of CNTs

As mentioned previously, pristine CNTs have very limited
selectivity when interacting with analytes. In this context, CNT
functionalization is needed to tailor sensitivity and selectivity
toward target analytes. Functionalization is also critical to
improving the solution processability, enabling processing of
these otherwise insoluble nanomaterials. Various approaches
exist for the functionalization of CNTs, and they can be
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grouped as noncovalent and covalent modifications. Anchored
chemical groups, macromolecules, or biomolecules that serve a
function to recognize, interact, or react with a target analyte
selectively are referred to as selectors. Noncovalent function-
alization involves the adsorption of small molecules (often
surfactants) to the surface of CNTs or wrapping of polymers
and biomolecules around the tubes. Covalent functionaliza-
tions utilize reactions to attach chemical groups covalently to
the conjugated surfaces or termini of CNTs. Covalent
functionalization has the advantage that it can produce strong
and stable anchors of functional groups to CNT; however, the
rehybridization of the carbon atoms from sp* carbons to more
sp® character on the surface of CNT at the attachment sites
lowers the electronic delocalization, thereby perturbing their
intrinsic optical and electronic properties. Therefore, careful
control of the degree of functionalization is important to
achieve an optimal balance between covalent anchoring of
selectors and perturbation of the # surface. Noncovalent
approaches are generally less perturbative to the intrinsic
properties of CNTs. However, physisorbed selector molecules
or coatings have limited stability and can display changes in
their configuration around the CNT, undergo phase
segregation, and can even desorb in solution-based applica-
tions. Covalently functionalized carbon nanotubes are in
general more robust for applications in environmentally
challenging conditions. Several approaches to the functional-
ization of CNTs to impart sensor selectivity are described here.
Comprehensive reviews of other functionalization methods
that have not been applied in sensors are available else-
where.' "%

1.2.1. Noncovalent Functionalization of CNTs with
Small Molecule Units. CNTs can be functionalized non-
covalently by physisorption of small aromatic molecules and
surfactants through 77—z and hydrophobic interactions. Dai
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and co-workers reported a simple and general method of
immobilizing proteins onto CNTs using a bifunctional
molecule containing a pyrene moiety for CNT adsorption
and a succinimidyl ester for attachment of proteins by
nucleophilic substitution reaction with the proteins’ surface
amine functional groups. The immobilized proteins can be
observed with atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM). This method is highly
specific and efficient for immobilization of biomolecules, and
the authors demonstrated the attachment of biotinyl-3,6-
dioxaoctanediamine and two proteins, ferritin and streptavi-
din.”* Other functionalities anchored by pyrene units include
amino groups,” cyclodextrin (Figure 7a),*” and boronic
acid,®® which were used for the detection of trinitrotoluene
(TNT), organic guest molecules, and glucose, respectively.
Bis(trifluoromethyl) aryl groups are also suitable for non-
covalent functionalization.

Simple physical mixtures of CNTs and a small molecule or
macromolecule selectors can impart selectivity in gas sensing.
Composites made of CNTs dispersed with small aromatic
units can however produce inhomogeneous compositions with
variable performance. Successful gas detection has been
realized with physical mixtures of CNTs with selectors that
can interact with desired analytes through various supra-
molecular interactions such as hydrogen-bonding,”® halogen-
bonding,”' 7—7,"* metal-ligand (Figure 7b),”*””° and host—
guest interactions.”’

1.2.2. Wrapping of CNTs with Polymers. Polymer
wrapping represents a noncovalent approach of solubilizing
and functionalizing CNTs, wherein the collective contacts can
provide for a stable composition. CNTs can be efliciently
dispersed in water with sonication in the presence of single-
stranded DNA (ssDNA) as a result of multiple favorable 7—7
interactions.”® Hydrophobic interactions with polymers having
surfactant characteristics can drive solubility in water, and
saccharides and polysaccharides are capable of solubilizing and
functionalizing CNTs. Although CNTs are not soluble in an
aqueous starch solution, they are soluble in starch—iodine
complex. Stoddart and co-workers attributed these observa-
tions as a result of preorganization of amylose in starch into a
helical conformation by iodine. Displacement of iodine inside
the helix by CNTs by a “pea-shooting” mechanism leads to
amylose-wrapped CNTs. The water-soluble starch-wrapped
CNTs dispersions can undergo triggered disassembly by
enzymatic hydrolysis with amyloglucosidase.”” Addition of
this enzyme to starch-wrapped CNTs results in quantitative
precipitation within 10 min."”” A variety of saccharides and
polysaccharides'*'*> have been used for the noncovalent
functionalization of CNTs.'” Conjugated polymers are a
natural class of CNT wrappers and have drawn much
attention. Conjugated polymer-wrapped CNTs can be
obtained by polymerizing an appropriate monomer in the
presence of CNTs'** or by two-component mixing.'”> Swager
and co-workers showed that conjugated polymers attached to
selector side chains can provide selectivity for the detection of
specific analytes and even resolve very similar structural
isomers.*””#*719%1%7 CNTs can also be functionalized with
polymeric surfactants containing long alkyl chains that interact
via hydrophobic interactions.'**'” Dai and co-workers
demonstrated the adsorption of Tween 20 conjugates
containing biotin, staphylococcal protein A (SpA), or human
autoantigen UIA to CNTs. Poly(ethylene oxide) chains of
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Tween 20 block the surface of CNTs and are crucial to
suppress nonspecific binding of proteins.'®

1.2.3. CNTs Decorated with Metal Nanoparticles.
Although many examples of sensors based on unfunctionalized
“pristine” CNTs have been reported, it is important to note
that residual metal catalysts or particles left from the CNT
production process have been accredited for the sensitivity of
unpurified CNTs to certain analytes.” As a result, intentional
incorporation of metal nanoparticles represents a productive
approach for producing specific or stronger responses.
Unfunctionalized CNTs are insensitive to H, gas, but electron
beam evaporation of 5 A of palladium (Pd) onto CVD-grown
single CNT or CNT networks provides sensitivity to H, gas at
a 4—400 ppm level in air at room temperature. The high
sensitivity is understood to stem from the dissociation of H, to
atomic hydrogen on Pd. This process lowers the work function
of Pd and subsequently causes electron transfer from Pd to
CNT, decreasing the carrier density and conductivity of p-type
CNTs.'"” Using a “dry transfer printing” process, Sun et al.
showed that CNT chemiresistive devices functionalized with
Pd nanoparticles could be fabricated on flexible poly(ethylene
terephthalate) (PET) substrate that can withstand 1000 cycles
of bending and relaxing without significant sensing perform-
ance degradation.''" Deshusses and co-workers electrochemi-
cally deposited gold nanoparticles from commercially available
ready-to-use gold electroplating solutions onto spray-printed
carboxylated-SWCNT films on gold electrodes. The resulting
chemiresistive sensors can detect H,S in air at room
temperature with a limit of detection of 3 ppb."'” Similar to
H,, unfunctionalized CNTs are also insensitive to carbon
monoxide. The functionalization of CNTs with SnO, nano-
crystals can overcome the inherent insensitivity of MWCNTSs
to H, and CO gases as well as enhancing sensitivity to NO,.
Chen and co-workers showed that MWCNTSs decorated with
SnO, nanocrystals can detect ppm levels of NO,, H,, and CO
gases at room temperature, an improvement over existing
SnO, sensors which operate typically at temperatures over 200
°C. Uniform decoration of ~2—3 nm sized SnO, nanocrystals
was achieved by deposition of aerosol SnO, onto MWCNTs
on gold interdigitated electrodes by electrostatic-force-directed
assembly (ESFDA).'"”

1.2.4. Covalent Functionalization. Although noncova-
lent functionalization appears attractive toward tailoring the
selectivity of CNT sensors, long-term stability, robustness, and
leaching of noncovalent coatings remain a concern.''™'"?
Covalent functionalization offers strong and stable anchoring
of functional groups which allows the robust applications of
functionalized CNTs in harsh environmentally challenging
conditions and for in vivo studies."'®'"” Using covalent
modification, selectors can be precisely attached to CNTs via
their termini or sidewalls for long-term stability and
reproducibility with well-defined chemical composition.

The capability of the CNT sidewalls to undergo chemical
reactions has led to the development of an extensive collection
of covalent functionalization methods.'"® Zhang et al
developed a highly efficient modular functionalization method
capable of attaching a variety of chemical groups to the
sidewall of CNTs. The reaction involves the addition of
zwitterionic intermediates formed in situ from 4-dimethylami-
nopyridine (DMAP) and disubstituted acetylenedicarboxylates
to the surface of CNTs."'®'" Versatile, functional handles
including terminal alkynes and allyl groups can be grafted,
which can allow postfunctionalization procedures such as 1,3-
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Figure 8. Examples of covalent functionalization of CNTs: (a) End-tip and (b) Sidewall functionalization. DNA sensor scheme is adapted with
permission from ref 120. Copyright 2011, American Chemical Society.

dipolar cycloaddition, thiol—ene addition, and olefin cross-
metathesis reactions for further diversification. Using this
method, sidewall-functionalized MWCNTSs consisting of allyl,
propargyl, alkyl triazole, thioalkyl chain, carboxylic, HFIP,
calix[4]arene, and crown ether groups were synthesized and
fabricated into chemiresistive sensors that were able to
selectively identify a diverse array of volatile organic
compounds, Figure 8.

Thermal aziridination using organic azides provides access
to covalently functionalized CNTs that has been theoretically
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suggested to provide minimal perturbation to the transport
properties.'””'~'** Early recognition of this advantage by
Schnorr et al. resulted in a focused study on a variety of
SWCNTs containing hydrogen-bonding groups such as
thiourea, urea, and squaramide via thermal aziridination of 3-
azidopropan-1-amine followed by another step to attach the
selectors. The resulting SWCNT chemiresistive sensor array
consisting of different hydrogen-bonding groups was able to
detect ppm levels of cyclohexanone and nitromethane, vapor
signatures of explosives. These sensors are highly reproducible

DOI: 10.1021/acs.chemrev.8b00340
Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

between measurements and exhibit long-term stability, critical
parameters to consider regarding practical applications.'*”
Thermal aziridination was also employed in the covalent
functionalization of SWCNTs with a tetraphosphonate
cavitand for N-methylammonium detection in aqueous
conditions. Sarcosine, a potential biomarker for prostate
cancer, and its ethyl ester hydrochloride derivative can be
selectively detected in water at a concentration of 0.02 mM
(Figure 8b)."** More recently, SWCNTSs covalently function-
alized with methyl pentafluorobenzoate and pentafluoroben-
zoic acid via aziridination enabled the detection of low ppm
levels of ammonia and trimethylamine at room temperature.
The sensors show no interference from volatile organic
compounds and are operational in air and under high
humidity.'*®

He and Swager used a reductive approach and functionalized
CNTs with different aryl groups and N-heterocycles. CNTs
were first reduced with sodium naphthalide in THF in situ
followed by addition of aryl iodonium salts."*° CNT
attachment of pyridyl groups at the 4 position is particularly
useful for the anchoring of transition metal complexes. The
potential of this pyridyl anchor was exemplified by the
localization and electronic coupling of iron porphyrins
(Fe(tpp)ClO,) to CNTs functionalized with pyridyl groups
in the development of heme-inspired carbon monoxide sensors
(Figure 8b)."*” Although covalent functionalization is critical
to achieve higher sensor selectivity, excessive functionalization
can disrupt the 7 surface of CNTs, increasing the base
resistivity and lowering sensitivity. Therefore, optimal sensor
response to a targeted analyte requires a well-controlled degree
of covalent functionalization.

Covalent functionalization by reactions with diazonium ions
is widely used on carbon nanomaterials. Liu and co-workers
functionalized SWCNTSs with pendant hexafluoroisopropanol
(HFIP) groups with a degree of functionalization of 1 HFIP
per 75 carbons for DMMP detection. The HIFP attachment
was conducted by in situ generation of an aryl diazonium ion
through reaction of 2-(4-aminophenyl)-1,1,1,3,3,3-hexafluor-
opropan-2-ol with isoamyl nitrite at 70 °C.°*' Johnson and co-
workers covalently attached antibodies to SWCNTSs function-
alized with aryl groups containing sulfo-N-hydroxysuccinamide
(NHS) esters.'*>"** Considering the invasive characteristics of
covalent functionalization, Wang and co-workers heavily
functionalize the outer wall of double-walled CNTs
(DWCNTs) with 4-benzoic acid moieties using diazonium
chemistry. Since the inner tube is sealed and protected by the
functional outer tube, the interaction between functional
groups on the outer wall can induce an electrical change to the
inner wall.''®

Various metal oxides can be covalently attached to CNTs
using sol—gel processes."””'*" The synthesis of CNT—metal
oxide using a sol—gel process involves the oxidation of CNTs
to generate carboxyl and hydroxyl groups on the graphitic
surface. These groups can react with a colloidal solution (sol)
of metal alkoxide or metal halide precursors. Subsequent
hydrolysis and condensation reactions provide an integrated
network (gel) of metal oxide on CNTs. Resulting CNT—metal
oxides commonly give one-dimensional core—shell structures.
Liang et al. provided an early example of MWCNTSs coated
with tin oxide nanocrystal via the sol—gel method from tin(II)
chloride that can detect ppm levels of NO, NO,, ethanol, and
acetylene gas at 300 °C."”> Additionally, the thickness of the
tin oxide shell can influence the sensing properties."*’ Other
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examples include MWCNTs functionalized with silica network
and gold nanoparticles for the electrochemical detection of
dopamine and ascorbic acid**'*> and SWCNT~-TiO, core—
shell hybrids synthesized using titanium isopropoxide as a
precursor that possess a unique photoinduced acetone
sensitivity.' > Moreover, SWCNT—indium oxide hybrids can
be prepared from oxidized SWCNTs and indium chloride in
ammonium hydroxide. The crystallinity of indium oxide, as
controlled by the temperature of calcination, was reported to
be important to the sensor’s response to acetone and
ethanol."”” Similar to the synthesis of other metal oxides,
SWCNT—CuO hybrids were prepared from copper(II)
chloride in ammonium hydroxide and found to be sensitive
to ethanol vapors and humidity at room temperature."**

Attachment of chemical groups or macromolecules to the
ends of CNTs is generally achieved via amidation or
esterification reactions with the carboxylic groups on oxidized
CNTs that have been shortened by controlled acidic
oxidation."*”~"*! Although these strong acid oxidative treat-
ments can damage and shorten CNTs, subsequent end-tip
functionalization does not perturb the 7 surface of CNTs.
Haddon detected hydrogen chloride by introducing basic sites
at the SWCNT ends through covalent attachment of pyridines
(Figure 8a). The protonation of pyridine groups by hydrogen
chloride induces the electron transfer from semiconducting
SWCNTSs. The sensor responded with decreasing resistivity
because holes are introduced to the valence band of
semiconducting SWCNTs.'**

Biomolecules can be precisely positioned at the ends of
single CNTs and CNT networks for sensing applications.
Nuckolls and co-workers elegantly cut individual SWCNT
positioned between two gold electrodes using electron-beam
lithography and oxygen plasma ion etching to open a
nanometer-scale gap.'”> The gap was covalently bridged via
amide coupling with amine-functionalized single-stranded
DNA. Well-matched duplex DNA was shown to mediate
charge transfer between the two SWCNT ends. The single
CNT—-DNA device was able to detect a single base pair
mismatch in a 15-mer DNA with an increase in resistance
relative to a well-matched oligomer.'** Schemes for the
regiospecific covalent functionalization of CNT ends with
biomolecules suffer several limitations, including nonspecific
surface adsorption, the introduction of defect sites on the
sidewall during the oxidation process, and aggregation of tubes.
Weizmann et al. exquisitely utilized a surface protection
strategy to achieve regiospecific terminally linked DNA-CNT
nanowires that addresses the limitations in bulk. In this
strategy, strong-acid-oxidized SWCNTs were surface protected
through surfactant and polymer wrapping with Triton X-100/
PEG (M, = 10000), followed by amide coupling with amine-
functionalized DNA at the termini to form DNA—-CNT
nanowires."** The specificity of this process was also confirmed
by the selective attachment of gold nanoparticles to the CNT
termini.'*°

1.3. Device Architecture and Fabrication

CNTs can be integrated in a straightforward manner into a
variety of electronic device architectures with a variety of
fabrication approaches. The design choices for devices utilizing
CNTs as an electrical component of a sensor will be discussed
in this section. Fluorescent sensors or other sensors that take
advantage of the ogtical properties of CNTs have been
reviewed elsewhere.”””” This review will also not discuss the
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Figure 9. AFM/SEM images of (a) single CNT,*" (b) sparse, growth-aligned CNT network,'®> (c) dielectrophoresis (DEP)-aligned CNT
network,'®® and (d) random CNT network.'® Images adapted with permission from refs 162, 21, 168, and 169. Copyright 2017, 2000, 2010, and
2011, Nature Publishing Group, American Association for the Advancement of Science, Springer, and American Chemical Society, respectively.

Figure 10. Illustrative CNT sensor architectures: (a) back-gate FET, (b) electrolyte-gated transistor, (c) molecule-bridged FET, (d) chemiresistor,
(e) chemidiode, (f) back-plate chemicapacitor, (g) electrochemical sensor, (h) nanofluidic sensor, and (i) nanomechanical resonator. S = source, D
= drain, ® = ammeter, V = voltage, © = capacitance meter, f§ = molecular bridge.

use of CNTs as tip augmentations of scanning probe
microscopies.l‘w’148

1.3.1. Single CNTs vs CNT Networks. While the
chemistry of pristine and functionalized CNTs is the primary
parameter to tune sensor selectivity and sensitivity, the choice
of CNT quantity and morphology also plays a large role in
determining sensor characteristics.”'** Devices using individ-
ual CNTs (Figure 9a), wherein a single chemical event can
interrupt all of the transport,”® can have higher sensitivity and a
lower limit-of-detection than devices using multiple CNTs.
Single-molecule sensors have been claimed using single-CNT
architectures."**"**~"” From a purely scientific standpoint,
single-CNT devices offer the ability to eliminate complexity
from inter-CNT interactions, thereby simplifying the chemical
sensing mechanisms (see section 1.1) and precluding sensor
drift/degradation that results from long-term movement/
settling of CNT networks (see section 1.4). However, single-
CNT devices are more time-consuming to fabricate and
characterize than CNT network devices, and their lower
signaling electrical currents also require more expensive
measuring equipment. Furthermore, CNT-to-CNT variation
and device-to-device reproducibility remain a challenge.
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Sensors using CNT networks (Figure 9d) can be quickly
and inexpensively fabricated with a variety of methods (vide
infra). The response of a CNT network offers higher device-to-
device reproducibility than single-CNT devices, but metallic
CNTs in the network are less sensitive to analytes than
semiconducting CNTs, and overall sensor response can be
attenuated.”’ For optimal intra-CNT sensing responses, the
CNTs should be debundled, so that charge carriers remain
accessible to analyte interactions and/or coupled to selector/
receptor groups.”'*® For sensors in which inter-CNT effects
are proposed to determine electrical response, analogous
single-CNT devices would exhibit no response. The nanotube
density is also an important consideration, as lower density
films with higher surface-to-volume ratios have been shown to
offer higher sensitivity and lower limit of detection.'>”

As an intermediate between single CNTs and random CNT
networks, aligned CNTs can be used (Figure 9b and 9c).
When compared to single-CNT devices, the baseline noise of
aligned CNT sensors can be much lower'®° and device yield/
reproducibility is higher. Relative to random CNT networks,
aligned CNTs, if sparse enough, can limit inter-CNT effects
and exhibit higher sensitivity.”' Highly aligned, sparse CNT
networks have been made with a variety of techniques
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including growth along a surface template,'°"'** spin coat-

ing,”" deposition in lithographically patterned trenches,'** and
alignment along solution interfaces.'*”'®> Aligned CNT
networks in which neighboring CNTs are intertwined and in
electrical contact with each other (Figure 9c) exhibit
anisotropic electrical properties that can be measured either
along or perpendicular to their alignment axis.'® For a detailed
review on the comparison of random CNT networks and
aligned CNTs in different electronic devices, we refer the
reader to review articles out of the Rogers’ group.”'®”

1.3.2. Device Architectures. 1.3.2.1. Transistors. The
field-effect transistor architecture utilizing CNT(s) as the
active channel (CNT—FET) is a versatile sensor platform
(Figure 10a). Early CNT-based chemical sensors, reported by
Kong and Dai, were chemically responsive transistors
(chemitransistors), obtained by chemical vapor deposition
growth of an individual SWCNT across patterned Pd catalyst
islands on SiO,/Si layered substrate.””'”” In chemitransistors,
the channel current (Isp) across a range of gate voltages (V)
is compared before and after analyte exposure. Thus, one Isp—
Vg curve offers many features, and seemingly subtle changes
can be accurately correlated with analyte exposure using linear
discriminate analysis.171 To optimize sensitivity, the CNT
active channel should be semiconducting and not metallic,
which is an issue considering currently as-produced SWCNTs
are mixtures of chiralities. In addition to the back-gate
architecture, chemitransistors can utilize a top-gate architec-
ture, in which a dielectric and metal gate electrode are
deposited on top of the CNT(s). The top dielectric layer
partially passivates the CNT against degradation but also limits
direct CNT—analyte interactions, which can lower sensor
response.lm’172

The dielectric and gate electrode layers of a conventional
solid-state FET can be replaced with liquid electrolyte and an
electrochemical gate electrode. This electrolyte-gated transistor
(EGT) architecture (Figure 10b), originally developed for the
study of conjugated organic polymers and referred to as
electrochemical transistors,'”> is also referred to in the CNT
literature as an electric double-layer transistor.'”*~'7® The
CNT—EGT architecture targets solution-phase analytes and
can be incorporated into microfluidic sensors.””” CNT—EGTs
exhibit higher on—off ratios with lower switching potentials
than CNT—FETs operated via a conventional back-gate.'”*"””
These advantages translate to CNT—EGT sensors, as small
changes (<500 mV) in Vg can result in markedly improved
analyte sensitivity.'””

