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Novel materials based on nanocarbons (e.g., carbon nanotubes (CNTs) and graphene) have attracted much

attention as sensing elements in miniaturized, low-power consumption, and ubiquitous electronic gas
sensors due to their unique structural and electronic properties. This highlight discusses some recent
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progress in the research on nanocarbon-based electronic gas sensors, including CNTs, graphene, and

their composites (i.e., nanocarbon—nanocrystal hybrids), identifies the technological barriers that impair
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