In addition to serving as the active channel, CNTs can serve
as the electrodes for molecule-bridged transistors (Figure 10c).
Single CNTs are precisely cut by electrical breakdown or
lithographically patterned etching, and the resulting nano-
meter-scale gap can be brid%ed by a variety of conductive
(redox-active) molecules."**">”"*" The chemical responsive-
ness of the bridging unit has been leveraged to detect pH,
metal ions, proteins, and DNA."*>"**">” When the CNT gap is
bridged by single-stranded DNA, conductivity increases upon
formation of a DNA duplex with the complementary strand.
However, if the complementary strand contains one base-pair
mismatch, conductivity decreases nearly 300-fold."** Fabrica-
tion of these CNT—molecule—CNT junction chemitransistors
is not trivial, but the sensing response of proposed molecular
linkers can be evaluated in silico prior to fabrication.'®"

1.3.2.2. Two-Electrode Solid-State Sensors. While the
three-electrode transistor architecture offers much more data
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for sensing analysis, architectures using only two electrodes
offer operational simplicity that would be suited for distributed,
low-cost sensors. In the absence of applied gate voltage, CNTs
can exhibit changes in conductivity on exposure to analytes.
These chemically responsive resistors (chemiresistors, Figure
10d) constitute a very simple sensor design with minimal
power and instrumentation requirements. In liquid-phase
electrochemical systems, these sensors have been referred to
as chemiresistive,lgz’183 conductometric,184 or amperomet-
ric.'® In this review, we reserve the term amperometric sensing
for electrochemical sensors in which electrolyte solution plays
an integral role in the conduction pathway. Chemiresistors
benefit from low cost and ease of fabrication, which allows for
rapid screening of a diverse array of selectors.”®”%!!7/1%%187
Their low operational power requirements can enable wireless
sensor networks, where the CNT chemiresistor is incorporated
into passively powered RFID tags (Figure 11).”>'0718518

Figure 11. Two methods to integrate CNT chemiresistors into
commercial RFID tags (left) and their equivalent circuit diagrams
(right). Reproduced with permission from ref 90. Copyright 2016,
Wiley-VCH Verlag GmbH &Co. KGaA.

Most chemiresistors are characterized using a single small
bias voltage (Vgp). At higher bias voltages, the Ign—Vgp, curve
for CNTs deviates from Ohm’s law linearity for an ideal
resistor.'”” Analysis of the nonlinear voltage regime could
allow extraction of more data from chemiresistive sensors. This
approach has been used for Pd—CNT—Pd devices to sense H,
via Schottky barrier modification.**

A nonlinear, rectifying Isp—Vsp curve is expected if the
chemiresistor architecture is sufficiently electronically desym-
metrized. Such a chemidiode (Figure 10e) changes its Ign—Vyp
curve upon exposure to analyte. If the source and drain
electrodes are materials with different work functions then a
Schottky diode is formed. A Pd—CNT—Si Schottky diode has
been used to sense H,.'”' Symmetric metal-CNT—metal
devices can detect asymmetric deposition of a second metal at
one of the electrodes via the resulting rectified Isp—Vsp
curve.'”>'”? Alternatively, the p-type CNT active channel
can be asymmetrically functionalized with molecular,'®”
polymeric,'”* or metallic n-dopants to form p—n rectifying
diodes.'”® Current reports of chemidiodes have focused
primarily on the observation of increased rectifying behavior
upon exposure to a single high concentration of analyte.
Calibration of chemidiodes against a range of analyte
concentrations is a promising approach for future research to
consider.

CNTs can also be used as the active element in a conductor/
dielectric/conductor capacitor architecture. Although the
capacitance between an individual CNT and a gate electrode
has been studied,'” capacitive sensing studies have primarily
utilized CNT networks/films (chemicapacitors, Figure 10f),
often in a FET-type architecture with separate source and drain
top electrodes. Using a parallel-plate capacitor model or an RC
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transmission line model, gate capacitive measurements of CNT
films on back-gate FET devices have been used to estimate
CNT coverage density.'””"”® The capacitance of the film
changes upon exposure to analyte as a result of the polarization
of analyte molecules near the CNT surfaces. Snow and co-
workers reported that CNT-based sensors exhibit larger
responses with faster recovery kinetics in capacitance rather
than in resistance mode."””** However, a study by Esen and
co-workers using an RC transmission line model attributed the
bulk of the chemicapacitive response of a CNT film to changes
in its resistance.””’ An alternative measure of chemicapacitance
is to connect a two-terminal chemiresistor-like device to an AC
voltage source and impedance analyzer and to model the
source—drain capacitance and resistance of the equivalent
circuit. Using this method, ammonia vapors exhibit a faster and
larger capacitance than conductivity response”” and CO, was
found to exhibit a capacitive response but not a resistive
response.””’

1.3.2.3. Electrochemical Sensors. CNT films can function
as electrodes for solution-phase electrochemical sensors
(Figure 10g).>*°* When used with biological selectors/
analytes, these are also referred to as biosensors. Their high
specific surface area allows wide dynamic sensor range,
resistance to fouling, and high loadings of electrocatalysts or
selectors. CNT films have been functionalized with a variety of
enzymes to amperometrically detect biological analytes.
Potentiometry has been used for CNT-based pH sen-
sors.'*>29°72%7 Potential differences generated in solution can
be amplified by using the CNT electrode as an extended gate
electrode for a metal oxide semiconductor FET (MOSFET)
chip.208 Voltammetry measurements, requiring a potentiostat,
assist in analyzing complex mixtures by separating electroactive
species by their redox potentials.”*”*'" This is particularly
useful for distinguishing and quantifying different dissolved
metal ions.”' '

A single CNT with open ends from oxidative cutting can
function as a well-defined, size-selective pore to separate the
cathode and anode, forming a nanofluidic sensor (Figure 10h).
Amperometric measurements show a change in electroosmotic
current as analytes pass through CNT pores. On the basis of
the magnitude and duration of the current change, similar
analytes can be distinguished from one another; this has been
applied to discrimination of different alkali metal ions, >
oligonucleotides of varying length,'*® or differently charged
dye molecules.”’” In a more advanced architecture, a top-gate
electrode can be fabricated for the CNT pores, resulting in a
nanofluidic FET which provides more data for distinguishing
various analytes.”'*

1.3.2.4. Miscellaneous. Electronic analytical methods based
on resonant frequencies have been augmented by incorpo-
ration of CNT(s), such as circular disk resonators*'**'® and
quartz crystal microbalance®” (QCM). The details of these
analytical methods are beyond the scope of this reference.
However, it should be noted that a suspended individual CNT
in a modified FET-type device can be driven into resonant
vibration modes by applying offset sinusoidal potentials from
the gate electrode (Figure 10i). Such nanomechanical resonators
have been used to detect minute mass changes on the CNT.*"*
A side-gate device has been used to detect adsorption of
naphthalene molecules or xenon atoms to the CNT with
impressive yuctogram-scale resolution (1 yg = 107 g).">*
Thus far, these studies have only been conducted on
unfunctionalized CNTs.
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1.3.2.5. Sensor Arrays. To better identify or quantify
analytes from complex sample mixtures, multiple sensing
elements can be integrated onto the same device, often using
shared counter/drain/gate electrodes. Ishihara and co-workers
elegantly used a minimal array consisting of two chemiresistors
to make a formaldehyde sensor.”'” One element, function-
alized with hydroxylamine hydrochloride, becomes more
conductive upon exposure to formaldehyde vapors, while the
other element is unresponsive to formaldehyde but serves as a
reference to account for conductivity changes arising from
humidity and temperature variations. More elaborate multi-
channel arrays can be formed from a variety of cross-reactive
sensing elements, in which a variety of analytes can be
determined simultaneously, in a process reminiscent of
olfaction/taste.”” Electronic noses/tongues comprising CNT
electrical elements have been used to discriminate between a
variety of analytes such as volatile organic compounds®®''”'**
or malignant vs healthy cells.'”" By giving a sensor array a
training set of samples, fingerprint responses can be
determined with mathematical techniques such as principal
component analysis (PCA) and linear discriminant analysis
(LDA).>*°

1.3.3. Fabrication. To incorporate CNTs into electric
devices, there are two general fabrication strategies: fabrication
using as-grown CNT films or the deposition of purified CNTs.
The former approach, usually performed via high-temperature
chemical vapor deposition onto prepatterned electrodes,
produces robust electrode/CNT contacts, and with sparse
CNT deposition bundling and inter-CNT effects can be
avoided. However, for as-grown single-CNT devices, it is
difficult to control the angle of CNT growth between
electrodes and device yield is low, especially for larger channel
lengths.”"'7® Additionally, for as-grown CNT devices, a
distribution of CNT diameters and chiralities are formed and
limited on-device purification steps are available. Metallic
CNTs can be preferentially disrupted using electrical break-
down, 62221222 plasma etching,223 thermal oxidation,”** or
irradiation,*** resulting in higher on—off ratios for CNT
transistors. CNTs aligned during growth can be alternativelhy
transferred to different substrates with lift-off techniques.”*”

In contrast, device fabrication strategies that rely on
deposition of preformed CNTs can take advantage of
solution-based functionalization schemes (section 1.2) and
purification strategies, which can enrich specific diameters or
chiralities.”””**® The purified CNTs can be further purified/
treated after deposition to enhance transistor on/off ratio,
chemitransistor sensitivity, and response time.””” CNTs can be
deposited onto prepatterned electrodes or vice versa; electro-
des can be deposited onto CNTs. The former method is
convenient for laboratory research, as prepatterned electrodes
can be produced in bulk. However, in these cases, the CNTs
are only held onto the electrode weakly, and device
performance may drift as a result of a high and variable
contact resistance at the CNT—electrode interface.”*® In
contrast, postdeposition of metal electrodes onto CNTs fixes
them in place with greater contact areas and lower contact
resistances.””’

Deposition of CNTs from a suspension by inkjet printing,
spray coating, spin coating, drop casting, or doctor blading can
fix CNTs in place by rapid removal of solvent. Alternatively,
CNTs can be deposited using external forces to make more
robust sensing materials. Such techniques include layer-by-
layer assembly”'® and alternating current dielectrophoresis
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(DEP).*” Variation of AC waveform, electrode geometry, and
substrate all play a role in DEP, and individual CNTs can be
repeatably deposited. The resulting aligned CNT devices
exhibit higher on/off ratios than random network devices.*

Solvent-free deposition methods for purified CNTs have
also been explored. Mirica and co-workers pioneered abrasive
deposition using compressed pellets of CNTs ball milled with
selectors.”"”'®7*** Abrasive deposition is a simple, low-cost, and
rapid fabrication method suitable for teaching laboratories and
rapid prototyping.”*® Limitations of this method include the
need for a rough substrate, the use of relatively large amounts
of CNTs (~25—150 mg) to fabricate one compressed pellet,
and the limited mechanical integrity of pellets, which is
particularly acute with poorly adhering selectors (e.g., TiO,
nanoparticles). Adhesive deposition of “bucky gels”—viscous,
nonvolatile, CNT-containing mixtures—has been explored
with ionic liquids and deep eutectic liquids,”>**** and related
methods are used in the production of some commercial
chemiresistive sensors.”*

1.4. Performance Parameters

The promise of practical chemical sensors has motivated the
constantly expanding research on CNTs. All analytical
methods must possess the capability to provide quantitative
or, in some cases, qualitative measurements. Chemical sensors,
by definition, are devices with the capability to recognize and
transduce the chemical information on the samples. In the
simplest cases, the chemical information is the analyte
concentration and the read out is a change in a readily
measured signal. Ideally, a sensor is sensitive, selective, and
stable. Achieving these figures of merit continues to be a
challenge for the development of all sensors. Furthermore,
chemical sensors are an alternative to large equipment in
analytical labs, and it is implicit that they are inexpensive,
physically small (ideally portable), and robust under field
conditions. CNT-based sensors are viewed as being well suited
for these requirements. Additionally, qualities such as
reproducibility, rapid response times, and low drift are
demanded for practical sensors. We detail the requirements
for practical sensors and its challenges from the chemical
perspective. Central to our discussion are the interactions
between functionalized (selector/receptor modified) CNTs
and the analyte. This section will introduce and provide brief
descriptions of the relevant figures of merit and how they are
measured. This section will conclude with a discussion of
challenges arising from the properties of CNTs.

1.4.1. Parameters of Performance and Figures of
Merit: What They Are and How to Measure Them? The
sensing response curve describes how the devices respond to
the exposure of the analyte as a function of time. Figure 12a
illustrates a hypothetical curve when the device is exposed to
increasing concentration of the analyte. The choice of the
architecture of the sensing device will govern the type of signal
measured by the sensor. The sensing traces are often reported
as the relative changes in measured resistance (R), current (I),
conductance (G = I/V; the symbol is not to be confused with
Gibbs free energy), capacitance (C), power gain, and resonant
frequency (f,) of the device vs time. Different conventions
have been adopted for plotting these measurements—most
popularly normalized differences AX/X,, X/X,, or simply AX
(where X = R, I, G, C, or gain). For example, the change in
conductivity (—AG/G,) is calculated by observing the
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Figure 12. Hypothetical sensing response curve (a) and calibration
curve (b) of a sensor exposed to increasing concentration of the
analyte. Adapted with permission from ref 35. Copyright 2016, Wiley-
VCH Verlag GmbH & Co. KGaA.

normalized difference in the current before (I,) and after (I)
exposure to the analyte using eq 1

_AG

0

I —
g x 100

(%) =

(1)

The calibration curve (Figure 12b) shows the relationship
between the response of the sensor and the concentration of
the standard solution.””” The standard solutions for the analyte
should be carefully chosen to cover the relevant concentration
range. Sensitivity is defined as the capability to discriminate
small differences in concentration or mass of the analyte. In
other words, sensitivity of the sensor is the slope of the
calibration curve. The range of the concentration of the
standard solution measured for the calibration curve
constitutes the dynamic range, the range of which the signal
is linearly proportional to the concentration is the linear
range.”™

Limit of detection (LOD) is the lowest amount of an analyte
in a sample which can be detected with reasonable certainty.
The theoretical or calculated LOD, as established in the
literature,>*>*' is determined as the concentration that
corresponds to the signal at three standard deviations of
noise above the baseline using the calibration curve. Briefly, the
root-mean-square noise (rms,,.) of the sensors is first
calculated as the deviation of the sensing response curve
from the appropriate polynomial fit. The LOD is then
calculated using eq 2

0

rms
LOD =3 X

noise

slope

)

The slope in eq 2 is the linear regression fit of the sensor
response vs concentration curve (slope of the calibration
curve). The drive for achieving lower LOD is often governed
by application-dependent requirements. These values for
environmental safety are published by regulatory agencies.
The ability to detect a low concentration of the analyte is often
coupled with dynamic range of the sensors which describes the
range of concentration the sensor can be calibrated to. Sensors
with low LOD often deviate from linearity at high
concentrations as a result of saturation.

Selectivity of a single sensor is defined as the ability to
discriminate the analyte of interest from other species within
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the sample.”** Specificity is also used to express selectivity: in a

literal interpretation, a specific sensor recognizes only the
target analyte and no other compounds. Such ideal sensors are
rare as a result of similarity between analytes and lack of
perfect molecular recognition. Cross signaling, also known as
cross reactivity, between sensors and analytes leads to a
compounding of the signals and loss of selectivity. Selectivity is
measured from the signals arising from the analyte and the
possible interfering compounds separately, with the assump-
tion that there are no synergistic cooperative effects of multiple
analytes and the sensor. The calibration curves (signal vs
concentration) of each are then compared. The ratio of the
signals of the analyte to those of the interfering compounds
defines the selectivity of the sensor. This method is
operationally simple and generally adequately quantifies the
desirable signal relative to possible cross signaling. However, it
may overlook the competing effects between different
compounds and the analyte. The second method comprises
replicating the matrix (simple or complex) of the real-world
samples in which the analyte is mixed with expected interfering
compounds. In such case, the selectivity of the sensor can then
be determined by the differences in signal of the analyte with
and without the interfering agents.

Stability is defined as the capability of the sensors to produce
repeatable outputs for an identical environment over time. To
measure the stability of the sensors, repeated measurements
should be taken over time or over many cycles of exposure to
the analyte. More methodically, full calibration curves are
obtained for multiple devices over time. During the operational
timeline of a sensor, issues regarding stability may arise from
several sources, such as drift, hysteresis, and irreversibility.
These issues are particularly prevalent in the development of
sensors for highly reactive analytes. Drift is defined as the
change in signal over time independent of stimuli. It remains
one of the challenges to be solved for CNT-based sensors. The
common sources of drift can be identified as either the physical
changes occurring to the selectors/receptors and the context of
their interactions with the CNTs, very small changes in the
positions of nanotubes that effect CNT—CNT junctions, or
parasitic electrical effects including the electromotility of ions
under small applied potentials. The perturbation of the sensing
layer caused by gas flow, pressure differentials, and thermal
rearrangements can lead to signal drift.”> Hysteresis is the
difference between the output of the sensors when an analyte
concentration is approached from an increasing and decreasing
range. It is also influenced by the degree of irreversibility of the
sensor, which is the background signal of the sensor before and
after exposure to the analyte.

Lastly, the response and recovery times are important key
factors when evaluating the performance of chemical sensors.
The response time is defined as the time for the sensor to
reach 90% of its steady state or maximum value upon an
exposure to a given concentration of the analyte, while the
recovery time is measured as the time required for the sensor
to recover to 10% of its peak value. Reversibility is coupled
with recovery time as the extent to which the output can be
restored after an exposure.

1.4.2. Specific Challenges on the Performance of
CNT-Based Chemical Sensors. The last subsection provided
definitions for evaluating the chemical sensor performance; we
now introduce specific performance challenges for CNT-based
chemical sensors. Significant effort has been applied to the
development of practical CNT-based chemical sensors.
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However, many challenges still need to be addressed to realize
many sensing applications.

1.4.2.1. Quality Controls and Reproducibility. The quality
and the purity of the CNTs often led to differences in the
sensing performance as reported by different research groups.
For example, the differences in the performance can stem from
the source/ §rowth of CNTs,*"?** defect levels in the
CNTs,>*7** or sensor fabrication.”"*'! Obtaining high
purity and specific size/helicity of the CNTs is a formidable
task. Separation methods that produce high-purity CNTs are
currently ineflicient, not readily scaled, and thereby increase
sensor costs. Establishing standardized baselines requires
extensive characterization of the CNTs.

1.4.2.2. Operating Temperature. Room-temperature oper-
ation is one clear advantage of CNT-based sensors over
conventional sensors based on metal oxide semiconductors.
Although operating at room temperature enables lower power
consumption, it can lead to competing nonspecific interactions.
In this context, water sensitivity is an important parameter to
be tested for practical CNT-based sensors. In addition, thermal
stability of the selector/receptor—CNT composite should be
tested for applications that would expose the sensors to
elevated or fluctuating temperature.

1.4.2.3. Reversibility. Strong interactions designed for
ultratrace analyte LOD can lead to slow off rates and prevent
the sensor recovery in an analyte-free environment. Slow
desorption of gas molecules can often be alleviated using
thermal treatments or photoirradiation. These treatments,
however, increase the complexity (in both design and
operation) and cost of the overall systems. Thus, intrinsic
reversibility endowed from the interaction between the well-
designed selectors and the analyte is generally preferred.

1.5. Theoretical Models

Theoretical models have been used extensively to understand
and predict CNT behavior and properties. Specifically,
computations on CNTs have been used to probe their
electronic properties in pristine”>” and deformed forms,*>
thermal conductivity,”>* elasticity,”*~>*” and flexibility.***~>%°
We direct interested readers to in-depth reviews on the thermal
and mechanical properties of carbon nanotubes’®'™*** and
details of the computational methods.”™>*® This section
highlights theoretical models for analyte—carbon nanotube
interactions. These studies are used to understand the
experimental data generated in sensing experiments or to
computationally design novel sensors.

The possibility of probing the sensing mechanism of carbon
nanotube-based sensors with computational models has been
demonstrated by Cho and co-workers.”® In this early work,
the interactions between CNT and adsorbed gas molecules
were investigated using density functional theory (DFT)
calculations. The carbon nanotube was represented as a carbon
nanohoop with one-dimensional periodic boundary conditions
along the tube axis. To investigate the adsorption-induced
nanotube doping, the electronic and energy states of a tube
with and without adsorbed molecules of NO,, NH;, CO, O,,
and H,0 were compared. Electron donation from the tube to
the analyte was observed for NO, and O,, while electron
donation from analyte to the tube was observed for NHj.
These findings were in agreement with published experimental
results.””’" Since this study, a large number of studies on
adsorption of small gaseous molecules on CNT systems have
been reported. The binding energies determined through
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different computational methods range widely (e.g, for
adsorption of NO, on (10,0)-SWCNT, binding energies
from 0.92 to 18.6 kcal/mol); however, the proposed sensing
mechanisms are qualitatively consistent with the major sensing
mechanism (e.§., adsorzption of NO, induces p-doping on the
CNTs).23863209.271272 Other sensing mechanisms that have
been proposed for NO, include chemisorption via formation of
nitro and nitrite groups,®' " changes in the density of states
(DOS) of the CNT,””° electron localization effects,*® or
changes in the dipole moment of NO,.””

The wide variety of results for the seemingly simple system
of NO, adsorbed on CNTs reveals the complexity of treating
CNTs computationally. Challenges associated with their
modeling include: (a) their large and conjugated 7 system
contains highly strained bonds, which are inherently difficult to
represent computationally;®> (b) the individual interaction
energies between analyte and carbon nanotube are often very
small and the resulting physisorbed states cannot be
determined with great accuracy by DFT; and (c) the chirality
of the CNT has a strong influence on its electronic properties,
which often complicates comparisons between computational
studies or computational and experimental findings.””**”
Consequently, the choice of the computational method*’® and
length of the investigated CNT model””” can have large
influences on the outcome of the theoretical study.

To create computationally tractable systems, studies have
used periodic boundary conditions to model the quasi one-
dimensional CNTs—a typical ratio of diameter to length is
about 1:1000—which limits the selection of approximate
exchange-correlation functionals and analysis methods. When
truncated CNTs—with end states saturated with hydrogen
atoms—are used, one risks using CNTs that are too small and
cannot reflect the delocalized nature of the CNT electronic
states accurately.”””>”® It has become apparent that not only
CNT length but also the shape of the “cut” determines
computational outcomes of truncated CNT studies. Specifi-
cally, the theoretical description of truncated CNTs can be
improved by taking the Clar sextet rule into account. The Clar
valence bond theory, as postulated in 1964, describes
polyaromatic hydrocarbons with both conventional two-
electron 7 bonds and aromatic sextets (benzene). Clar
demonstrated that the valence bond structure with the most
aromatic sextets best models the reactivity of polyaromatic
hydrocarbons and that structures possessing only aromatic
sextets are especially stable, Figure 13.>”” It has been shown
that structures with the maximum amount of aromatic sextets
for a given chirality and number of carbon atoms best describe
the reactivity and geometry of CNTs and CNT-—reactant
studies.”**™*** Accordingly, computational investigations
employing “straight cut” CNT samples might misrepresent
the reactivity of the studied model, which might be the source
of some inconsistencies in published results on CNT—analyte
interactions. For detailed discussions on the Clar sextet rule in
CNTs, we refer the interested reader to key studies by Matsuo
et al,”®' Baldoni et al.,””®*%* and Ormsby et a] 282284

Keeping the stated challenges in mind, we highlight several
applications where computational studies have successfully
predicted or explained the experimental behavior of CNT-
based chemical sensors. Intrinsic doping of nanotubes with
heteroatoms can be used to increase the sensitivity and
selectivity of the CNTs toward electron-accepting or —donat'n§
analytes. Accordingly, n-type dopants like nitrogen,**™>*
phosphorus,””’ and sulfur””" deliver higher binding energies
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Figure 13. (a) Schematic representations of Kekulé, incomplete Clar,
and complete Clar networks. Kekulé structure infers a 1,3,5-
cyclohexatriene-type cyclic conjugated system, and the Clar structure
represents a benzene structure with equivalent C—C bond lengths.
Nucleus-independent chemical shift coding: red, aromatic < —4.5;
blue, nonaromatic > —4.5. Reproduced with permission from ref 281.
Copyright 2003, American Chemical Society. (b) Planar representa-
tion of a chiral (6,5) CNT. Dashed lines represent replication of
hexagons when the structure is rolled up to give the nanotube. Clar
unit cell is highlighted with thick lines. For (6,5) CNTs the Clar unit
cell contains five aromatic sextets and one double bond. Reproduced
with permission from ref 285. Copyright 2009, The Royal Society of
Chemistry.

and stronger charge transfer between electron-accepting
analytes like NO, and the CNT. Similarly, g-tyge dopants
like boropX®6288292-296 4 1 m287:289,390297,008 .
strong binding with electron-donating analytes like NHj,
formaldehyde, cyanides, or hydrogen halides.

Tubes decorated with a single metal atom or a metal cluster
have been studied extensively using computational methods. A
number of groups reported computational studies that probed
the adsorption mechanism and reactive behavior of gaseous
analytes on metal-decorated CNTs””*~*°* or CNTs decorated
with metal nanoparticles (NPs),***!37305739 Meta]—analyte
combinations with higher binding energies, stronger charge
transfer, or stronger perturbations in the density-of-states are
believed to lead to stronger signals in sensing studies. On the
basis of these computational findings, well-informed matching
between selectors and CNTs is possible.

Several studies have been conducted in which experimental
sensing data is supplemented by computational stud-
jes.*127/137,286305310310 Ellig et al. fabricated CNT sensors
decorated with indium oxide with sensitivity for ethanol and
acetone.'”” The authors noted that the sensitivity toward
ethanol and acetone for materials prepared by low-temperature
sintering was comparable; however, the sensitivity of ethanol
could be improved significantly by sintering the indium oxide
at 400 °C, forming a crystalline In,O; phase. The authors
performed DFT calculations to elucidate the trends in the
sensing behavior. Adsorption for both ethanol and acetone on
the surface of indium oxide (In,0;)s-decorated-SWCNTs
leads to comparable charge transfer to the CNT and changes in
the DOS around the Fermi level. However, computational
adsorption studies on the surface of crystalline In,O5 showed a
different picture. Acetone is adsorbed physically on the surface;
ethanol, however, undergoes dissociative adsorption via
transfer of H atom to the surface with formation of an ethoxy
species. The observed vibrational frequencies, from infrared
spectroscopy, corresponded well with the calculated frequen-
cies for the adsorbed ethoxy species supporting this model.
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In short, computational models have proven useful to
suggest or supplement sensing mechanisms and help in the
design of novel CNT-based sensors. These theoretical models,
however, must be chosen carefully. The CNTs can be
represented using periodic boundary conditions or truncated
CNTs long enough to capture the extended and delocalized
nature of their electronic states. The insights gained from
computational studies are certain to help elucidate the sensing
behavior and guide future designs of CNT sensors.

2. CNT-BASED SENSORS FOR ENVIRONMENTAL
MONITORING

The promise of cost-effective, low-powered sensors has
propelled the research of CNT-based sensors toward many
applications, including passive environmental sensing. Detec-
tion of chemicals that are potentially harmful to human and
environmental health in both gas and liquid media poses
continued challenges in terms of sensor selectivity and
sensitivity. Pristine CNTs have been shown to interact with
many gaseous analytes, and there are continuing efforts in the
functionalization of CNTs to expand the analyte scope and
performance. Liquid-phase sensing places additional shear
forces on a stationary CNT film and thereby highlights
additional stability challenges. This section details sensors for
environmentally relevant analytes in both gas and liquid media.
The nature of the interactions between the analytes and the
CNTs is particularly important, and new functional synthetic
selectors integrated with CNTs are highlighted.

2.1. Gas/Vapor Sensors for Environmental Applications

Since the pioneering work by Dai and co-workers,”' many
studies on CNT-based sensors for gases and vapors have been
reported. The focus studies have ranged from the various
detectable gases, the uses of different types of CNTs (single-
walled, multiwalled, semiconducting, or metallic), functional-
ization methods, transduction mechanisms, and different
measurable quantities. Gas sensing has been thoughtfully
covered by Kauffmann and Star'’ in 2008 and multiple other
recent reviews.”*>*'> The purpose of this section is to focus on
important analytes and how their interactions with the CNT
systems can be used in sensing applications. We provide
overviews of each analyte including earlier and the most recent
developments. In particular, CNT sensors of interest are
designed to detect ammonia (NH,), nitrogen dioxide (NO,),
hydrogen (H,), methane (CH,), carbon monoxide (CO),
hydrogen sulfide (H,S), sulfur dioxide (SO,), benzene,
toluene, and xylene (BTX). The detection of oxygen (O,) is
covered in section 3.2 on food safety, and carbon dioxide
(CO,) is discussed in section 4.1 on breath analysis.

2.1.1. Ammonia (NH;) and Nitrogen Dioxide (NO,).
High concentrations of ammonia (NH;) threaten human
health as immediate severe irritation of the nose and throat can
occur with exposures of 500 ppm, and 1000 ppm vapors can
cause pulmonary edema.’’” However, even at lower concen-
trations, ammonia can lead to irritation to the eyes, skin, and
respiratory system.314 The main source of NH; emissions
comes from agricultural processes, including animal husbandry
and fertilizer applications.”"**'®> The Occupational Safety and
Health Administration (OSHA) has designated the total
weight-average (TWA) permissible NH; exposure limit
(PEL) over 8 h to be between 25 and 50 ppm.*'® Furthermore,
the Environmental Protection Agency (EPA) has warned on
the toxicity of aqueous ammonia (both NH,* and NHj,) to

614

aquatic animals and ecosystems.”'” Similarly, nitrogen dioxide
(NO,) has detrimental impacts on human health and the
environment. NO, in the atmosphere acts as a pollutant that
causes acid rain and photochemical smog. The combustion
processes from chemical plants and motor vehicles contribute
signiﬁcantlgf to the atmospheric level of both NH; and
N02.313’31‘ At high concentrations, NO, can cause irritation
in the human respiratory system. Long exposures also
contribute to the development of asthma and respiratory
symptoms. Accordin§ly, the NO, OSHA exposure limit is S
ppm TWA over 8 h.”'°

The approaches in the development of CNT-based sensors
for NH; and NO, bear heavy resemblances to each other. This
section first discusses the responsiveness of pristine CNTs and
progresses to CNTs functionalized with metal and metal oxide
nanoparticles (NPs), polymers, and small molecules. The
adsorption of NH; and NO, gas onto pristine CNTs without
any chemical functionalization has been shown to produce
sensing responses by many groups.”72#243-246250251,315-323
In accord with our earlier discussions, the performances of the
sensors vary depending on the technique of fabrication and the
quality of the CNTs. To avoid repetition, interested readers are
referred to the discussions of chemical sensing mechanisms
(section 1.1), functionalization of CNTs (section 1.2), and
theoretical models of chemical sensing (section 1.5).

Rigoni et al. recently demonstrated chemiresistive sensors
comprising pristine SWCNTSs with 20 ppb sensitivity to NH;
and a LOD of 3 ppb, Figure 14.2° Their impressive
performance was attributed to the careful preparation of
SWCNT layers through sonication and dielectrophoresis to
minimize film thickness and to remove loosely bound
agglomerates.””” Multiple groups have explored fabrication
methods focusing on scalability and/or operational simplicity.
For example, Huh and co-workers screen-printed SWCNTs
that can detect 5 ppm of NH;.**' Mirica et al. demonstrated a
solvent-free method to deposit pristine SWCNTs by
mechanical abrasion of compressed powders onto the surface
of various papers.”*' The devices fabricated on weighing papers
with low surface roughness detected NH; over a large dynamic
range (0.5—5000 ppm).241 Moreover, several studies con-
cluded that defects along the wall of the SWCNTs enhance the
response to NH; gas.”*>** These earlier results agreed with a
recent mechanistic study by Salehi-Khojin et al. that revealed a
dependency of sensing response on the defect levels.’”*
Interestingly, Penza et al. concluded that the sensitivity of
the MWCNT films to NH; (and NO,) also depends on the
catalyst used for their growth, with the Co-grown out-
performing the Fe-grown MWCNTSs.”** In addition, Wang et
al. prepared MWCNTSs using microwave plasma-enhanced
chemical vapor deposition (CVD) with Ni catalyst, which
detected NH; with a linear dynamic range from S to 200
ppm.”** The enhanced sensing capabilities in these two cases
were attributed to structural defects on the MWCNTs.

Analogously, multiple research groups have shown pristine
individual CNTs and networks to be responsive to low NO,
concentrations. Li et al. fabricated sensors by simple casting of
SWCNT dispersions onto interdigitated electrodes to produce
a linear response between 6 and 100 ppm and a calculated
LOD of 44 ppb.”*’ The authors noted that the recovery after
each exposure could be accelerated from 10 h to 10 min by
illumination with UV light.”** Cantalini et al. deposited thin
films of MWCNTSs by plasma-enhanced CVD onto Pt
electrodes that were sensitive to 10—100 ppb of NO, in dry
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Figure 14. Responses to NHj; (a) and calibration curve (b) of pristine
SWCNT-based sensor using high-quality SWCNT's prepared through
careful sonication and electrophoresis. Sensors exhibit good sensitivity
to 20 ppb with a limit of detection of 3 ppb concentration of NHj.
Reproduced with permission from ref 250. Copyright 2013, the Royal
Society of Chemistry.

air.>*® The sensors were operational at room temperature, but
the optimal performance in terms of sensitivity and recovery
time was achieved at 165 °C.”*” Although thermal treatment or
photoirradiation is often required to recover to the original
baseline after the exposure of NO,, Ammu et al. reported that
inkjet-printed films of CNTs on acid-free paper display full
spontaneous reversibility, Figure 15.%” These sensors were
effective for NO, detection at concentrations as low as 125 ppb
in ambient air.”* The authors reasoned that full recovery upon
removal of NO, is consistent with the initial formation of a
weak charge-transfer complex between NO, and the CNTs
rather than the formation of covalent bonds.”*

One common method to improve the selectivity and
sensitivity of the NH; detector is to create composites of
metallic NPs and CNTs. One of the first examples was
reported by Star et al,, in which isolated networks of SWCNTs
were decorated with different metallic NPs to create a sensor
array for the detection of NH; as well as other gases.*” Penza et
al. improved the sensor performance of Fe-grown MWCNTs
by sputter deposition of Au and Pt NPs.”*® The authors
ascribed the increase in sensitivity to the catalytic spillover
effect at the surface of the NPs.>***” Targeting wearable
sensors, Lee et al. reported a flexible and transparent sensor
that can detect 255 ppb NHj using spray-deposited SWCNTs
with Au NPs.””® Similarly, Ag and Co NPs were added to
MWCNTs by Cui et al.””” and Nguyen et al,**" respectively,
to increase the sensor sensitivity and recovery rates. Ag NPs
were added to a composite of poly(4-vinylpyridine) (P4VP)-
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Figure 135. Flexible NO, sensors fabricated from inkjet-printed films
of CNTs on 100% acid-free papers. (a) Plot of relative change in
resistance vs the concentration of NO, of CNT/paper films. Inset
shows plots of resistance vs time at low concentration in ppm. (b)
Plot of selectivity for a CNT/paper film showing increases in
resistance for common organic vapors and decreases in resistance to
NO, and Cl,. Inset shows an optical image of the sensor printed on
paper. Reproduced with permission from ref 239. Copyright 2012,
American Chemical Society.

wrapped SWCNTs for enhanced NH; detection at 20 ppm.**'
Under aerobic conditions, metallic Ag NPs are oxidized to
silver oxide in the SWCNT composite. These oxygen ions lead
to electron depletion regions that promote the adsorption of
electron-rich ammonia, resulting to the additional improve-
ment in sensitivity of the sensors.”*”**"

Although metal oxide gas sensors are commercially available,
many require high operating temperature and thus consume a
large amount of power and have very limited selectivity.'®
Composites of CNTs with various metal oxides have led to
sensors that are operational at room temperature. For example,
Hoa et al. fabricated SWCNT—tin oxide (SnO,) hybrid
sensory materials by simple heat treatment and oxidation of a
Sn thin film with SWCNTs produced by arc-discharge
methods and created sensors with a 10 ppm LOD for
NH;.**> A hybrid sensor of SnO, prepared by sol—gel
synthesis and SWCNTs was shown by Ghaddab et al. to
detect 1 ppm of NH; (and 20 ppb of O;).>>* However, the
authors noted that the sensitivity of the sensor depended
heavily on the source of SWCNTs.””” SnO,-coated CNTs have
also proved successful as NO, sensors.''>****** In another
example by Rigoni et al, physical mixing of SWCNTs with
indium—tin oxide (ITO) NPs resulted in a 3-fold increase in
sensitivity (compared to pristine SWCNTs) to NH; with a
limit of detection of 13 ppb.**® Interestingly, the response of
the composite was p-type at low concentrations of NH; with
low humidity and switched to n-type at higher humidity levels,

which was attributed to hole compensation by water.*® We
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Figure 16. NH; sensors based on films of poly(m-aminobenzenesulfonic acid)-functionalized SWCNTs (SWCNT—PABS). (a) Mechanism of the
interaction between SWCNT—PABS with NH; with the arrows indicating the charge-transfer direction between SWCNTs and PABS. (b) NIR
spectra after baseline correction of SWCNT—PABS recorded before (black, 1), during (blue, 2), and after (red, 3) the exposure to 20 ppm of NH;.
(c) Change in the absorbance at 5320 cm™ (S, transition) correlates well with the change in resistance (d). Reproduced with permission from ref

339. Copyright 2007, American Chemical Society.

Figure 17. Detection of NO, using polymer-coated SWCNTs. (a) Optical image of devices after coatings of polymer solutions. (b) SEM
micrograph of SWCNTs bridging the electrodes. (c) Relative change in conductance of a polyethylenimine- (PEI) coated SWCNT sensor when
exposed to various concentration of NO,. Recovery of the sensors was facilitated by UV illumination. (d) Comparison between Nafion- and PEI-
coated SWCNTs. Nafion-coated devices (top, red) responded to NH; but not to NO,, while PEI-coated devices only responded to NO,.
Reproduced with permission from ref 345. Copyright 2003, American Chemical Society.

speculate that hydroxide ion from NH,OH formation may be
involved. Finally, CNTs have also been used as a template for
layer-by-layer assembly of porous indium oxide (In,O;)
nanotubes that also demonstrated room-temperature sensing
capability.*” Despite the wide range of the choice of metal/
metal oxide NPs, the techniques of fabrication, and
architectures of the sensors, the enhancement in the sensitivity
toward NH; and NO, was attributed to the catalytic function
of the NPs and good electronic communication between
CNTs and NPs.*”*****% Although the sensitivity to reducing
(NH;) and oxidizing (NO,) gases are enhanced by metal
oxides, the analyte interactions can be largely characterized as
nonspecific acid—base interactions; hence, other elements are
likely needed to produce sensors with high selectivity.
Composites of polymers and CNTs have also been
demonstrated as effective sensors as a result of strong
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interactions between NH; and the selected polymers.
Bekyarova et al. covalently grafted poly(m-aminobenzenesul-
fonic acid) (PABS), a sulfonated poly(aniline), onto SWCNTs
to create chemiresistors capable of detecting 20 ppm of NHj,
Figure 16.”* The authors proposed that the increase in the
measured electrical resistance was the result of deprotonation
of the PABS side chains, which, in addition to lowering the
electronic transport within the PABS, enhances the electron
transfer from the PABS oligomers to the SWCNTs (Figure
16a). Specifically, the NHj-induced changes in the near-
infrared (NIR) spectrum of the first semiconducting interband
transition of the SWCNTs (S,;) correlated well with the
change in the resistance of the sensors (Figure 16b—d).>*’ The
sensitivity of this system of SWCNT—PABS can achieve a NH;
LOD of 100 ppb (20 ppb for NO,) by adjusting the initial
resistance of the sensor. In addition, composites of
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Figure 18. Palladium NP-decorated CNT ropes as H, chemiresistors. (a) TEM image of a CNT rope after deposition of Pd NPs. (b) (Inset) Pd
NPs are highlighted by blue circles, and a high resolution TEM image of a NP is shown in the main picture. (c) Histogram of the size of the Pd NPs
for electrodepositions of various quantities of Pd in terms of the Coulombic loading (Qpg). (d) Sensing responses to ppm levels of H, for the
different Coulombic loading of Pd nanoparticles. Reproduced with permission from ref 362. Copyright 2017, American Chemical Society.

poly(aniline) (PANI) and CNTs, prepared by electropolyme-
rization on SWCNT electrodes”* or by in situ polymerization
of aniline in SWCNT sus.pension,341’342 showed low limits of
detection to NH; (50 ppb Zhang et al.**) and fast recovery
times. Interestingly, Li et al. reported that poly(methyl
methacrylate) (PMMA) when combined with MWCNTs
produced n-type gas sensing characteristics with a decrease
in resistivity when exposed to NH;.*** The authors proposed
that the uncommon n-type behaviors may have been related to
the modification of the semiconducting properties of
MWCNTSs upon the pretreatment with hydroxylamine hydro-
chloride.”” Lastly, Datta et al. noncovalently functionalized
SWCNTs with poly(N-methyl pyrrole) (P[NMP]) that
exhibited excellent linear response from 10 ppb to 1 ppm of
NH,;.*** When evaluating sensors that have no clear trans-
duction designs, it is likely that a major component of
sensitivity enhancements is coupled to organization effects.
The selectivity in many of the experimental compositions
discussed here reflects the relatively high intrinsic sensitivity of
the CNTs to NH; and NO.,.

Noncovalent functionalization of SWCNTSs with polymers
also proved effective in detecting NO,. Qi et al. showed that a
coating of polyethylenimine (PEI) or Nafion onto SWCNTs
resulted in gas sensors with selectivity for NO, or NHj,
respectively, Figure 17.°*> The presence of PEI transformed
the SWCNTSs from p-type to n-type semiconductors, and the
sensors were sensitive to 100 ppt of NO, while being
insensitive to NHj. This selectivity arises because the effect
of NH; adsorption is outcompeted by the polymeric amine.
Remarkably, the authors reported that coating with Nafion,
instead of PEI, allowed the sensors to detect NH; without
interference from NO,. Polymer—CNTSs composites prepared
by in situ polymerization also offers promising sensing results
and simple fabrication. For example, An et al. polymerized
uniform coatings of poly(pyrrole) (PPy) on SWCNTs.**
Sensors derived from this material behaved as an n-type
semiconductor and displayed improved sensitivity over pure
SWCNTs or PPy toward NO,.**°
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Another method of imparting selectivity toward ammonia
and other amines is through functionalization with organo-
metallics, in particular those with extended z systems capable
of strong 7-stacking interactions (see section 3.2.1). Liang et al.
reported metal—phthalocyanine/MWCNT-containing chemir-
esistive devices with high sensitivity toward NH; for Co- and
Zn-containing metal complexes and smaller interactions with
other metal centers (Cu, Pb, Pd, and Ni).**” The trend in the
calculated values of the binding energy between the metal
centers and NH; from DFT agreed qualitatively with the
enhancement in sensitivity.”*’ Kaya et al. developed Cu and
Co metallophthalocyanines for enhanced 7 interactions with
one pyrene and six polyoxyethylene substituents.”*® The
authors observed higher responses to NH; for samples
containing Cu than Co. The discrepancies with earlier reports
regarding the sensitivity with Cu metal centers were attributed
to the substituents in the macrocycle, the number of active
sites, and the thickness and morphology of the thin films.*** In
a study that involved first-row metals from Cr through Zn, Liu
et al. developed chemiresistive sensors containing porphyrin
complexes for the detection of food spoilage (section 3.2 on
food safety).®® In these devices, the interaction between the
metal centers and the analyte as well as the redox potential of
the complex were highlighted as essential to determine the
selectivity and sensitivity. "%

2.1.2. Hydrogen (H,) and Methane (CH,). Hydrogen
(H,) and methane (CH,) pose a threat as they can explode
even at low concentrations in air.”** Additionally, methane is a
potent greenhouse gas, and it is important to detect sources of
its release into the atmosphere. Thus, the detection of H, and
CH, becomes paramount to prevent explosions for distribution
systems/centers, mines, and petroleum fractional distillation
plants. Similarly, an expanded natural gas production will
require the detection of methane leakage to prevent environ-
mental pollution and loss of revenue. The promising potential
of H, as a clean energy carrier has propelled research efforts in
areas such as fuel cells, automobile engines, and various
chemical and industrial processing.’***’ Such developments
also place the need for hydrogen sensors in household
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environments and mobile transportation systems.”*” Hydrogen
gas and methane have no appreciable interactions with pristine
CNTs, and research efforts primarily focus on exploitin§ the
composite of CN'Ts and metallic NPs. While theoretical®" and
experimental*”>*! reports have shown Pt-decorated CNTs to
be sensitive to H,, the majority of CNT-based H, sensors in
the literature focused on the use of Pd metal.”>* These sensors
can be grouped into two main categories depending on
whether Pd metal is deposited on the CNTs (Pd decorated) or
used as the electrodes (Schottky contact based).

Kong et al. reported one of the first examples of Pd-
decorated SWCNTs that functioned as H, sensor."' In their
report, a thin coating of Pd was deposited by electron beam
evaporation on an individual SWCNT, and upon exposure to
ppm levels of H,, the measured conductance decreased.''’ Pd
undergoes a reversible reaction with hydrogen to produce a
low electron affinity palladium hydride, which promotes
electron donation to compensate for hole carriers in SWCNT's
and leads to higher resistance. A number of subsequent
publications endeavored to improve the ease of fabrication and
the performance of this type of sensor.*”''"?¥373%1 For
example, Sayago et al. fabricated sensors by spray coating of
SWCNTs and then functionalizing with Pd NPs,***3%5 and
Sun and Wan§ created Pd—SWCNTs sensors on flexible
substrates."' **® In addition, Sippel-Oakley et al. observed that
thermally evaporated Pd exhibited faster responses and
recoveries than sensors prepared by sputter coating Pd on
SWCNT thin films, suggesting that sputtering damages the &
sidewalls.>*® Similar to the detection of NH; and NO,,
differences in the performance of H, sensors may depend
directly or indirectly on CNT sidewall defects. Khalap et al.
compared the sensing responses between sensors comprising
individual Pd-decorated SWCNTs with and without sidewall
defects.”>” Their results demonstrated that a positive relation-
ship between the defect sites and Pd NPs led to the 1000-fold
increases in hydrogen response (resistance), and only 2-fold
increases were observed in defect-free samples. More recently,
Penner and co-workers reported the effects of the size of Pd
NPs electrodeposited on CNT ropes, Figure 18.°°” From their
results, modest changes in the diameter of the Pd NPs greatly
affected the amplitude and the time of the responses.

Schottky contact-based H, sensors rely on the modulation of
the contact electronic barrier height between the electrons and
the CNTs upon exposure to hydrogen gas. The work function
of Pd is sensitive to H,, and hydride formation reduces the
work function. Javey et al. demonstrated this mechanism in a
Pd-contacted SWCNTs field-effect transistor.*®> The contacts
between metallic Pd and semiconducting SWCNTs exhibited
ohmic behavior before H, and Schottky diode behavior after
H,.>*® Their results suggested that the lower work function of
Pd led to the formation of higher Schottky barriers, and
electron tunneling through these structures decreases ex-
ponentially with length for dramatic reductions in current. To
exploit this phenomenon for H, sensing, Wong et al. fabricated
a microelectronic diode with the structure of the thin layer of
Pd deposited on top of MWCNTs on doped silicon and
detailed response with 100% H,."”' Myung and co-workers
later improved on this configuration to achieve sensors with
high sensitivity, large dynamic range (from 25 to 2000 ppm),
and fast response/recovery times, Figure 19.** The authors
aligned SWCNTs across prefabricated Pd microelectrodes by
AC dielectrophoresis and stressed the importance of using
semiconducting SWCNTs.** Carriers are more likely to flow
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Figure 19. Schottky contact-based H, gas sensor. (a) Schmatic
representation of the sensor comprising aligned SWCNTs bridged
across the Pd microelectrode. (b) Band diagram of the sensor when
exposed to H,, which decreased the work function of Pd and created a
Schottky barrier. (c) Sensing response to various concentrations of
H,. Reproduced with permission from ref 84. Copyright 2014,
American Chemical Society.

through metallic SWCNTs, which do not produce Schottky
barriers at the electrode interfaces, leading to the attenuation
of the signal and sensitivity. Choi et al. demonstrated an
alternative solution by using preseparated semiconducting
SWCNTs to fabricate networks between Pd electrodes.*** The
results highlighted the importance of minimizing the amount
of metallic CNTs and optimizing the density of the SWCNT
networks for the performance of the sensors.

CNT-based sensors for methane are not as common as H,
sensors as a result of the difficulty of obtaining selectivity
toward CH,. For metal-decorated SWCNTs, Star et al
reported that CH, showed no significant response at room
temperature.”” In an earlier example, Lu et al. reported the
fabrication of CH, sensors comprising Pd-decorated SWCNTs
that showed increases in conductance when exposed to 6—100
ppm of methane.’®® Subsequent exposure to UV light
facilitated the desorption of the gas molecules and recovered
the sensing baseline.””> More recently, Paprotny and co-
workers demonstrated CH,, sensors using MWCNT's function-
alized with metal oxide NPs (either SnO, or ZnO) through
atomic layer deposition (ALD).*°***” Both chemiresistors
functioned at room temperature and were sensitive to ppm
levels of methane in dry air.*****” The proposed mechanism
involved the adsorption of CH, molecules on the metal oxide
NPs, leading to the increase in the sensor’s relative resistance.
However, cross reactivity to other gases will remain a challenge
for CH, sensors based on metal-decorated CNTs. In cases
where reactivity of the constituent metal oxides or NPs have
not been established under the reported conditions in the
absence of the CNTs, it is proper to be suspect of results,
which could be coupled to changes in the gas (oxygen levels)
or humidity rather than methane. Hence, we consider the
development of chemiresistive CH, sensors to be at an early
stage and encourage the readers to consider new approaches to
detect this challenging analyte.

2.1.3. Carbon Monoxide (CO). Carbon monoxide (CO)
is the colorless, tasteless, and odorless toxic gas that is
responsible for the majority of fatal poisoning worldwide.***
CO is produced from the incomplete combustion of carbon
fuels, and emissions from vehicles and industrial processes are
major sources. OSHA has designated the PEL of 35 ppm time-
weighted average (TWA over 8 h) and 200 ppm ceiling (S min
exposure).”® The higher affinity of CO over O, toward the
iron porphyrin complexes found in hemoglobin and myoglobin
leads to CO poisoning.””**”" Although detectors for CO are
available with metal oxide semiconductors (MOS) and solid
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electrolyte (SE),"” CNT-based sensors could fill the need for
massively distributed or even wearable sensors to prevent
poisoning in domestic and industrial environments.””*

Although CO does not engage in strong binding or charge-
transfer interactions with pristine CNTs, **#27931 guccess-
ful examples of sensors comprising pristine CNTs exist in the
literature. Varghese et al. demonstrated the capacitive sensing
of CO with pristine CNTs, albeit only at concentrations of
100%.”” Pristine CN'Ts have also been used in the resonance
frequency-based detection of CO; in these sensors, the
adsorption of CO was detected as a change in the resonance
frequency of the active layer.”'>*'® Increased interaction
between the CNTs and CO have been observed theoretically
for deformed,””® boron-doped, nitrogen-doped CNTs,*”* and
aluminum-doped CNTs.””> Sensors capable of ~1 ppm
detection have been demonstrated using CNT's with carboxylic
acid (C(CNT;—COOH) sidewall defects”*®*’® and sulfonated
SWCNTs,””” which are assumed to have covalent Cienty)—
SO;H or Ccnr)—OSO;H groups. In an alternative chemical
modification, Zhao et al. used oxygen plasma to create
disordered structures and eliminate metallic CNTs to groduce
a CO sensor capable of detecting 5 ppm of CO.”" The
authors, however, noted that the presence of water molecules
led to complications, suggesting that the oxygenated defects
can give rise to unwanted side reactivity.”"’

CNTs functionalized with NPs of metals and metal oxides
have been reported as effective CO sensors. Changes in the
transfer of electron density from the metal NPs to the CNTs
upon the adsorption of CO molecules is reported to give rise
to the sensing response.”’® Star et al. reported the sensing
properties of 18 chemiresistive SWCNT channels function-
alized with different metals.”” In particular, the Pt-decorated
SWCNTs showed sensitivity toward 2500 ppm of CO.*
SWCNTSs modified with Au,*’**”? Pd*** (ab initio study), and
tin oxide (Sn0,)**"*** were also reported as room-temper-
ature CO detectors. In addition, composites of polymers and
CNTs have been shown by several groups to detect CO
molecules. For example, Wanna et al.>* showed reproducible
responses to CO exposure from 100 to 500 ppm with a
composite of CNTs and maleic acid-doped PANI, while Lin et
al.*** fabricated a CO (and NH,;) sensor using a composite of
Co0;0,/PEI-CNTs. In the metal-free PANI-modified material,
the basis of sensitivity to CO is not clear.

The translation of known reactivity or bonding of analytes to
sensors optimally leverages chemical knowledge. In this
context, recently efforts toward noncovalent modification of
CNTs with organometallic complexes have proved promising.
The composites of these two materials improve the selectivity
of the CNTs and overcome the inherently low conductivity of
the organometallic compounds. Liu et al. employed a metal
complex with a well-defined, experimentally supported
molecular sensing mechanism.”'" The organocobalt complex
contains a pendant amino ligand internally bound to the
central metal atom, which can be trapped in the open form
with a free amine upon binding of CO. The large geometrical
differences between the cobalt complexes required a solution
phase to display an efficient equilibrium. Hence, in this case, a
network of unfunctionalized SWCNTSs was coated with an
inert fluorocarbon oil containing the selector complex. The
CO favors the free amine form of the complex, which
subsequently engages in charge transfer (electron donation) to
p-doped SWCNTSs and produces a decrease in conductance,
Figure 20a and 20b.*"" The sensor was shown to be stable in
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Figure 20. SWCNT-based CO sensors. (a, b) Sensing scheme of the
binding event of CO by cobalt complex showing the freeing of amine
ligand upon binding of CO. Averaged change in conductance of
cobalt complex/SWCNT chemiresistor in response to several gases
and gas mixtures. Reproduced with permission from ref 311.
Copyright 2016, American Chemical Society. (c) Schematic depiction
of CO sensor comprising pyridyl-functionalized SWCNTs and iron
porphyrin (Fe(tpp)ClO,). Covalent pyridyl ligands facilitate the in
situ reduction of iron porphyrin to modulate the sensitivity of the
sensor. (d) Sensing responses of iron porphyrin/pyridyl-function-
alized SWCNTs toward 200 ppm of CO with applied gate voltage of
—3, 0, and +3 V. Reproduced with permission from ref 127. Copyright
2017, Wiley-VCH Verlag GmbH & Co. KGaA.

air and with near perfect selectivity to CO over CO,, C,H,,
C,H,, and H,. Biological-based recognition mechanisms also
provide important opportunities, and heme-inspired materials
have been reported both experimentally'*”*** and computa-
tionally'®** to detect CO. He et al. computationally
investigated the electronic transport properties of a system
comprising two SWCNTs covalently linked via an iron(II)
porphyrin when exposed to CO.'*"** They found that the
binding of the CO molecule to the Fe center of the porphyrin
hinders the electron trans{)ort between the two
SWCNTs.'*"*% Savagatrup et al.”” demonstrated the use of
the inactive iron(III) porphyrin anchored to pyridyl-function-
alized SWCNTs that was reduced in situ to active iron(II)
structure via the application of a moderate gate voltage. Upon
the fractional in situ reduction to the nominally air-sensitive
iron(II) state, sensing responses to CO increased significantly,
Figure 20c and 20d.'”” This method is consistent with solution
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Figure 21. Hydrogen sulfide (H,S) detection using gold nanowires—SWCNTSs hybrid network (Au NW—SWCNTs). (a) 1-Pyrenesulfonic acid
(PSA)-functionalized SWCNTs suspended in aqueous solution were used as the template for citrate reduction of HAuCl, to generate AuNPs;
subsequent heating produced Au NWs. (b) TEM images of Au NPs and (c) Au NWs on SWCNTs. (d) Relative change in conductivity of Au
NW-—SWCNTs network to S min exposures of various concentration of H,S gas. (e) Detection of H,S in methane (CH,); inset shows the sensor
response to 100% CH, and 10 ppm of H,S in methane. Reproduced with permission from ref 394. Copyright 2017, American Chemical Society.

studies, wherein iron(IIl) porphyrins do not interact with CO
but the iron(II) porphyrins bind CO strongly.

2.1.4. Hydrogen Sulfide (H,S) and Sulfur Dioxide
(SO,). Both hydrogen sulfide (H,S) and sulfur dioxide (SO,)
are common waste gases and atmospheric pollutants. H,S is a
colorless, foul smelling, and poisonous gas that is generated/
released in large amounts from coal, natural gas, and petroleum
refineries as well as bacterial decomposition of animal and
human waste.”®’ H,S acts as neurotoxin at low concentration
and causes severe eye, nose, and throat irritation at moderate
concentration.”®® Prolonged exposure to levels above 100 ppm
can cause death, and individuals can become desensitized to
the smell of H,S, thereby compromising their ability to detect
this danger.”®® SO, is highly corrosive and readily oxidized in
air to create sulfuric acid. Both gases pose significant threats to
the environment and human health.”® The 8 h TWA PELs are
set at 10 ppm for H,S and § ppm for SO,.*'° Thus, accurate
measurement of the two sulfur-containing vapors is of crucial
interest.

Although most reports of CNT-based detection of H,S rely
on NP-decorated CNTs, there are examples suggesting that
pristine and defective CNTs can provide responses. For
example, inkjet-printed SWCNTs have been used to create
both chemiresistive®™® and chemFET sensors.*”" In addition,
plasma treatment of MWCNTSs to introduce carboxyl- and
nitrogen-containing groups has been shown to increase the
selectivity toward H,S over SO,.*”> Such sensors are likely to
be less selective, but could find utility in applications wherein
other interferants are not present.

CNTs decorated with metal or metal oxide NPs have proved
to be most promising for the detection of H,S. Guided by DFT
calculations, Zhang et al. suggested the potential of Au- and Pt-
decorated CNTs for sensing of both H,S and $0,.2773% In
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these system, SO, accepts electrons from the metal—-SWCNT
networks, while the opposite occurs with H,S.”%7%?
Experimentally, several examples of composites of Au
nanostructures and SWCNTs have been demonstra-
ted.''??739%3%5 Deshusses and co-workers decorated
SWCNTs with Au NPs using a electrodeposition method
and reported a 3 ppb H,S LOD at room temperature.''” The
sensing mechanism was reported as H,S modulation of the
electron exchange between the Au NPs and the defects on the
SWCNTs. Similarly, Ding et al. reported a synthesis of gold
nanowires (Au NWs) using SWCNTs as templates, Figure
21.°%* Citrate-stabilized Au NPs were self-assembled on 1-
pyrenesulfonic acid (PSA)-decorated SWCNTs template and
fused to create Au NWs after heating. The hybrid network of
Au NW—-SWCNTs showed improved sensitivity to H,S when
compared to pristine SWCNTs and Au NP—SWCNTSs and can
detect ppb concentrations of H,S without cross-sensitivity to
CH,, CO,, and 0,.**

A major challenge of sensors composed of Au—SWCNTs
(and Ag—SWCNTsS%) is the strong affinity of metallic NPs to
sulfur-containing molecules, thereby leading to irreversible
responses. Thus, most H,S sensors rely on mild heating in
ambient conditions for recovery.''”*”* Similarly, UV irradi-
ation can accelerate desorption of H,S in sensors containing
organometallics.””” Several groups have made efforts toward
the development of H,S sensors with fast self-recovery by
replacing gold with other metal or metal oxide NPs. For
example, SnO, has proved to be an attractive alterna-
tive.””*7*° The combination of SnO, and CNTs allows for
room-temperature operations, which is unobtainable for a
system with SnO, alone.'"” Mendoza et al. reported a sensor
based on SnO,—CNT composite films fabricated by CVD with
recovery times of 1 min at room temperature.398 In addition,
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Figure 22. H,S sensors based on SWCNTs decorated with Cu or CuO NPs. (a) Schematic of flexible sensors comprising Cu-decorated SWCNTSs
as the conduction channel between Al electrodes on polyethylene terephthalate (PET) substrates. (b) Response to the exposure of 20 ppm of H,S.
Reproduced with permission from ref 401. Copyright 2015, Elsevier. (c) Wireless sensor fabricated using a commercial 13.56 MHz RFID tag with
CuO-SWCNT as the sensing material. (d) Response and recovery times of the sensor when exposed to 1 ppm of H,S. Reproduced with permission

from ref 402. Copyright 2016, Elsevier.

Asad et al. demonstrated that copper and copper oxide NPs
enhance the sensitivity and selectivity of SWCNTs for H,S,
Figure 22.*°"%* The authors fabricated flexible chemiresistive
sensors and RFID-based wireless sensors that detect ppm
levels of H,S at room temperature with rapid self-
recovery.401’402

Examples of CNT-based SO, sensors are limited; however,
nonfunctionalized SWCNTs and MWCNTSs have been shown
to respond to SO, experimentally.**>*** In addition, Li et al.
predicted computationally that Ni-doped CNTs should be
more sensitive to SO, than pristine CNTs.””> Goldoni et al.
used spectroscopic analysis to reveal that interactions between
SO, and SWCNTs are similar to those between NO, and
SWCNTs.” Correspondingly, poor selectivity between SO,
and NO, limits further development of commercialized
sensors. Interestingly, Yao et al. achieved selective discrim-
ination between the two gases using chemiresistive random
networks of SWCNTSs.**" The authors reported a differ-
entiation of SO, and NO, at various humidity levels. At high
humidity level (92%), the resistance of the device decreased in
response to NO, but the resistance increased with 502.389
Their experimental results were consistent with DFT
calculations that indicated electron donation should occur
between the SO,/H,0 complex and the p-type CNTs.**’
Complicating the development of sensors for SO, and NO, is
the fact that both species are sufficiently reactive that they
chemically evolve in ambient atmospheres. Hence, the actual
responses from measurements under realistic conditions with
moisture and humidity may arise from a daughter product of
these gases.
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2.1.5. Benzene, Toluene, and Xylene (BTX). Nonpolar
compounds and aromatic hydrocarbons, namely, benzene,
toluene, (ethylbenzene), and xylene (BTX or BTEX), are
considered highly hazardous volatile pollutants. Benzene, in
particular, is classified as both an acute and a chronic health
hazard.**°~**® The PEL concentrations given by OSHA are 1,
200, and 100 ppm for benzene, toluene, and xylene,
respectively."”” These compounds are present in the vicinity
of natural gas and petroleum deposits and are produced from
incomplete combustion of fossil fuels and automobile exhausts.
In addition, BTX are used widely as components for
petrochemical products, gasoline thinner, and solvents for
chemical reactions. BTX in consumer products have also been
reported.*”® In addition to gas chromatography (GC) coupled
with mass spectrometer (MS) or flame ionization detection
(FID), several methods for the detection of BTX have been
reported including the use of quartz crystal microbalance
(QCM)-based sensors*'>*'" and spectroscopy.”'? CNT-based
devices have also been used as selective sensors’ """ or as
part of an array.''”*"*

For example, Rushi et al. reported chemFET devices
comprising SWCNTs functionalized noncovalently with iron
tetraphenylporphyrin (FeTPP) or cobalt tetraphenylporphyrin
(CoTPP) that responded to BTX at concentrations well below
those given by the PEL.*"® The authors found that FeTPP-
functionalized devices performed significantly better than the
CoTPP counterparts, suggesting that the choice of the central
metal ion is important for device optimization. An alternative
method using chemiresistors integrated with polymer concen-
trator was reported by Im et al, Figure 23.”> The authors
synthesized cellulose acetates functionalized with 2,3,4,5,6-
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Figure 23. BTX gas sensing system of SWCNTs and cellulose
polymer concentrator. (a) Schematic diagram of chemiresistor with
SWCNTs and cellulose concentrating layer. (b) Change in
conductance of the sensors in response to BTX gases at various
concentration. (c) Responses of controlled devices without the
cellulose concentrating layer. Reproduced with permission from ref
92. Copyright 2016, MDPL

pentafluorophenylacetyl (FSPh) and deposited the concen-
trating layer on top of SWCNTs. The integrated sensors
performed significantly better than devices with pristine
SWCNTs at detecting BTX; however, interference from
ethanol, commonly found in petrochemicals, was reported.
While the sensitivity and recovery are promising in both
examples, selectivity among BTX or from interfering
compounds remains challenging. Distinguishing among BTX
or among the different isomers of xylene often requires sensing
arrays.””"'7*'* Further discussions on CNT-based sensing
arrays in the context of sensors for BTX and other volatile
organic compounds (VOCs) can be found in section 4.1.1.

2.2. Aqueous Environmental Sensing

Detecting trace analytes in the liquid phase is important for
environmental monitoring, assessment of water quality, and
health diagnostics.”*'> The large surface area and excellent
chemical stability of CNTs make them promising aqueous
chemical sensors.” In this section, we will detail CNT-based
sensors developed for aqueous environmental monitoring.
Discussions on the following specialized aqueous sensors will
be addressed in the later sections: detection of pesticides
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(section 3.2.3), health diagnostics and biorelated applications
(section 4.2), and detection of warfare agents (section ).

2.2.1. CNT-Based pH Sensors. Fluctuations in pH can
have significant effects on chemical processes; thus, measuring
and controlling pH are important in environmental, industrial,
and biological applications. Monitoring the pH values in real
time can provide high temporal resolution and requires
sensitive and stable sensors. CNT-based pH sensors provide
a simple alternative to conventional sensors that could be
costly, large, and incompatible with integrated circuits.*'®
Specifically, CNT-based chemiresistors relinquish the need for
a reference electrode, glass membrane, and significant power
supply.

Several groups have reported that nonfunctionalized CNTs
respond to changes in the pH of aqueous solutions. Takeda et
al. fabricated FET devices using acid-treated SWCNTs that
showed a reliable response and stability in liquid environ-
ments.*'” Similarly, Li et al. introduced carboxyl groups on the
surface and termini of the SWCNTSs before alignment on
microelectrodes using dielectrophoresis.*'® The resulting
sensors demonstrated changes in the resistance over the pH
range of 5—9.*'° The sensors were stable in buffer solution
over the 10-day experimental period.”'® Despite these
successful examples, concerns regarding the selectivity persist.
Without functionalization, it is likely that CNTs will have
limited selectivity between hydronium ions and metal cations.

Similar to the gas-phase sensors, composites of conductive
polymers and CNTs proved to be an attractive platform for pH
sensing. The electrical properties of poly(aniline) (PANI)
depend significantly on the degree of protonation, leading to
rapid response to changes in solution pH. Liao et al
demonstrated that PANI/SWCNTs composite possessed
tunable conductivity over a wide pH range in water.*'® In
addition, Roth and co-workers reported a simple process for
the fabrication of PANI/CNTSs and PPy/CNTs on transparent
and flexible electrodes.””*" Although conductive polymers
provide the necessary selectivity, long-term stability is
potentially problematic. To improve the stability of the
sensors, Gou et al. functionalized oxidized SWCNTs by
electropolymerization of poly(1-amino anthracene) (PAA),
Figure 24, which was designed to have stronger interactions as
a result of the polymer’s extended 7 system.”’° PAA/SWCNT
displayed high electroconductivity and thermal stability
compared to the other systems (PPy/SWCNT and PANI/
SWCNTs) and retained sensitivity to pH 2—12 over 120
days.”*® The authors also demonstrated selectivity to hydro-
nium ion over potential interferants (Ca** and Na*).**°

2.2.2. CNT-Based Metal lon Sensing. Toxic metal ions in
water represent serious personal and environmental health
concerns. Some species, such as iron, cobalt, zinc, copper, and
manganese, are required for metabolic and signaling processes
in living organisms at low concentrations, but can be toxic at
higher concentrations.””® Other metals/elements (cadmium,
lead, arsenic, chromium, and mercury) are highly toxic even at
trace levels.””” The World Health Organization (WHO) and
the US Environmental Protection Agency (EPA) issued the
permissible exposure limit of these toxic metal ions in water.
For example, the limits for iron, zinc, and copper are on the
order of 1—10 ppm, while the limits are more stringent for
cadmium, lead, arsenic, chromium, and mercury at the range of
1-10 ppb.*””**' The mechanisms of the toxicity of each
species on the living cells are beyond the scope of this review;
interested parties will benefit from reading recent reviews on
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Figure 24. Chemiresistive pH sensor based on oxidized SWCNTs functionalized with conductive polymer poly(1-amino anthracene) (PAA). (a)
Electropolymerization of PAA from 1-amino anthracene onto oxidized SWCNTs. (b) Sensing responses of the pH sensors to various pH solutions.
Vertical bars represent the pH values. (c) Calibration curve of conductivity vs pH values. Reproduced with permission from ref 206. Copyright

2015, Nature Publishing Group.

the topic.**" For the detection of toxic metal ions, CNTs are
most often used as an electrode material because of their large
surface area, small size, ease of functionalization, and excellent
electrical conductivity. In addition, CNTs have been shown to
be an excellent sorbent for metal ions.””* Considering the large
amount of work reported in this field, we can only present
representative examples. We direct interested readers to
specialized reviews,”' "*?%+2%23

Electrochemical sensors using CNT-covered electrodes
proved promising for the detection of multiple toxic metal
ions. The main technique is anodic stripping voltammetry
(ASV), which involves the electrochemical deposition of
metals (analyte) at a constant potential and subsequent
stripping of the deposited analyte from the electrodes. While
the inherent selectivity toward toxic metals arises from a
specific redox potential, the addition of molecular recognition
by functionalization is often needed to selectively accumulate
the analyte at the electrode interface. For example, Wanekaya
and co-workers demonstrated the trace detection of Pb** and
Cu®* using cysteine-modified MWCNTs with a LOD of 1 and
15 ppb, respectively.””* Cysteine, an amino acid with high
affinity toward the target metals, was covalently functionalized
onto MWCNTSs, which were casted onto the electrode surface
for ASV analysis.”** The authors reported no interference for
the Cu®* peak from common anions (CI~, SO,*7, or CO;>")
and cations (Cd** and Ni**); however, excessive Cu>*, Cd*,
and Ni** reduced the peak current associated with Pb**.***
Calixarene-functionalized CNTs have proved promising for
molecular recognition.””> To selectively detect Pb**, Wang et
al. covalently attached thiacalixarene onto MWCNTs, Figure
252" Due to the highly selective recognition of thiacalixarene
to Pb**, the authors reported that the sensing of Pb** was not
affected by 100-fold excess amounts of Zn**, Ni**, or Cd**.*"*

In addition to electrochemical analysis, chemiresistive and
FET-based sensors have been used for the detection of toxic
metals. FET sensors provide the advantage of real-time
detection without the accumulation step necessary for ASV
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Figure 25. Determination of Pb** using thiacalixarene-functionalized
MWCNTs for anodic stripping voltammetry (ASV). (a) Schematic
representation of the fabrication thiacalixarene/MWCNTs-function-
alized glassy carbon electrode (GCE) and the detection of Pb**. (b)
Response signals after 15 min accumulation of 1077 M Pb** with 100-
fold excess amounts of Zn®**, Cd*, and Ni**. Reproduced with
permission from refs 212 and 425. Copyright 2016 and 2012, the
Royal Society of Chemistry and American Chemical Society,
respectively.

detection. Kim et al. reported the detection of mercury ions
using pristine SWCNTs, Figure 26."*° The selectivity toward
Hg”" over other metal cations was attributed to the favorable
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Figure 26. SWCNT—FET sensor for the detection of Hg*. (a)
Schematic of the proposed mechanism for the selectivity toward Hg?".
(b) Real-time measurement of the change in current after exposure to
various concentrations of Hg“. (c) Sensitivity vs concentration of
various metal cations. Reproduced with permission from ref 426.
Copyright 2009, American Chemical Society.

and irreversible reduction from Hg?* to Hg’ by SWCNTs at
less negative reduction potentials than needed for other

. 26
IOI’IS.4

Star and co-workers also reported the detection of
Co®" using a combined optical spectroscopic and chemir-
esistive measurement on SWCNTs noncovalently function-
alized with polyazomethine (PAM).*”” The large conforma-
tional change of PAM upon complexation with Co’* gave rise
to the selectivity of the sensors.””” In another example, Forzani
et al. introduced coatings of polymers functionalized with
different peptide sequences and lengths in SWCNT-based FET
sensors.””® The authors demonstrated a selective platform by
leveraging the well-known selectivity of Hiss for Ni** and Gly-
Gly-His for Cu®* ions.***

3. CNT-BASED SENSORS FOR FOOD AND
AGRICULTURE APPLICATIONS

Food (along with water) is the most important consumable.
Several processes in food management and agriculture
production can be monitored and improved through chemical
sensing. Specifically, these processes include monitoring of
food ripeness, prevention of food spoilage, ensuring the quality
of food storage, and detection of pesticides and pathogens.
Worldwide, one-third of the food produced for human
consumption—approximately 1.3 billion tons—are wasted or
lost, due partially to the lack of accurate and real-time
measurements of the condition of perishable goods along the
supply chain, Figure 27.7%*° Economically viable sensing
systems can inform both the suppliers and the consumers,
improve coordination of harvest and transportation, monitor
storage in both industrial and consumer settings, and identify
pesticide-contaminated food.

CNT-based sensors offer several advantages that are
required in food applications. Their small size, low power
consumption, and simplicity combined with their capability to
detect complex analytes allow the production of economically
viable sensors that are ideal for product tracking and supply
chain management. For example, CNT-based sensors have
been incorporated into circuitry that allows for real-time
information on the state of food using smartphones or other
connected devices for use in smart packaging,"®” detection of
fruit ripening,”® food spoilage,” and pesticide detection.**’
Apart from improving food safety and minimizing food loss,
CNT-based gas sensors can be used for characterizing the

Figure 27. Distribution of food losses and waste along the supply chain by region and by stage (consumption, distribution, processing/packaging,
postharvest, and harvest). Reproduced with permission from ref 429. Copyright 2017, Food and Agriculture Organization of the United Nations.
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Figure 28. Detection of ethylene in real fruit samples. (a) Chemiresistive sensor using SWCNTs and a fluorinated tris(pyrazolyl)borate copper(I)
complex, 1, that can be bound directly to SWCNTs to detect ethylene gas. This complex is known to bind ethylene as shown, 2. (b) Ethylene
response of SWCNT-based sensor to banana, avocado, apple, pear, and orange samples over 25 days. Reproduced with permission from ref 96.

Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.

flavor (taste) and odor (smell) of products to authenticate and
control the quality of food products.

3.1. Food Quality

3.1.1. Fruit Ripeness. Climacteric fruits (e.g., apples and
bananas) produce the fruit-ripening hormone ethylene at the
onset of ripening. Ethylene is one of the smallest molecules
with biological activity, and this volatile signaling molecule
controls changes in color, aroma, texture, and flavor of fruit,
regardless of whether it is produced naturally in the fruit or
applied artificially to induce ripening.A'*?’z’“’3 Thus, the
processes of ripening and senescing of these fruits can be
controlled through the concentration of ethylene in the
atmosphere.434 Monitoring/managing ethylene concentration
is useful for both determination of the optimal harvesting time
and preservation of freshness in storage and transportation.

The detection of ethylene using CNT-based sensors was
investigated both experimentally’®**>**® and computation-
ally.”” Pristine CNTs show no sensitivity toward ethylene gas
at room temperature,”® and the addition of selector moieties is
required. To this end, Leghrib et al. reported the detection of
ethylene at room temperature using MWCNT's decorated with
tin oxide (SnO,) nanoparticles.”>> Although the chemiresistors
responded to as low as 3 ppm of ethylene, interference from
NO, was reported. Esser et al.”® developed an ethylene
selective sensor by coordinating a fluorinated tris(pyrazolyl)-
borate copper(I) complex to SWCNTs that was capable of
forming air-stable complexes with ethylene, Figure 28a. The
authors demonstrated the sensor’s selectivity and utility by
conducting studies on a range of fruit samples. The climacteric
fruits (banana, avocado, apple, and pear) showed a decrease of
ethylene production over time after they reached peak
ripeness, while the nonclimacteric fruit (orange) showed an
overall low production of ethylene, Figure 28b. Interestingly,
the detector could differentiate between an apple stored at
room temperature (“Apple 1”) and an apple stored in the
refrigerator (“Apple 2”), demonstrating the ability to monitor
the state of the fruit simply by sampling the headspace.
Additionally, Zhang et al. used the composite of MOF-199
containing copper metal centers and MWCNT to adsorb
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ethylene from the headspace of durian husk, wampee,
blueberry, and grapes for gas chromatography. This method
showed an exceptionally low LOD of 13 ppb.***

3.1.2. Taste and Smell. In addition to monitoring fruit
ripeness, CNT sensors are also used to effectively determine
the taste and smell of various food. Sensors for this application
are often referred to as electronic tongues and noses (e-
tongues and e-noses). We refer interested readers to reviews of
metal oxide- and polymer-based electronic noses,”* bioelec-
tronic noses,”””*** electronic noses for food****** and
medical applications,**> and computational analysis of
electronic noses.**® The goal is to imitate the senses of taste
and smell through a sensor readout. Humans have around 400
different olfactory receptors that collaboratively give rise to the
sense of smell."”*” Once in your olefactory system, the binding
of an odorant (a molecule with a smell) to a receptor triggers a
neural signal.*** To imitate such processes in sensors,
researchers have incorporated olfactory receptors in CNT-
based sensors to discriminate between different odorants
differing by a single carbon center.

CNT sensors have been developed using olfactory receptors
from humans,*'¥**7*% rodents,***7** insects,**> and can-
ines.*** Park and co-workers first demonstrated the use of
human olfactory proteins for the detection of odorants in
2009.°""% In early generations of these devices, lipid
membranes containing human olfactory receptors were coated
on SWCNT networks.”' Upon binding of the odorant, the
olfactory receptor shifts from the inactive, neutral state to the
active, negatively charged state, which reduces the mobile
charge-carrier density in the SWCNT network. This sensor
was able to differentiate between butyrate molecules that only
differ by a few carbon atoms (amyl butyrate, butyl butyrate,
propyl butyrate, and pentyl valerate, Figure 29b) and to detect
the amyl butyrate at picomolar concentrations.”" A follow-up
study by the same group further improved on the sensitivity of
the sensors by mimicking cell siﬁgnaling pathways in natural
olfactory systems more closely.*"” Here, nanovesicles deco-
rated with olfactory receptors trigger an influx of Ca®* ions into
the nanovesicles upon exposure to odorants, Figure 29. The
accumulation of positive charges in the nanovesicles induces a
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Figure 29. Detection of taste and smell. (a) Schematic of the response
of nanovesicle toward exposure to an odorant molecule. Odorant
molecule activates the olfactory receptor (blue) which triggers the
uptake of Ca** ions through the calcium ion channels (purple),
inducing a field-effect gating on the poly p-lysine (PDL) and CNT
active channel. (b) Structures of different odorant molecules that can
be differentiated using human olfactory receptor hOR2AGI. (c)
Change in conductance upon exposure of sensing device to different
odorant molecules. Reproduced with permission from ref 449.
Copyright 2012, Elsevier.

field effect on the SWCNT, reducing their conductance.
Devices of this architecture were able to detect amyl butyrate
at concentrations as low as 100 pM, Figure 29¢c. Additionally,
CNT-based sensors employing olfactory receptors have been
used to quantify sour,*®? sweet,**? salty,%0 bitter, >*>%1 and
umami tastes.***

Beyond quantifying human taste or smell using receptor
proteins, several research groups have developed CNT-based
sensors for the differentiation between high-quality products.
These sensors can authenticate the product by quantifying the
differences between similar products based on taste or smell.
Wei et al. developed CNT- and graphene-based electro-
chemical sensors using Ni and Cu foams as the selectors to
differentiate Chinese rice wines by age and manufacturer.**®
Similarly, Tang and co-workers developed a MWCNT/
polymer composite sensor array comprising eight different
sensing channels to differentiate between several complex
alcohol vapors (sake, sorghum liquor, medical liquor, and
whiskey), Figure 30.*°>**” The signals here were attributed to
differential swelling behaviors of the composites. Interestingly,
Kachoosangi et al. reported electrochemical CNT sensors that
quantified the “heat” in several hot sauces by measuring the
concentration of capsaicin.%8

3.2. Food Safety

Ensuring food safety is of great societal concern. Food-related
illness was estimated to have a large economic cost due to
premature death, medical care, loss of productivity, and
litigation.**”*”® To address the increasing need for quality

Figure 30. Detection of taste and smell. Differentiation between four different complex alcohol vapors using MWCNT/polymer composites:
styrene/allyl alcohol copolymer (SAA), poly(vinylidene chloride-co-acrylonitrile) (P(VDC-AN)), polyvinylpyrrolidone (PVP), poly(methyl vinyl
ether-alt-maleic acid) (PMVEMA), poly(a-methylstyrene) (PMS), hydroxypropyl methyl cellulose (HPMC), poly(ethylene adipate) (PEA), and
poly(vinyl benzyl chloride) (PVBC).**® Reproduced with permission from ref 466. Copyright 2011, Elsevier.
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Figure 31. Detection of food spoilage. (a) Response of chemiresistive sensor using cobalt meso-aryl-porphyrins as the selector toward meat and
seafood samples stored at RT and in the refrigerator over 4 days. Reproduced with permissions from ref 93. Copyright 2015, Wiley-VCH Verlag
GmbH & Co. KGaA. (b) Response of CNT-based sensor functionalized with four different human olfactory receptors (OR2J2 for octanol, OR2W1
for hexanal, TAARS for trimethylamine, TASR38 for goitrin) while monitoring spoiling of milk over 1 week. Reproduced with permissions from ref

454. Copyright 2017, Elsevier.

control, comprehensive sensing technologies for monitoring
the quality of food along the entire supply line are needed.
CNT-based sensors have been developed to detect food
spoilage through biomarkers associated with food spoilage
directly or by confirming the integrity of the packaging. In
addition, we will discuss the detection of residual pesticides
and foodborne pathogens.

3.2.1. Food Spoilage. Monitoring food spoilage in real
time can help prevent the consummation of potentially
harmful products as well as the unnecessary disposal of food
that is still fit for human consumption. To inform a consumer
about the state of the packaged consumable, inexpensive and
disposable sensors can be incorporated on the inside of the
packaging.*”" Several CNT-based sensors have been developed
to fill this specific need. These sensors detect volatile
biomarkers indicative of food spoilage. For example,
biomarkers include biogenic amines and ammonia for spoilage
in meat and fish products,*’>*’* hexanal for spoiled milk,*"*
and 1-octen-3-ol for fungal infections of grain.*”> A large
number of sensors for ammonia have been developed, which
we detailed in section 2.1.1. In this section, we will strictly
discuss devices that have been tested on food samples.

Liu et al. developed a chemiresistive sensor containing a
series of cobalt meso-aryl-porphyrin complexes for the selective
detection of ammonia and biogenic amines.” By investigating
porphyrins with different substitution patterns and counter-
ions, the authors found that the sensor response correlated
with the electron deficiency of the metal center and that the
highest response to biogenic amines was achieved with the
electron-poor [Co(tetrakis(pentafluorophenyl)porphyrinato)]-
[ClO,]. This sensor was used to monitor the spoilage of meat
and seafood samples over several days, showing clear
differentiation between samples stored at room temperature
and samples stored at 4 °C in the refrigerator, Figure 31la.
Similar results were obtained from chemiresistive CNT-based
sensors containing human olfactory receptors to detect
spoilage of meat,”* oysters,”’**”” and a wide variety of
seafood.”**”® The detection of more complex biomarkers of
spoilage is less explored; however, great progress has been
made by using olfactory receptors to detect specific small
organic molecules. For example, increases in geosmin and 2-
methylisoborneol, metabolites of bacteria, are indicative of
bacterial contamination of water."'> Using SWCNTs function-
alized with human olfactory proteins, both molecules can be
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detected chemiresistively at nanomolar concentrations.

Human olfactory protein/CNT devices have also been
developed for the detection of spoiled milk. The spoiling of
milk correlates with the amount of hexanal in the headspace
over the liquid.*’”* This analyte can be detected using olfactory
receptors that bind hexanal at concentrations of 1 yM as
demonstrated by Son et al."”* The authors used their olfactory
receptor/CNT sensor to monitor the spoiling of milk over a
week and recorded a steady increase in hexanal concentration,
Figure 31b.%>*

3.2.2. Integrity of Packaging and Oxygen Sensors
(Oy). While sensing biogenic decomposition products is a
viable method to detect food spoilage, monitoring the integrity
of food packaging can provide a general indicator of the quality
of the content. Food and pharmaceuticals can be protected
from oxidative degeneration via packaging in inert atmos-
phere,"’*** and the detection of oxygen inside of the
packaging is a vital method to monitor the intactness of this
barrier.**" Apart from monitoring food packaging, detection of
oxygen has many important applications including environ-
mental monitoring and biological and medical applications.
For example, the control of automobile exhaust emissions and
optimization of industrial processes are made possible by
oxygen sensors.”®>**?  Furthermore, the measurement of
biochemical oxygen demand (BOD) can be used to character-
ize the amount of organic waste contained in water.***
Measuring the dissolved oxygen partial pressure in arterial
blood provides an evaluation of a patient’s condition.
Several review articles cover the luminescence-based and
colorimetric detection of oxygen using optically active organic
or inorganic materials sensors.*****” Both pristine and
functionalized CNTs show responsiveness toward O,
adsorption and are promising materials for the development
of oxygen sensing devices.

The consensus on the exact description of the interaction
between O, molecules and CNTs has not been reached;
however, physisorbed O, seems to induce p-doping of CNTs.
Zettl and co-workers originally reported that the physical
properties of CNTs, including local densities of electrical states
and electrical resistance, are extremely sensitive to the presence
of oxygen.””*®® The doping effect of O, on the electronic
structure of CNTs has been reported for both experimental
investigations and computational results."”**~*”* However,
Derycke et al. concluded that the adsorption of O, mainly
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Figure 32. Chemiresistors based on SWCNT networks decorated with an oxygen-sensitive Eu**-containing dendrimer complex. (a) Chemical
structure of the europium-containing dendrimer complex (Eug) containing eight Eu** cations coordinated within a 1,8-naphthalimide-terminated,
G3-PAMAM dendrimer core. (b) Electrical response rate of the Eug—SWCNT chemiresistor to increasing oxygen concentration. (c) Comparison
of the normalized conductance between Eug—SWCNTs (black curve) and pristine SWCNTs (green curve) when exposed to illumination with 365
nm ultraviolet light in flowing N,, pure O,, 10.5% CO,, 100 ppm of NHj;, and 10 ppm of NO,. Reproduced with permission from ref 495.

Copyright 2009, Nature Publishing Group.

modifies the Schottky barriers of the CNT—metal contacts
rather than doping of the CNTs themselves.*”* These
conflicting experimental reports may originate from the
differences in the quality of the CNTs. For example, Goldoni
et al. demonstrated that the removal of contaminants (Na and
Ni) and defect sites renders the electronic spectra of CNTs
insensitive to O,, CO, H,0, and N,.**

An additional limitation toward the development of CNT-
based oxygen detectors arises from the slow desorption rate of
O, from the nanotubes at room temperature. In earlier reports,
reversible sensitivity of oxygen relied on the application of high
vacuum.*”**¥** To develop a lower power and portable
platform, Kauftman et al. reported a chemiresistive device that
can be refreshed to the original conductance using ultraviolet
illumination (UV, 365 nm) after exposure to O, Figure 32.*%°
The device comprised SWCNTSs decorated with an oxygen-
sensitive Eu®* dendrimer complex (Eug). The authors found
that the initial rate of change in the conductance scaled linearly
with the concentration of oxygen in the range of 5—27%.*”
Furthermore, the sensors showed good selectivity to O,
compared to CO,, NH;, and NO,.*”

For applications wherein the presence of oxygen leads to
detrimental effects, such as in modified atmosphere packaging
(MAP) for oxygen-sensitive food and drugs, irreversible
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responses to oxygen could prove useful as they will report
on the cumulative level of oxygen.189 To this end, Zhu et al.
described the development of a wireless oxygen dosimeter
using Fe''—poly(4-vinylpyridine)~SWCNT composites with
passive radiofrequency identification (RFID) tags, Figure
33.""7 Poly(4-vinylpyridine) (P4VP) was used to disperse
the SWCNTs™' and to bind Fe species through the pyridyl
ligands. Fe' is reducing and transfers electron density to the
carbon nanotubes, thereby eliminating the hole carriers and
increasing the resistivity. Oxygen exposure of varying
concentrations (2—21%) led to irreversible responses that
can be detected by a smartphone through passive RFID tags,
which allowed the wireless detection of oxygen inside of food
packaging."®” To limit the effects of humidity and prevent
contact with food, the device was covered with a thin layer of
polydimethylsiloxane (PDMS), which functioned as an oxy-
gen-permeable moisture barrier. Exposure to oxygen irrever-
sibly oxidizes the selector (Fe' to Fe'") and induces oxidation
of the SWCNTs, increasing the number of hole charge carriers
and the conductance. For the in vivo detection of oxygen in
water, Xiang et al. developed an electrochemical sensor
comprising microsized Pt NP-covered CNT-based electrodes.
Although the authors demonstrated the detection of oxygen in
the brains of anesthetized rats, a similar device could be used
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Figure 33. Wireless oxygen sensors enabled by near-field
communication (NFC) tag. (a) Schematic drawing of a smart
packaging that measures oxygen exposure from the inside. Radio-
frequency readers, in this case, a smartphone, can remotely read the
sensor’s state and access the quality of the package contents without a
line of sight. (b) Schematic of poly(4-vinylpyridine)-dispersed
SWCNTs and coordinating Fe' ions as the sensing element. (c)
Sensing responses to various O, concentrations (diluted in N,). Inset
shows the calibration curve of the sensor. Reproduced with
permission from ref 189. Copyright 2017, American Chemical
Society.

to detect oxygen on the inside of air-sensitive liquid food
packaging.

3.2.3. Pesticide Contamination. Overuse of pesticides
and contamination of food poses a risk for human health and
biodiversity.*® Millions of tons per year of pesticides are used
to protect crops from insects to improve agricultural
production.*”® Nevertheless, the use of pesticides has been
linked to the collapse of honeybee colonies,*”” an increase in
amphibian mortality,””® and a decrease of biodiversity in
aquatic ecosystems.””® Additionally, residual pesticides in
agricultural products can threaten human health. These
exposures have been linked to the development of several
types of cancer (breast, pancreatic, non-Hodgkin lymphoma,
leukemia, brain, prostate, and kidney),499 neurotoxicity,5 0
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genotoxicity,500 birth defects,® fetal death,””° and decreased
neurodevelopment.”*’ Additionally, pesticides have been used
as chemical nerve agents in chemical attacks as will be
described in section 5.1 on Chemical Warfare Agents.”"”
Opverall, the use of pesticides causes an estimated $10 billion in
environmental and societal damage annually in the United
States alone.””* Monitoring the concentration of pesticides can
prevent overuse and help protect the environment and human
health.

Several CNT-based sensors have been developed that can
quantify pesticide concentration in complex matrixes of food
samples. The examples include soybean sprout, potato, tomato,
pear, apple, cabbage, onion, carrot, and celery samples, orange
juice, strawberry juice, beer, and milk. 15047307 A large
number of these sensors rely on the selective oxidation or
reduction of the gesticide on a functionalized CNT-based
electrode.”*"***~>!Y Ppossible selectors for the detection of
organophosphorous pesticides (OPs) are the enzymes that are
effected by the OPs. The biocatalytic activity of the enzyme
acetylcholinesterase (AChE) is the removal of the neuro-
transmitter acetylcholine (ACh) through hydrolysis. Poisoning
with OPs inhibits AChE, which leads to a buildup of ACh at
the nerve synapses, causing rapid twitching of voluntary
muscles and paralysis. This same reaction cascade was used in
CNT-based sensors to detect OPs in many re-
ports. 3120330730975 Eor example, Yu et al. observed that
addition of ACh to AChE-functionalized CNT electrodes
generated a concentration-dependent amperometric current
increase, Figure 34.°"> Addition of the OP paraxon reduced the

Figure 34. Detection of pesticides. (a) Schematic representation of
the amination process of CNT (3-APTES, 3-aminopropyltriethox-
ysilane). (b) Schematic of acetylcholinesterase (AChE) immobiliza-
tion onto the NH,-functionalized CNTs (acetylthiocholine chloride
ATCh). Reproduced with permission from ref 50S. Copyright 2015,
Elsevier.

current increase as a result of the inhibition of the enzymatic
hydrolysis of ACh. Alternative to these enzymatic transduction
schemes, sensors with nonenzymatic selector moieties have
been identified for the electrochemical sensing of pesticides on
CNT-enhanced electrodes. These systems include iron
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Figure 35. CNT-based pathogen detection. (a) Schematic representation of electrochemical sensor for cholera toxin (CT). In the first step, CT is
bound by an antibody-containing MWCNT electrode. In the second step a potassium ferrocyanide-containing liposome is bound to amplify the
binding event of CT.”** (b) Chemiresistive detection of E. coli using a CNT-coated nanojunction functionalized with antibodies.”** Reproduced
with permission from refs 524 and 525. Copyright 2006 and 2014, American Chemical Society and Public Library of Science, respectively.

porphyrin,®***'* ruthenium phthalocyanine,’’® patterned
polymers,”***'#*'* and metal nanoparticles.’"®

3.2.4. Foodborne Pathogens. Apart from detection of
biomarkers for the spoilage of food or the monitoring of food
packaging, foodborne pathogens can be detected directly.
Infections with pathogenic microorganisms, such as Campy-
lobacter, Salmonella, Listeria monocytogenes, and Escherichia coli
(E. coli),’'® can cause diarrheal diseases, which remain a
leading cause of preventable death of children in developing
countries.”’ ' According to the World Health Organization
(WHO), even in the United States 76 million cases of
foodborne diseases occur annually, out of which 325000
require hospitalization and 5000 lead to death.”'® Infection can
occur though ingestion of contaminated foods or water,
person-to-person transmission, or contact with infected
animals.”"” To minimize the risk of infection, rapid and real-
time identification of infected food items poses a pressing
need.>"” Current methods for the detection of foodborne
pathogens include optical-based biosensors, mass-sensitive
biosensors, electrochemical biosensors, culture and colony
counting, immunology-based methods, and polymerase chain
reaction. These methods are detailed in several excellent
review articles focused on the detection of foodborne
pathogens.sm’520 A review of nanomaterial-based pathogen
detection was also presented by Inbaraj et al.”>" In this section
we discuss the CNT-based detection of pathogens in water or
biological media.

To detect pathogenic microorganisms in complex media,
several groups have functionalized CNTs with antibodies with
specific interactions with the target bacteria or toxin. Bhardwaj
et al. developed a paper-based electrochemical sensor using
antibodies (Ab) as the selector unit to detect Staphylococcus
aureus (S. aureus).””> The antibodies were covalently attached
to the sidewalls of the CNTs using 1-ethyl-3-(3-
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(dimethylamino)propyl)carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (EDC/NHS) coupling. After
functionalization, a dispersion of the Ab-CNTs was deposited
on the working electrode of the electrochemical device where
the binding of S. aureus can be observed as an increase of the
peak current. The response time of sensors was shown to be 30
min, and the sensor was operational in milk. Similarly, Zhao et
al. investigated an electrochemical sensor for Shigella flexneri
based on an Ab-functionalized MWCNT/sodium alginate
composite (MWCNT/SA).>** Sodium alginate acts as a
dispersing agent for the MWCNTSs and as a biocompatible
scaffold to facilitate binding of horseradish peroxidase labeled
antibodies to S. flexneri. Binding of S. flexneri inhibits the
activity of the horseradish peroxidase, which can be seen as a
decrease in the peak current in the electrochemical signature of
the device. Viswanathan et al. investigated the electrochemical
detection of cholera toxin (CT), a bacterial protein toxin
secreted by the bacterium Vibrio cholerae.’”* The device is
operated in a two-step process: the first step consists of the
binding of CT through a poly(3,4-ethylenedioxythiophene)/
antibody (PEDOT/Ab) composite on a MWCNT electrode,
and the second step consists of the binding of a K,[Fe(CN),]-
containing liposome, Figure 35a. The binding of the potassium
ferritin-containing liposome is proportional to the CT
concentration and enhances the peak current of the electro-
chemical feature of the sensing device. Using this two-step
process, the authors were able to determine the concentration
of CT in tap water and in kitchen wastewater with a detection
time of 60 min.

The rapid detection of foodborne pathogens using function-
alized nanojunctions has been reported by Jun and co-
workers.>>>°*® PEI/SWCNT-coated microwires are assembled
into crossbar junctions (Figure 35b) with a 10 ym gap between
the wires. The wire junction is functionalized by self-assembly
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of streptavidin and biotinylated antibodies to E. coli, which
binds strongly to the streptavidin binding pocket, Figure 35b.
The current through the nanojunction decreases upon each
subsequent addition of biomolecule (streptavidin, biotinylated
antibodies, E. coli), possibly via a deformation of the CNT
sidewall or electrostatic disturbance of the CNT network by
the biomolecules. Using a single junction, the authors were
able to detect E. coli in water with a detection time of 5 min.”*®
Using a 4-wire design, arranged in a 2 X 2 grid, the authors
were able to detect E. coli and S. aureus simultaneously.”*® Two
adjacent junctions were functionalized using antibodies to E.
coli while the remaining two junctions were functionalized
using antibodies to S. aureus. When exposed to a mixture of
bacteria, the multijunction device can determine the
concentration of both strains of bacteria independently.
Expanding on this 2 X 2 array might allow the detection of
all major foodborne pathogenic bacteria in a rapid fashion
(detection time S min).

4. CNT-BASED BIOLOGICAL SENSORS

Health monitoring and the detection of biomolecules are
crucial for many areas of healthcare ranging from the diagnosis
of diseases to real-time monitoring the conditions of patients.
These applications can assist in a global reduction of mortality
and medical costs. For example, early discrimination of
different infections can facilitate appropriate treatment and
preventative measures. The present medical testing protocols
require expensive equipment and/or dedicated laboratories
with a long turnaround time. Hence, CNT-based sensors offer
the attractive features of portability and cost effectiveness for
point-of-care diagnostics. This section describes CNT-based
sensors addressing biological applications. We aim to highlight
examples of sensors that derive selectivity from the choice of
functionalization and/or the use of sensor arrays for two main
topics: breath analysis and the detection of biomolecules.

Interested readers may benefit from full reviews on this
topic./3 133527

4.1. Breath Analysis

The analysis of exhaled breath provides a noninvasive and
potentially portable method for the detection of diseases and
monitoring a person’s physical condition.””*™>*" Volatile
molecules from human breath have been linked to various
diseases including breast, lung, gastric, colon, and prostate
cancers,”>> %3¢ Alzheimer’s and Parkinson’s diseases,”’ multi-
ple sclerosis,”*® diabetes,”*’ and hyperglycemia.539 Extensive
clinical trials are often required to establish the link between
the presence of biomarkers in human breath with the
indication and state of a disease. These efforts are best initially
quantified by precision analytical assessments using stand-
ardized chromatographic techniques, such as gas chromatog-
raphy mass spectrometry (GC-MS).>** We highlight that a
large volume of work on breath analysis has been accomplished
by the group of Haick"***"*** and Owlstone Medical.”"’
Nanomaterials, including CNTs, are ideal for breath analysis
due to their chemical versatility and ease of incorporation into
sensing platforms.”*” We will focus on two main categories of
analytes: volatile organic compounds (VOCs) and inorganic
gases.

4.1.1. Volatile Organic Compounds (VOCs). VOCs in a
biological context are the products or byproducts of cellular
metabolism or oxidative stress caused by reactive oxidative
species (ROS).”******> These compounds are often separated
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into different categories based on their functional groups:
hydrocarbons, alcohols, aldehydes, ketones, esters, nitriles, and
aromatic compounds.”*® The concentration of these com-
pounds in bodily excreted fluids and breath is affected by
changes in diet, environmental exposures, and disease states of
the patient.”**™>* The typical VOCs originated from cellular
activity in humans include hydrocarbons, aldehydes, and
ketones.” For example, peroxidation of lipids by ROSs can
produce ethane, pentane, and aldehydes; high-level fat
metabolism produces detectable levels of acetone; and halitosis
can lead to a high concentration of hydrogen sulfide, methyl
mercaptan, and dimethyl sulfide.”

As a result of the large number of VOCs present in typical
breath samples, it is natural to construct arrays of sensors to
discriminate the different chemical species. As described in
section 1.3 on device architectures sensing arrays provide
“finger prints” for a given compound or class of compounds,
which can then be analyzed by computational methods (linear
discriminant analysis, LDA, and principal component analysis,
PCA). Some of the first examples of CNT-based detection of
VOC:s via a sensing array was demonstrated by Haick and co-
workers with the goal to discriminate healthy subjects from
those suffering from lung cancer and chronic renal failure.*>>*!
The authors constructed arrays from semiconducting
SWCNTs coated with 10 different nonpolymeric organic
materials and tested their performance in the differentiation
between simulated breath of healthy and diseased subjects,
Figure 36.°*" PCA of the obtained signal revealed that the
discrimination between cancerous and healthy breath was
confounded by the effects from humidity, and reduction of the
relative humidity from 80% to below 10% led to excellent
discrimination.”*" In their follow-up study, FET devices were
used instead of chemiresistors with less debilitating effects
from humidity.*” Recently, the same group has reported the
use of functionalized SWCNTs arrays in combination with
molecularly modified gold nanoparticles to diagnose 17
different disease conditions from 1404 subjects with 86%
accuracy.”*?

Several groups have developed CNT-based sensor arrays
that can differentiate between different VOCs. For example,
Liu et al. used noncovalently functionalized SWCNTs with a
series of metalloporphyrin complexes with a diversity of
different metal centers.”” The authors constructed PCA plots
from signals obtained from chemiresistors comprising
SWCNTs and eight metalloporphyrins to distinguish five
classes of VOCs (amines, hydrocarbons, aromatic, ketones, and
alcohols).”® They reported a large separation of the amines
from other VOC:s as a result of their charge-transfer capabilities
and sufficient discrimination between the remaining four
classes based on their intermolecular interaction or swelling
effects.”® Hybrids of SWCNTs and metalloporphyrins have
also been reported by Shirsat et al. to distinguish acetone,
ethanol, methanol, and methyl ethyl ketone.”* Common
surfactants have also been incorporated with CNTs to create
VOC sensing arrays. Chatterjee et al. prepared aqueous
solutions of MWCNTs dispersed in common surfactants—
sodium deoxycholate (DOC), sodium dodecylbenzenesulfo-
nate (SDBS), 1-hexadecyl trimethylammonium bromide
(CTAB), benzalkonium chloride (BnzlkCl), and triton x-405
(TX405)—and spray-coated CNT films onto interdigitated
electrodes using the layer-by-layer technique.”** The authors
reported that the sensing responses of the array depended on
the interactions between the surfactants and the analytes as
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Figure 36. Detection of simulated patterns of lung cancer biomarkers
using arrays of SWCNTs coated noncovalently with thin films of
organic materials. (a) Patterns of responses of chemiresistive networks
of SWCNTs coated with 10 different organic materials (S1-S10)
when exposed to the representative VOCs for 10 min. (b) PCA score
plots of the 10 sensing arrays upon exposure to “healthy” and
“cancerous” mixtures of VOCs at (i) 80% RH, (ii) 10% RH, (iii) 1%
RH, and (iv) 80% RH with preconcentration of VOCs of SO times.
Reproduced with permission from ref 541. Copyright 2008, American
Chemical Society.

well as their supramolecular assembly with MWCNTSs.>*
Individually, each sensor provided limited discrimination;
however, PCA demonstrated separation between methanol,
ethanol, water, acetone, chloroform, and toluene.>>°
Although noncovalent functionalization has been successful
at producing selective sensing arrays, they often do not
produce sensors with sufficient robustness toward the harsh
conditions. With the goal of creating robust CNT-based
chemiresistive arrays, Sarkar et al. covalently anchored
poly(tetraphenylporphyrin) on SWCNTs to detect acetone,
and the resulting sensors showed good stability over a period
of 180 days.>’ Wang and Swager synthesized a series of
covalently functionalized MWCNTs with cross-sensitive
reco%nition groups via a two-step synthetic protocol, Figure
37.""7 The authors chose each selector to maximize the
differential interactions with the range of targeted analytes.
Propargyl- and allyl- MWCNTs (1 and 2) are both polar and
hydrogen-bond accepting and were expected to interact
strongly with vapors with large dipoles. Selectors with long
alkyl chains (3 and 4) favor dispersion interactions that were
aimed to detect aliphatic hydrocarbons. Hydrogen-bond-
accepting vapors (e.g., ethers and ketones) were targeted by
the carboxylic acid group and hexafluoroisopropanol (5 and 6).
Calix[4]arenes (7) favor the adsorption of aromatic and
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chlorinated hydrocarbons due to their highly polarizable
pocket; and last, crown ether (8) provided hydrogen-bonding
basicity to interact with acids and alcohols. As a result, the
sensor array successfully discriminated the 20 tested VOCs
into five different classes without interfering effects from
humidity. Moreover, the distinct pattern of responses when
subjected to the linear discriminant analysis (LDA) accurately
identified all 20 VOCs. The carefully chosen selectors in this
array further discriminated chemical space in an intuitively
meaningful way. For example, in the PCA plot, Figure 37, the
analytes at the boundaries between functional classes have
characteristics of both classes. Within the ethers and ketones,
the analytes proximate to the hydrocarbons are dihexylether
and 2-decanone, which have hydrocarbon character. Similarly,
for alcohols, 1-octanol is closest to the hydrocarbons. Also, for
the aromatics, 1,3,5-trimethylbenzene wherein the aromatic
structure is masked by the methyl groups is also closest to the
hydrocarbons. Hence, this study clearly illustrated that careful
chemical designs, rather than random collections of selectors,
are best at selectively characterizing complex VOCs.

An advantage of array-based sensors comprising multiple
units with limited selectivity is that the library of the “finger
prints” can be easily updated to detect a new class of analyte.
In applications where one specific biomarker has been
identified as sufficient proof that a disease is present, the
detection of a single analyte can be a powerful diagnostic
tool.>* Thus, array-based sensors will benefit when used in
parallel with sensors capable of detecting a single analyte. For
example, Wang et al. fabricated vertically aligned-CNT's with a
conductive polymer coating to detect n-pentane with a
projected LOD of 50 ppm with good selectivity over methanol
and toluene.”” Vertically aligned CNTs were coated with
poly(3,4-ethylenedioxythiophene) (PEDOT) via oxidative
chemical vapor deposition, followed by a coating of non-
conducting polystyrene (PS). Adsorption of pentane on the
surface of PEDOT disrupts the conductive pathway, and added
selectivity is achieved by the layer of PS that excludes polar
VOCs.>> As discussed above, calix[4]arenes have the
tendency to interact with aromatic hydrocarbons. Wang et al.
demonstrated that chemiresistors of SWCNTs wrapped with
calix[4]arenes-substituted polythiophene could distinguish
between different isomers of xylene, Figure 38.”” Using quartz
crystal microbalance (QCM) studies and NMR binding
studies, the authors verified that the selectivity arose from
the preferential binding of p-xylene within the calixarene cavity
over the other two isomers.”” Selectivity based on structural
isomers that do not have large differences in dipoles is rare for
chemical sensors, and this study is another demonstration of
merits of integrating selective recognition elements into CNT
Sensors.

In addition to composites of polymers and CNT's, metal and
metal oxide nanoparticles have also been demonstrated as
selectors for CNT sensor VOC arrays. Ding et al. fabricated
chemFET sensors with the composite of SWCNTSs and TiO,
that exhibited responses to acetone vapor at 400 ppb.'*° In this
study, oxidized SWCNTSs with defect sites on the sidewall
directed covalent nucleation and growth of titanium oxide
layers. The proposed sensing mechanism relies on the UV
photoinduced generation of electron/hole pairs in the TiO,
layer and the adsorption of acetone that prevents recombina-
tion to cause a detectable drop in conductance.'* This sensor
showed high selectivity toward acetone over NH;, H,, CO, and
NO and was able to detect 20 ppm of acetone in both air and

DOI: 10.1021/acs.chemrev.8b00340
Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

Figure 37. Sensing arrays of pristine and covalently functionalized MWCNTs for discrimination of 20 representative VOCs. (a) Chemical
structures and synthetic routes for the covalently functionalized MWCNTs. (b) Patterns of changes in the conductance of pristine MWCNT and
eight functionalized MWCNTSs to VOCs at 1% of their saturated vapor pressure. (c) Principal component score plots of an array of pristine
MWCNTs and eight functionalized MWCNTs to the 20 VOCs. Reproduced with permission from ref 117. Copyright 2011, American Chemical

Society.

high humidity despite interferences from O, and water
vapor.'*® Yoon et al. have also shown the incorporation of
soft Lewis acid Pd*" cations in a polymer wrapped around
SWCNTSs. In this case, PACL, is coordinated to P4VP-wrapped
SWCNTs (described previously in the section on functional-
ization) to produce a highly selective sensor toward vapors of
thioethers.”' Specifically, the PdCl, salt imparted a large
dosimetric response to methyl n-propyl sulfide diluted in air, a
breath biomarker for diseases such as malaria.”*'

4.1.2. Inorganic Gases. In addition to VOCs, inorganic
gases are important biomarkers for medical monitoring. The
primary gases of interest are carbon dioxide (CO,), nitric oxide
(NO), ammonia (NH;), and hydrogen sulfide (H,S).
Monitoring the concentration or the partial pressure of CO,
in the respiratory gases, called capnography, is commonly used
during medical procedures such as during anesthesia and
intensive care. Using capnography, it is possible to monitor the
patients’ metabolic status and infer any alterations to
obstructive conditions such as cardiac arrest, bronchitis,
asthma, and anesthesia.”>**** NO is involved in many
physiological processes including immune response, regulation
of blood pressure, and neural communication.>>> However,
direct measurement of NO is difficult due to its extremely
short physiological half-life in aerobic environments. Increased
level of NH; in exhaled breath can also be used as the
biomarker of patients with renal failure or disease (ppm levels
compared to ppb range for healthy individuals).***5%>%
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Various types of NH; sensors are discussed in section 2.1.1
on environmental application. In addition, H,S (discussed
previously in section 2.1.4 on environmental monitoring) can
serve as a breath marker for some diseases such as diabetes and
halitosis.

Although earlier reports of CNT-based sensors exhibiting
sensitivity to CO, exist, selective sensors have predominantly
relied on polymer-wrapped CNTs as the sensing materials.
Varghese et al.””* and Ong et al."”> demonstrated the sensing
capability of MWCNT-SiO, composite toward CO,;
however, cross sensitivity with other gases and humidity
were also reported. Star et al. incorporated CNTs function-
alized with poly(ethylenimine) (PEI) and starch polymers in
FET devices to show excellent sensitivity to CO,, the dynamic
operating range was shown to be from 500 ppm to 10% of CO,
in air.* The authors attributed the sensing behaviors to the
reduction of electron-donating character of PEI and structural
rearrangement of the starch polymer upon exposure to CO,. Li
et al. reported chemiresistive sensors comprising poly(ionic
liquid)-wrapped SWCNTs, Figure 39.°°° Dispersions of
poly[ 1-(4-vinylbenzyl)-3-methylimidazolium tetrafluoroborate
(PIL) and SWCNTs were deposited onto interdigitated
microelectrodes and displayed a dynamic range of CO,
responses between 500 ppt to 10 ppm. The interactions
between the [BF,”] anion and CO, were attributed as the
sensing mechanism that gave rise to the selectivity to CO, over
CO, H,, CH,, ethanol, O,, and water vapor. Lastly, Olney et al.
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Figure 38. Molecular recognition of SWCNT/polythiophene
chemiresistor toward xylene isomers. (a) Chemical structures of
xylene isomers and poly(3-hexylthiophene) (P3HT), and synthesis
scheme of p-tert-butylcalix[4]arene-substituted polythiophene (P1).
Conductance change of the chemiresistor of (b) SWCNTs and P1
and (c) SWCNT and P3HT to p-xylene, o-xylene, and m-xylene at
400 ppm. Reproduced with permission from ref 97. Copyright 2008,
Wiley-VCH Verlag GmbH & Co.

prepared a composite of PEDOT:PSS and SWCNTs that
showed sensitivity to CO, down to 10 ppm.”® The observed
increase in conductivity upon the adsorption of CO, was
suggested to be caused by conformational change and phase
separation of the PEDOT:PSS. Although cross-sensitivity with
methane was noted, in this case the conductivity decreases,
which provides a means to distinguish between the two gases.
The robustness of this rather indirect and seemingly chemically
nonspecific mechanism remains to be determined.

Few examples of NO sensors based on CNTs are reported.
Star and co-workers extended the use of their FET devices with
PEl-coated CNTs to detect NO in simulated breath.*®” The
composite of PEI and CNTs is moderately sensitive to NO;
thus, the authors incorporated a CrO; converter to oxidize NO
to NO, prior to the sensors. They noted that the addition of an
ascarite scrubber was required to remove the interfering signal
from CO,.

4.2. Health Monitoring and Detection of Biomolecules

This section focuses on designs of CNT-based biosensors and
their uses for the detection of biomolecules. CNTs can serve as
both the electrodes for electrochemical methods and the
transducer in a chemiresistor or chemFET.>*” For practical
sensors, the dynamic range of the sensors must correspond
with the physiological concentrations of the targeted
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biomarker. For example, the difference in the concentration
of glucose in blood of a person with diabetes can be as low as 1
mM, with the average values ranging between 4 and 9 mM.>*’
Significant work has been done over the past two decades to
incorporate CNTs as biosensors. This section highlights
selected reports, mainly focusing on the detections of glucose
and DNA. Not surprisingly, CNT-based sensors have been
developed for the detection of many other biomolecules.
Enzymatic biosensors are relatively simple to incorporate into
CNT electrodes for electrochemical analysis, leading to
analyte-specific recognition. The common analytes found in
the literature include proteins,”> cholesterol, ' ™5 dopa-
mine,564_568 serotonin,”®’~>*’ nicotinamide adenine dinucleo-
tide (NAD),”°”* and cytochrome ¢’”**"* We direct
interested readers to recent full reviews that cover these
other analytes. 1527575577

4.2.1. Glucose Detection. One of the most frequently
performed medical tests is the detection of blood glucose level.
Monitoring this concentration is used to diagnose and manage
diabetes, resulting in a high demand for glucose sensors. Both
electrochemical and chemFET sensors have been reported
with glucose oxidase (GOx) as the selector. The dramatic
reduction in the overpotential for the generation of hydrogen
peroxide (H,0,) and the direct electron transfer from GOx to
the CNT electrodes proved extremely useful for electro-
chemical sensors using GOx/CNT composites.8 However, the
immobilization of the enzymes onto CNT electrodes via
simple adsorption faces several problems, namely, the lowering
of the enzyme activity (denaturation) and leaching of adsorbed
enzymes.””” One solution to overcome these problems was the
use of metal and metal oxide NPs to anchor GOx on CNTs.
To this end, Tang et al. reported an electrochemical sensor
based on the adsorption of GOx onto Pt nanoparticle-
decorated CNT electrodes. The authors attributed the
excellent electrocatalytic activity to the large surface area
obtained by the addition of both CNTs and Pt nanoparticles,
resulting in the large linear range (0.1—13.5 mM) and high
sensitivity of 14 /,LA/mM.578 The sensor showed moderate
stability, retaining 73.5% of the initial activity after 22 days of
testing.”’® Successful examples were also reported for
MWCNTs decorated with ZnO nanoparticles by Wang et
al>”” and with Pt—Pd bimetallic nanoparticles by Chen et
al.>® In these examples, a layer of polymeric film was used to
eliminate common interferents, such as uric acid, ascorbic acid,
and fructose, and improve stability. Wang et al. showed only
10% decrease in detection current after 160 days, and Chen et
al. reported 15% loss of sensitivity after 28 days.

In addition to the adsorption of GOx onto CNTs electrodes
decorated with NPs, multiple groups have reported immobi-
lization of GOx using electropolymerization of conductive
polymers on CNTs. In this method, GOx is mixed with the
monomer which is then electropolymerized at a CNT
electrode. Gao et al. electropolymerized polypyrrole (PPy)
on aligned MWCNTs decorated with Fe particles in the
presence of GOx.”*' They observed a large linear range (2.5—
20 mM) and concluded that both the alignment of the
MWCNTs and the Fe particles were critical to lower the
oxidation potential of H,0,, thereby preventing the over-
oxidation of PPy.**" Similarly, Wang and Musameh prepared
sensors using a PPy/GOx composite that demonstrated a LOD
of 0.2 nM and a linear range from 0 to 50 mM.’** Pilan and
Raicopol reported a composite of PANI/functionalized
SWCNT/Prussian Blue for the electrochemical detection of
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Figure 39. Poly(ionic liquid)-wrapped SWCNTs for detection of CO,. (a) Schematic of the sensors comprising poly[1-(4-vinylbenzyl)-3-
methylimidazolium tetrafluoroborate (PIL) and SWCNTs. (b) TEM image of an individual SWCNTs partially wrapped by PIL. (c) Change in the
resistance of the PIL/SWCNTs sensors when exposed to increasing concentration of CO,. Exposure to UV light in N, was used to recover the
sensors to the baseline. (d) Sensitivity toward interfering gases and the effects of humidity. Reproduced with permission from ref 558. Copyright

2012, The Royal Society of Chemistry.

Figure 40. Covalent immobilization of GOx onto the edge of SWCNTs for amperometric sensing of glucose. (a) Assembly of a SWCNT-based
GOx electrode. (b) Cyclic voltammograms of the electrocatalyzed oxidation of different concentrations of glucose by the GOx at (i) 0, (ii) 20, (iii)
60, and (iv) 160 mM glucose. Inset shows the calibration curve of the amperometric responses as a function of the concentration of glucose.
Reproduced with permission from ref 584. Copyright 2004, Wiley-VCH Verlag GmbH & Co.

glucose.”®® They demonstrated selectivity to glucose over the
common interfering species of acetaminophen, uric acid,
lactate, and ascorbic acid.’®® Alternatively, Patolsky et al.
demonstrated a covalent attachment of a reconstituted GOx
onto the edge of SWCNTs that are linked to an electrode
surface, Figure 40.°** SWCNTs were first coupled to the
surface of Au electrodes with a mixed monolayer of thioethanol
and cystamine in the presence of Il-ethyl-3-(3-
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(dimethylamino)propyl) carbodiimide hydrochloride (EDC).
The amino derivative of the flavin adenine dinucleotide (FAD)
cofactor was then coupled to the carboxyl group at the end of
the SWCNTSs; subsequently, apo-glucose oxidase (apo-GOx)
was reconstituted on the FAD units. Cyclic voltammograms of
the bioelectrocatalytic oxidation of glucose provided the
calibration curve of amperometric current as a function of
the glucose concentration and revealed that the SWCNTs
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behaved as electrical contacts between the active site of the
GOx and the electrode.

Alternatively, nonenzymatic CNT-based sensors for glucose
have been reported.’® These sensors rely on the catalytic
properties of metallic nanoparticles decorated on the CNTs to
generate an electrochemical response of glucose. Lin et al. used
nickel and copper NP-decorated MWCNTs as the electrodes
that showed activity toward glucose oxidation,**® while Gougis
et al. used Eulsed laser deposition of gold NPs onto CNT
electrodes.”®” Recently, Baghayeri et al. demonstrated selective
glucose electrochemical sensors using Ag NPs electrodeposited
onto MWCNTs functionalized with metformin, Figure 41588
The reported sensor showed a low LOD at 0.3 nM with the
linear range from 1 nM to 350 uM without interference from
common molecules found in human blood serum and urine
samples.

CNTs also enable chemiresistor and chemFET approaches
to glucose sensors. Besteman et al. reported one of the earliest
examples of SWCNT-based glucose sensors.”®” GOx was
attached to the sidewall of individual SWCNT's; upon addition
of glucose, a modest increase in conductance was observed.”®
Soylemez et al. reported the functionalization of a poly(4-
vinylpyridine) (P4VP)-wrapped surface-anchored array of
SWCNTs with alkylation of the pyridyl groups electrostatically
assembled GOx.®* The P4VP—SWCNT scaffold provided
prolonged stability, retaining 83.3% of its initial response, and
excellent electrical communication between the GOx and the
SWCNTs, enabling real-time chemiresistive sensing of glucose.
The authors reported the dosimetric responses with the linear
range from 0.08 to 2.2 mM and validated their method using
commercial beverages. In another example, Lee and Cui
developed flexible sensors via layer-by-layer self-assembly of
SWCNTs, poly(diallyldimthyammonium chloride) (PDDA),
polystyrenesulfonate (PSS), and GOx on polyethylene
terephthalate (PET).>”” The sensors were capable of detecting
glucose down to 0.5 mM with a linear range from 0.5 to 25
mM. Using molecular-based recognition principles, Lerner et
al. reported the detection of glucose using the complexation by
boronic acid moieties, Figure 42.%8 The reduction in source-
drain current occurred due to the increased carrier scattering
upon the formation of boronate anion complex. As a control,
exposure to lactose showed negligible response as a result of its
lower binding affinity to the pyrene boronic acid moieties.
Lastly, Cella et al. employed a displacement sensing scheme on
a SWCNT-based chemiresistive platform.'”" In this study,
SWCNTs were initially functionalized with hydrophobic
dextran derivative (DexP) that subsequently formed complexes
with concanavalin A (ConA). The lower affinity of ConA to
DexP when compared to glucose resulted in the release of
ConA from the SWCNTs upon the addition of glucose,
leading to detectable changes in the resistance.

4.2.2. DNA Sensors. Detection of DNA is particularly
important for the diagnosis and treatment of genetic disorders,
prevention against biowarfare agents, detection of infectious
agents and pathogens, and drug discovery.””" Selective
predictable base-pairing interactions between and within
DNA strands have led to the development of sensors
employing optical, piezoelectric, and electrochemical trans-
ductions.”” CNT-based electrochemical DNA sensors were
originally pursued as a result of their high sensitivity,
selectivity, and reproducibility. These early sensors relied on
the immobilization of single-stranded DNA (ssDNA) on the
electrode and changes in electrical current triggered by
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Figure 41. Nonenzymatic glucose sensor based on Ag nanoparticles
(NPs) on functionalized CNTs. (a) Scheme for the preparation of Ag
NPs on metformin-functionalized MWCNTs. (b) Amperometric
response of the sensor to successive addition of different
concentration of glucose in 0.1 M NaOH at a working potential of
0.70 V. Inset shows the plot of electrocatalytic peak current vs
concentration of glucose from 1.0 to S00 nM. (c) Amperometric
response to (a) 100 uM glucose and 400 uM (b) acetic acid, (c)
ethanol, (d) ascorbic acid, (e) uric acid, (f) dopamine, (g) L-Dopa,
(h) epinephrine, and (i) L-tyrosine. Reproduced with permission from
ref 588. Copyright 2016, Elsevier.

hybridization of the complementary sequence.””” For example,
Wang et al. used CNTs for amplification of enzyme-based
electrical sensing of proteins and DNA.>”" In this study, CNTs
were loaded with alkaline phosphatase (ALP) enzyme tracers,
which carried the enzyme tags and preconcentrated the analyte
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Figure 42. Boronic acid-functionalized CNT-based FET sensor for the detection of glucose. (a) Schematic of the FET sensors and illustration of
binding of glucose to a CNT functionalized with pyrene-1-boronic acid. Bound glucose forms a boronate anion complex. (b) Sensing response as a
function of the concentration of glucose (blue circles). Control experiments included responses from unfunctionalized devices to glucose (red
squares), responses from functionalized devices to lactose (black triangles), and null response of functionalized devices to DI water. Reproduced

with permission from ref 88. Copyright 2013, AIP Publishing LLC.

Figure 43. Detection of femtomolar DNA using Au NPs to enhance SWCNT-based FET sensors. (a) Schematic illustration of the enhancement of
DNA detection using reporter DNA-functionalized Au NPs. (Right ) Proposed molecular binding on the FET sensors. (b) Relative decrease in
source-drain current for four sensing experiments. Reporter DNA used in this graph is 6A DNA. (c) Comparison of the relative decrease in current
versus the concentration of the target DNA enhanced by 6A and 11A reporter DNA—AuNPs. Reproduced with permission from ref 596. Copyright

2008, Wiley-VCH Verlag GmbH & Co.

to yield enhanced sensitivity. This scheme generated a low
LOD of the target DNA of 1 fg mL™" (54 aM, 820 copies or
1.3 zmol in the 25 uL sample).’”" Similarly, He and Dai
reported the covalent functionalization of ssDNA chains onto
aligned CNT electrodes to detect complementary DNA and
target sequences of DNA.*”” The authors used an acetic acid-
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plasma treatment on aligned CNTs to generate carboxyl
groups on the tips and walls of CNTs. They then grafted
ssDNA chains through the I-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide (EDC)-based amide coupling and dem-

onstrated reversible electrochemical responses.
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Figure 44. Conductivity of a single DNA duplex bridged between SWCNT. (a) Schematic of the covalent functionalization of SWNCT and DNA
strands. Replacing the well-matched (WM) duplexes with DNA CA and GT mismatches resulted in a large effect on the conductance. (b) Transfer
characteristics of a SWCNT device taken through the sequence 1—6 at a source-drain voltage of S0 mV. Current levels for mismatch points (2, 3, S,
and 6) are ~300 times lower than the well-matched points (1 and 4). (c) Current at a constant gate voltage (V) of —3 V and source-drain voltage
of 50 mV through sequence 1—6. Reproduced with permission from ref 144. Copyright 2008, Nature Publishing Group.

Multiple groups have reported the use of chemFETs to
detect the change in resistance of an individual CNT or
networks of CNTs in the presence of DNA. Star et al. reported
SWCNT-based FET devices that selectively detect the
immobilization and hybridization of DNA.>** By monitoring
the FET transfer characteristics of the networks of pristine
SWCNTs during the addition of ssDNA oligonucleotides, the
authors observed a shift of the threshold voltage toward more
negative gate voltages upon the initial noncovalent adsorption
of ssDNA molecules. Subsequent DNA hybridization with
complementary target DNA resulted in a reduction of the
measured conductance at a given gate voltage. This detection
scheme proved successful in differentiation between mutant
and wild-type alleles of the HFE gene that is responsible for
hereditary hemochromatosis. To improve the sensitivity of
FET-based devices in detecting complementary strands of
DNA, Gui et al. introduced a naphthalene-based DNA
intercalator that binds selectively to double-stranded
DNA.>” After the addition of the intercalator, the sensors
hybridized with complementary DNA showed significant
reduction in conductivity compared to samples with
mismatched DNA. Building on the previous study, Dong et
al. also reported the use of DNA-functionalized Au NPs to
enhance SWCNT-based FET sensors with a 100 fM LOD,
Figure 43.°%° In this study, each target DNA binds to the
DNA-functionalized Au NPs and the probe DNA immobilized
on the SWCNT. The close proximity of the Au NPs to the
electrode—SWCNT contacts significantly enhance the change
in conductivity upon binding of the target DNA as measured
by transfer characteristics. Interestingly, the authors reported
that devices with Ta electrodes exhibited larger enhancement
than devices with Au electrodes.” In the detailed mechanistic
study by the same group, they reported that the change in
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metal-SWCNT junctions, rather than the channel conduc-
tance, dominates the sensing of DNA.>”7 This result highlights
the different electrical features of CNT devices described in the
introduction and that there are multiple mechanisms that
require consideration in developing CNT sensors.

The selectivity endowed by the composites of DNA—CNT
sensors is highlighted by the ability to detect base pair
mismatches. Because charge transport can occur over
significant distances through the stacked aromatic base pairs
of DNA, it is found to be extremely sensitive to the integrity of
base pairing. Single-base mismatches can attenuate the charge
transport through the DNA strand.””® Nuckolls and co-workers
described the first measurements of the conductivity of a single
DNA duplex wired between an individual SWCNT through
covalent bonds, Figure 442.'** The authors fabricated the
devices by cutting individual SWCNT's with an electron beam
and then used oxygen plasma to ensure the presence of the
carboxylic acid functionalities on both sides of the gap. The
gaps were then bridged by ssDNA anchored at both sides by
robust amide linkages. Through this device, the difference in
conductivity between well-matched and mismatched duplex
was clearly observed. Figure 44b shows that a single mismatch
(both CA and GT) attenuated the current through the DNA
strand. In addition to the use of individual SWCNTs,
Weizmann et al. reported networks of ssDNA-bridged CNTs
for the chemiresistive detection of complementary DNA,
Figure 45.'”° This approach made use of formation of
oligomeric (SWCNT—ssDNA), sequences between electrodes.
The ssDNA gaps rendered the materials insulating. Selective
binding of the ssDNA analyte resulted in the formation of
double-stranded DNA assemblies; however, the transport
through extended sequences of DNA did not introduce
sufficient conductivity for detection. To produce robust
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Figure 45. CNT-network-based DNA detection scheme. (a)
Schematic representation of a single junction of a ssDNA/SWCNT
construction. (b) Schematic of device architecture and sensing
scheme. Hybridization with the target DNA strand results in the
spatial localization of horse radish peroxidase (HRP) that can be used
to deposit Ag metal to create a conductive bridge. Reproduced with
permission from ref 120. Copyright 2011, American Chemical
Society.

detection events, horseradish peroxidase (HRP) enzyme
functionalized to complement the target DNA was used. The
target DNA with HRP would recognize and localize at the gaps
between the SWCNTs, and HRP could then be used to
deposit silver metal. The net result, shown schematically in
Figure 45, was a conductive network wherein the gaps between
SWCNTs were connected by conductive silver. Simple
measurements of conductivity demonstrated a LOD of 10
fM with the ability to discriminate single, double, and triple
base-pair mismatches. >

5. CNT-BASED SENSORS FOR NATIONAL SECURITY

The use of chemical warfare agents and explosives is
unfortunately an ongoing menace to society that is unlikely
to cease in the near future. Considering the continued threat of
domestic and international terrorism, early detection of these
agents can minimize casualties and injuries to military
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personnel and civilians alike.”” In this part of the review we
will cover the detection of chemical weapons and explosives.

5.1. Chemical Warfare Agents

Chemical warfare agents (CWAs) have been used as weapons
of mass destruction in military conflicts since World War I, and
the use of mustard gas, phosgene, and chlorine caused 1.3
million casualties.””” In recent years, chemical weapons in the
hands of terrorists and rogue nations also pose a threat even in
peaceful times.””" In this section, we will discuss CNT-based
sensors for the detection of CWAs categorized by their
biochemical interaction with the victim: nerve agents,
vesicating agents, respiratory agents, and blood agents.”’”*"*
For a more general review including the historical context,
toxicology, and destruction of chemical warfare agents, we refer
the interested reader to a review article by Jang et al.*** For a
review on the biomonitoring of exposure for diagnostics and
verification of CWA usage, we refer to Noort et al.®%

Current methods for the detection of CWAs include ion
mobility spectroscopy,’”* mass spectrometry,”’* surface
acoustic wave (SAW),°”° electrochemical sensors,”’° infrared
spectroscopy,”’’ fluorescence,”*"*'" and colorimetric sen-
sors.” %> Although all of these techniques offer excellent
sensitivity and specificity, there are limitations inherent to the
different approaches. Analytical techniques like mass and
infrared spectroscopies require bulky, sensitive, and/or power-
intensive instrumentation that is unsuitable for field work.
Colorimetric detectors have excellent portability; however,
they cannot be used to monitor real-time data and are not
readily incorporated into more sophisticated circuitry.’’*
CNTs offer the opportunity to produce portable sensing
methods that naturally couple into electrical devices—based
on chemiresisitive, electrochemical, or SAW elements—
capable of continuous monitoring of the environment.

5.1.1. Nerve Agents and Vesicant Agents. Nerve agents
are compounds that disrupt the nervous system by irreversibly
inhibiting the activity of acetylcholinesterase (AChE)—an
enzyme responsible for breaking down the neurotransmitter
acetylcholine (ACh).®**°"® The inhibition of AChE leads to
accumulation of ACh in the nerve, which leads to over-
stimulation. Early symptoms include agitation and muscle
weakness, severe poisoning and respiratory failure, uncon-
sciousness, confusion, convulsions, and death.®>®'® Lethal
concentrations for typical organophosphorous nerve agents are
in concentrations as low as 10—100 ppb.°'* As a result of the
severe consequences of exposures to these nerve agents,
sensors are usually developed by testing on chemically similar
but less harmful nerve agent mimics.’” Figure 46 shows the
chemical structures of a select number of nerve agents, nerve
agent mimics, and decomposition products that were used in
the studies covered in this review.

Vesicant agents, such as sulfur mustard and nitrogen
mustard, Figure 47, cause skin blisters, eye injuries, and
respiratory disorders, and were first used in World War L
Although the cellular and biochemical consequences of
exposures are not fully understood, it is known that mustard
gas acts as a bifunctional alkylating agent able to react with
nucleophiles under physiological conditions.’”’

As a result of the high reactivity of nerve agent mimics, even
pristine SWCNTSs display nonspecific sensing responses.
Novak et al. first reported the sensitivity of CNT films to
ppb levels of the simulant DMMP in air."' In addition to a
decrease in conductance of the p-doped CNTs, the authors
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Figure 46. Chemical structures of selected nerve agents, nerve agent mimics, and decomposition products.
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observed a shift in the FET threshold voltage by —2 V, which
indicates electron charge donation from the adsorbent to the
CNT network. These findings are consistent with the strong
electron-donating properties of DMMP through the terminal
phosphonate oxygen. The decrease in conductance of pristine
CNT sensors was also demonstrated with single-tube devices®'
and pristine-CNT sensors assembled on flexible substrates.”'®
In addition to gas-phase sensors, Roberts et al. reported liquid-
phase detectors to determine the concentration of DMMP.>"
The DMMP used in the water-based sensors may be partially
hydrolyzed, which complicates the evaluation of liquid-phase
sensors of DMMP. Lastly, pristine CNTs were also used in
chemocapacitors to detect DMMP at ppb levels.’'

Several groups have explored sensors based on CNTs
functionalized with polymeric materials. Lee et al. applied
polypyrrole/CNT composites to increase the chemiresistive
response of pristine CNT sensors 3-fold.”’” Complementary,
Cattanach et al. used a passivating layer made of
polyisobutylene to selectively block interfering vapors (water,
hexane, and xylene) and fabricate a chemiresisitive sensor.
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Chuang et al.®" developed a sensor array consisting of 30
channels with 15 different polymer/CNT composites to
differentiate between several chemical warfare agents and
organic solvents. Although none of the channels show
exceptional sensitivity toward DMMP or mustard gas, the
array successfully generates unique fingerprints for all tested
compounds.

Alternatively, hydrogen-bonding acidic selectors have
yielded highly selective and sensitive sensors. A popular
molecular moiety is hexafluoroisopropanol (HFIP), first
introduced by Snow et al.'"”’ The authors observed a 100-
fold increase of the LOD for devices covered in a HFIP-
terminated monolayer. Our group has demonstrated the
wrapping of SWCNTs with HEIP-substituted polythiophene*’
and poly(3,4-ethylenedioxythiophene)'’° to increase their
sensitivity toward DMMP in chemiresistive sensors (3-fold
increase over unsubstituted polymer, Figure 48)."” Sensors
containing the HFIP-substituted polymer showed high
sensitivity toward DMMP over potential interfering VOC
gases and water. 1% Investigations of the sensing mechanism
showed a shift of the threshold voltage in FET measurements
to a more negative voltage, suggesting charge donation or
trapping of holes by the interaction of the analyte and the
SWCNTs.”” Changes in the Schottky barrier between
SWCNTs and electrodes were eliminated from consideration
by comparing the response of devices with poly(methyl
methacrylate) (PMMA) passivation of the electrodes, active
SWCNT channel, or both. The completely passivated devices
showed no response toward DMMP, demonstrating the
effectiveness of PMMA to block the diffusion of DMMP,
and devices with passivated electrodes showed the same
response as sensors containing no PMMA. In addition to
HFIP, Kumar et al. reported that the noncovalent function-
alization of CNTs with p-hexafluoroisopropanol aniline via
drop casting resulted in a 3.7-fold increase of the
chemiresisitive sensing of DMMP.**’ Covalent attachment of
the same molecule by Kong et al. through diazonium chemistry
leads to a 13-fold increase in response toward DMMP.'

DOI: 10.1021/acs.chemrev.8b00340
Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

Figure 48. CNT-based sensing of nerve agents. (a) Chemical
structure of HFIP-substituted polythiophene, HFIP-PT, (b) change in
conductance of the sensor at DMMP concentration of 0.05—25 ppm,
and (c) comparison of response toward DMMP and common VOCs.
Reproduced with permission from ref 47. Copyright 2008, American
Chemical Society.

Investigation of the transfer characteristics confirmed charge
transfer as a significant sensing mechanism. Another hydrogen-
bonding molecule used in the sensing of DMMP is
tetrafluorohydroquinone (TFQ). Wei et al.”*> demonstrated
the chemiresistive detection of 20 ppt DMMP using SWCNTs
noncovalently with TFQ_and identified heavy hole doping as
the cause of increased conductance upon exposure to DMMP.

Kraatz and co-workers reported several electrochemical
sensors for nerve agents and mustard gas mimics based on
noncovalent®® and covalent modification of SWCNTSs.*>***
As the nerve agents themselves are electrochemically inactive,
the authors employed a redox-active selector. Specifically, the
authors employed ferrocene—amino acid conjugates that were
either blended with MWCNTSs or attached covalently.
Electrochemical- or impedance-based sensing allows detection
of CWA mimics in water at concentrations in the picomolar
range.

Single-strand DNA (ssDNA) can be used to create stable
SWCNT dispersions to create CNT-based sensors. Practi-
tioners of this method make use of the ability of specific DNA
dispersants (a) to interact with specific analytes and (b) to
effectively isolate individual SWCNTSs making use of 7—n
stacking between DNA bases and nanotube sidewalls.”**°
Johnson and co-workers reported the sensing of DMMP using
devices containing individual p-type semiconducting nano-
tubes that were noncovalently functionalized with different
DNA base sequences.””” Although the DNA-DMMP recog-
nition mechanism was not investigated in detail, ssDNA
functionalization increased the sensitivity toward DMMP by a
factor of 2.5 compared to the pristine device. In a second
study, the group developed a CNT-based gravimetric sensor
functionalized with the same two ssDNA sequences.”* In the
gravimetric device, the CNTs improved the device perform-
ance by increasing the surface area and providing the sensor
with a large number of mass adsorption sites. However, both
base sequences showed the same sensitivity toward DMMP, a
3-fold increase over pristine CNT sensors. Most recently
Johnson and co-workers expanded their work on ssDNA-
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functionalized CNT sensors to a wider scope of analytes
(enantiomers of limonene, pinene, and homologous carboxylic
acids).””*** Using different ssDNA sequences the authors
were able to differentiate between different isomers and
enantiomers. The authors hypothesized that the assembly of
DNA on the surface of CNTs generates sequence-specific sets
of binding pockets near the CNT sidewall and that binding of
analytes in these pockets results in a sequence-specific response
for different ssDNA—CNT devices. The authors suggest that
ssDNA-functionalized sensors make promising candidates for
the fabrication of electrical noses. Lee at al. used ssDNA- and
SDS-wrapped aligned CNTs to detect DMMP where DNA
was used as a dispersing agent without investigation of the
DNA-—analyte interaction.” Liu et al. developed a chemir-
esistive sensor in which the CNTs were functionalized with
ssDNA after deposition of the tubes on the device.””'

Several groups have developed sensors comprising selectors
designed to react with chemical warfare agent molecules. Liu et
al. used acetylcholinesterase, the enzyme interacting with nerve
agents in the body, to selectively react with organophosphates
in the electrochemical detection of paraoxon in water.’*”
Delalande et al. reported the design of a DPCP sensor based
on the modulation of the Schottky barrier between CNT's and
gold electrodes.”** The gold electrodes were functionalized
with an organophosphorous-sensitive self-assembled mono-
layer such that exposure to DPCP leads to intramolecular
cyclization under formation of a quaternary ammonium salt,
Figure 49. For exposures of just 1 ppm DPCP, this reaction
induces a 100-fold increase in conductance of the Au—CNT—
Au channel. Ishihara et al.”>'"” reported the chemiresistive
sensing of DMMP using SWCNTs wrapped with metal-
losupramolecular polymers (see Figure Sb). The polymers are
designed to depolymerize upon exposure to DMMP, which

Figure 49. CNT-based sensing of nerve agents. (a) Chemical
structure of molecule 1 sensitive toward DPCP under formation of a
quaternary ammonium salt. (b) Schematic of CNTFET with gold
electrodes functionalized with 1 and (c) response of CNTFET sensor
with and without 1-covered Au electrodes upon exposure to DPCP.
Reproduced with permission from ref 633. Copyright 2011, American
Chemical Society.
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Figure 50. Sensing behavior of a chemiresistive device containing SDS-dispersed CNTs toward thionyl chloride (SOCL,). (a) Response toward
thionyl chloride with and without passivation of the device surface. (Left) Fully passivated devices showed no response toward thionyl chloride.
(Right) Contact passivated devices, matching the response of nonpassivated responses toward thionyl chloride. (b) Regeneration of nanotube
surface after exposure to thionyl chloride by exposure of the device. SOCL, is hydrolyzed and desorbed from the nanotube surface. Reproduced with

permission from ref 43. Copyright 2006, American Chemical Society.

increases the conduction pathways through the nanotube
network and the conductance by 5 orders of magnitude. This
extraordinarily large effect is caused by a nonlinear disassembly
process, wherein SWCNTs are initially isolated from each
other by the metallosupramolecular polymer. Disassembly
caused the formation of a conductive SWCTN network.

5.1.2. Pulmonary Agents. Pulmonary agents, like chlorine
and phosgene, cause lung damage, cou%hing, dyspnea, and
pulmonary edema at high dosage.”**** Chlorine acts by
dissociation to give HCl and HOCI that produce other reactive
intermediates capable of causing nitration, chlorination, and
dimerization of aromatic amino acids.”*® Phosgene acts by
acylation of nucleophilic moieties in the body (i.e., aminio,
hydroxyl, and sulfhydryl groups).””” Several groups have
developed CNT-based sensors to detect mimics of the
pulmonary agents Cl,, phosgene, and SOCL,.

Wongwiriyapan et al. reported a chemiresistive sensor that
comprised pristine CNTs grown between Pt electrodes.”*
They reported sensitivity toward oxidizing gases like NO, and
Cl,—6% and 50% change in resistance for S0 ppb of NO, and
Cl,, respectively—but insensitive toward CO,, H,, alkanes,
aromatic hydrocarbons, alcohols, ketones, and carboxylic acids.
This detection limit is well within the limit of 1 ppm set by
OSHA.>' Lee et al. reported the chemiresistive sensing of
thionyl chloride (SOC,) using sodium dodecyl sulfate (SDS)-
wrapped CNTs.* The sensing mechanism toward SOCL, was
investigated in detail; passivating of the electrode surface did
not decrease the response toward SOCI, excluding Schottky
barrier mechanisms, Figure 50a. Raman spectra before and
after exposure indicated that the increase in conductance upon
exposure was the result of electron transfer from metallic tubes
to SOCI,. Additionally, the initial conductance of the sensor is
restored by hydrolysis of SOCI, via exposure of the device to
humid air, Figure 50b.

Several groups have reported sensors for pulmonary agents
containing selector units that impart selectivity. Li et al.
developed sensors that responded selectively to HCI and Cl,
by functionalizing CNTs with chlorosulfonated polyethylene
and hydroxypropyl cellulose, respectively.”*” The authors
hypothesized that the selectivity of the chlorosulfonated
polymer toward Cl, can be attributed to the like-dissolves-
like principle of solubility. Likewise, the increased polarity of
the OH groups in the hydroxypropyl-cellulose-coated CNTs
was thought to be responsible for the increased response
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toward HCI. Building on these findings, they developed CNT
arrays containing 32 sensing channels—containing chlorosul-
fonated polyethylene and hydroxypropyl cellulose function-
alized CNTs—to differentiate between Cl,, NO,, HCN, HCI,
and a number of VOCs.***%*!

Furthermore, CNTs doped with nitrogen, or nitrogen-
containing functional groups, have been used to detect Cl,.
Gobhier et al. used as-grown, annealed, nitrogen-doped, and
polyethylenimine (PEI)-functionalized CNTs to detect Cl,.°**
The authors first investigated the influence of structural defects
on the CNT sensor. Nitrogen-doped CNT's were fabricated by
adding 35 vol % NHj; to the argon carrier gas during CNT
synthesis. For both the as-grown and the annealed CNTs,
exposure to Cl, induces an increase in the conductance of the
CNT network. For nitrogen-doped or PEl-coated CNTs,
however, exposure to Cl, induces a decrease in the
conductance of the CNT network. Overall, the annealed
CNTs showed the strongest response toward Cl,. The authors
hypothesized that the difference in response is due to the initial
doping level of the CNT material and that the decrease in
conductance is indicative of the n-type semiconducting
properties of nitrogen-containing sensors. Lee et al. inves-
tigated the influence of nitrogen-containing dopants on the
semiconducting properties and the resulting sensitivity to
SOCL.°* In agreement with Gohier at al,®* the authors
observed sensing behavior indicative of an n-type semi-
conductor for PEI-functionalized CNTs.

Apart from these organic selectors, several inorganic
materials have found applications in the sensing of pulmonary
agents. Multiple groups reported the detection of chlorine
using metal NPs/CNT composites, which are based on the
catalytic interaction between metal and Cl,. Popa et al
developed Cl, sensors that comprised CNTs blended with
hollow Pt—nanocubes, exhibiting a 6-fold increase in sensitivity
over pristine CNT sensors.”** The increased response upon
addition of nanostructured Pt was attributed to the increased
surface area and the reductive dissociation of Cl, catalyzed by
Pt. Similarly, Choi et al. fabricated sensors in which the Pt—
nanoparticles were grafted directly on the sidewalls of the
CNTs.°* Their sensors showed excellent long-term stability
with a 10.3% change in resistance for 1 ppm of Cl, for newly
fabricated sensors that is retained after storing under humid
conditions for 6 months. Sharma et al. reported a
chemiresistive sensor containing CNT/zinc phthalocyanine
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composites that displayed an increase in conductance upon
exposure to Clz.646 Raman spectroscopic investigations
indicated that Cl, is bound to the Zn center during exposure.
A shift of the Zn core levels toward higher binding energies, as
observed from X-ray photoelectron spectra before and during
exposure of the selector to Cl,, indicates a strong electron
transfer to Cl,.

5.1.3. Blood Agents. Blood agents act by disrupting the
transport of oxygen through the body. Common examples of
these agents are carbon monoxide (CO) and cyanide. CO,
covered previously in section 2.1.3, binds to the heme groups
in hemoglobin, compromising the transport of oxygen from the
lungs to the tissue.”*”*** Cyanide binds to the heme center in
the enzyme cytochrome ¢ oxidase and thus prevents the
utilization of oxygen in the body. Poisoning with cyanide or
carbon monoxide causes nausea, dizziness, and headaches, and
larger doses can cause loss of consciousness and death.’*’

Only a few examples of CNT-based cyanide sensors have
been reported. Srivastava et al. reported the theoretical
investigation of HCN binding on pristine CNTs.”*" In this
study, HCN was found to physisorb weakly on the CNT
sidewalls with negligible charge transfer. B-Doped CNTs, as
investigated by Zhang et al. computationally, demonstrate
electron transfer from HCN to the CNTs with a much
increased binding energy when compared to pristine CNTs.””
These findings indicate that pristine CNT sensors are unlikely
to show significant responses to HCN but that sensors
including selectors with electron-withdrawing functionality
might impart sensitivity. Yari et al. reported the electro-
chemical detection of cyanide using MWCNTs filled with
AgNO, Figure 51." Cyanide is detected selectively over

Figure 51. Sensing of blood agent HCN. (a) Schematic
representation of the sensing mechanism: nitrate anion in AgNO;-
filled CNTs (orange) is replaced by cyanide at electrode—solution
interface. (b) Potential response of electrochemical sensor toward
common anions compared to cyanide (filled circles). Reproduced
with permission from ref 651. Copyright 2011, Springer.
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thiocyanate, chloride, iodide, hydroxide, and acetate; the
authors attributed the selectivity to the capability of Ag(I) ions
to form well-known complexes with cyanide as AgCN,™ and
Ag[AgCN,].

5.2. Explosives

Explosive-based weapons are the most common method of
carrying out terrorist attacks; they are highly destructive and
relatively easy to construct.”*>%>* To prevent terrorist activity,
fast and reliable distributed sensing of explosives is of utmost
importance. As the detection of high-boiling explosive
nitroaromatic compounds like 2,4,6-trinitrotoluene (TNT) in
air is complicated by their low vapor pressure, several groups
have developed sensors for the precursors or impurities
associated with TNT, including nitrotoluene or dinitrotoluene.
Additionally, there are nonexplosive markers such as cyclo-
hexanone, which is used to recrystallize the highly explosive
RDX as part of its production. Figure 52 shows the chemical
structure of the explosive compounds and markers covered in
this section.

Pristine CNTs have been demonstrated to be sensitive
toward nitroaromatic compounds. Theoretical and experimen-
tal investigations confirm that interactions between the
electron-accepting nitroaromatics and CNT are dominated
by z—nz stacking with minor charge-transfer character-
istics.>**>° These weaker interactions would seem to indicate
that the response of pristine CNT sensors is significantly lower
than the response toward the strong electron acceptor, NO,. Li
et al. compared the chemiresistive detections between
nitrotoluene and NO, in which the exposure to nitrotoluene
induced a semireversible increase in conductance that was 2
orders of magnitude lower than the response of the same
sensor toward NO,.”*" Ruan et al. coated a piezoelectrical
microcantilever with pristine CN'Ts to detect TN'T.®*® During
heating of the cantilever, adsorbed nitroaromatic compounds
decompose exothermically and this extra heat increases the
bending of the microcantilever; this bending can be read out
through the piezoelectrical element. Liu et al. reported the
chemiresistive sensing of TNT in water in a microfluidic
system with a detection limit of 1 ppm.”’” Chen et al.
fabricated flexible pristine CNT sensors which can detect TNT
down to 8 ppb.*** Kumar et al. used films of pristine CNTs to
detect DNT at 0.2—2 ppm chemiresistively. Here the response
to DNT is semireversible, and exposure to UV light allows the
complete recovery of the sensor.”>” Although sensitive, these
pristine CNT explosive sensors are of limited selectivity.

Biosensors consisting of DNA or peptide-functionalized
CNTs show promises in the selective detection of explosives.
The ssDNA sensors covered in section 5.1.1, Nerve Agents and
Vesicant Agents, have also been used to detect explosives.
Different base sequences lead to different responses toward
specific e)gplosives, allowing selective detection of specific
targets.”””*****! Kim et al. used the tripeptide receptor
tryptophan—histidine—tryptophan to selectively detect TNT
with CNTs. In this scheme they anchored the tripeptide to a
polydiacetylene polymer which was then used to form a lipid
layer over a SWCNT device, Figure 53.°° The binding of
TNT by the receptor induces an increase in the conductance
of the active layer, which the authors attribute to the charge-
acceptor properties of TNT.

Zhang et al. used carbazolylethynylene oligomer-wrapped
CNTs to selectively sense nitroaromatics in a chemiresistive
devices, Figure 54.°°' When comparing devices containing
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Figure 52. Chemical structures of explosives and secondary explosive indicators.

Figure 53. Chemiresistive sensing of 2,4,6-trinitrotoluene (TNT). (a) Schematic of peptide-based TNT sensor. TNT-binding peptide (WHW)
conjugated with diacetylene (PDA): after assembly of WHW-PDA nanovesicles in water, the nanovesicle is applied to the SWCNT device.
Diacetylene is then polymerized via application of UV light. (b) Real-time change in conductance of WHW-PDA-coated SWCNTs upon injection
(arrow) of TNT, and (c) calibration curve of response as a function of TNT concentration. Reproduced with permission from ref 660. Copyright
2011, American Chemical Society.

Figure 54. Chemiresistive sensing of nitroaromatics. (a) Molecular structure of Tg-Car oligomer with strong affinity to nitroaromatic explosive
compounds. (b) Sensing behavior of wrapped (red) and pristine (blue) CNTs toward 4-nitrotoluene (NT), 2,4-dinitrotoluene (DNT), and 2,4,6-
trinitrotoluene (TNT). (c) Schematic of sensing mechanism demonstrating the swelling of oligomer-wrapped CNTs when exposed to
nitroaromatics. Reproduced with permission from ref 661. Copyright 2015, American Chemical Society.

pristine CNTs with devices containing wrapped CNTs, the aromatics. For devices containing pristine CNTs, an increase
authors observed the opposite responses toward nitro- in conductance was observed, consistent with the charge-
644 DOI: 10.1021/acs.chemrev.8b00340
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Figure 55. Chemiresistive sensing of cyclohexanone. (a) Schematic sensor containing the chemical structures of trifunctional Selector 1, SWCNT,
and sensing device. (b) Sensing traces using a blend of Selector 1 and SWCNTSs to detect cyclohexanone at different concentrations. Reproduced

with permission from ref 89. Copyright 2013, American Chemical Society.

accepting character of nitroaromatics. For devices containing
wrapped CNTs, a decrease in conductance was observed which
the authors attributed to swelling of the oligomeric material
and the resulting increase in separation between CNTs, Figure
S4c. By employing channels of both pristine and wrapped
CNTs, the authors were able to separate vapors of TNT, DNT,
and NT.

In addition, Hrapovic et al. used Cu nanoparticle/MWCNT
composites to detect TNT electrochemically.®”> Using Cu NP
electrodes, TNT exhibits three well-defined redox peaks
corresponding to sequential reduction of the three nitro
groups to hydroxylamines, permitting the detection of 1 ppb of
TNT in Milli-Q water and 50 ppb in complex backgrounds
(river water or soil samples). Li et al. used a f-cyclodextin/
MWCNT /graphene oxide composites to detect DNT.**?
Similarly, the nitroaromatic can be detected in complex
backgrounds including groundwater and soil samples. The
cyclic oligosaccharide, f-cyclodextin, forms hydrophobic
pockets in water that can bind DNT and facilitate the
detection of TNT at much lower concentrations than is
possible with plain carbon electrodes. In addition to electro-
chemical sensing in water, Wei et al. reported the
chemiresistive sensing of nitroaromatics in water using 1-
pyrenemethylamine -functionalized CNTs.*® The authors
report sensitivity for concentrations as low as 10 ppt and
good selectivity for TNT over other nitroaromatics.

An alternative approach to sensing the explosive compound
or precursors to the explosive compound is the detection of
secondary signatures such as solvents that are commonly used
in the production of explosive compounds. Cyclohexanone, a
recrystallizing agent for RDA and is found in the headspace of
plastic exglosives, and thereby is a targets for explosives
detection.”®* Frazier and Swager demonstrated the chemir-
esistive sensing of cyclohexanone using thiourea and/or urea-
functionalized SWCNTSs.*”'** The thiourea motif is known to
bind ketones (e.g, cyclohexanone) through a two-point
hydrogen bonding. They reported the covalent functionaliza-
tion of polymer matrix materials that surround the SWCNTs
with thiourea derivatives, which increased the response toward
cyclohexanone by 100% when compared to pristine CNTs.'**
They also demonstrated selective and robust sensors using a
trifunctional selector (Figure SSa), which can form a cross-
linked polymeric network on the surface of the device to
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prevent the phase separation of selector and CNT.*” Figure
55b shows the response of a sensor containing this
trifunctional selector toward 10—150 ppm cyclohexanone;
the selector showed a 2-fold increase over pristine CNTs, and
polymerization of the triethoxysilane substituents increases the
robustness of the selector to heat treatment. The sensors had a
highly reproducible response and were sufficiently robust to
survive sonication in methanol solution.

6. SUMMARY AND CONCLUDING REMARKS

CNTs are promising active elements of electronic chemical
sensors. In this review, we first presented the fundamentals of
these sensors: sensing mechanisms, chemical CNT function-
alization, device architectures, fabrication methods, perform-
ance parameters, and computational models. The reader is
then introduced to CNT-based sensors and target analytes for
a variety of applications: environmental monitoring, food and
agricultural applications, biological sensors, and national
security. These discussions are intended to impart a working
knowledge of the current state of the field to the reader.

The diversity of sensing schemes that have been reported
with CNTs is clearly expansive. There are many examples that
are not designed from an intuitive chemical basis or from
known solution chemistry and reactivity. This approach is not
specific to CNT sensors, and although it is tempting to be
dismissive of these empirical methods, some of these schemes
may be highly effective in a specific environment. Indeed, in
specific applications, there may not be many interferants or a
pressing need for precise selectivity. For example, inorganic
gases like SO, and NO, generate a response from almost all
CNT-based chemical sensors. In applications, however, where
these gases do not occur, their interference becomes a
nonissue. Similarly, sensors that respond to NH; or biogenic
amines will likely have cross reactivity with DMSO, DMF,
THE, phosphines, or organic sulfides. If such sensors were
designed to ensure the integrity of food packaging, these
chemicals are just as problematic as the amines. Thus,
preventing reactivity toward these interferants is not always
required. However, in general the best and most robust sensors
involve well-conceived chemical or biological principles that
recognize unique molecular attributes and reactivity of the
analytes.
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Chem. Rev. 2019, 119, 599-663


http://dx.doi.org/10.1021/acs.chemrev.8b00340

Chemical Reviews

Advances in the sophistication by which CNTs can be
functionalized and organized are certain to play a role in
evolving this technology. The modularity by which CNTs can
be functionalized is allowing for rapid development of sensor
methods, and it is clear that we will see a wave of commercial
electrical CNT sensors that rival and likely surpass most other
chemical sensor types. It is our hope that this review will serve
as a guide to developments that can contribute to the adoption
of new sensory methods that can protect and improve our
environment, safety, and health.
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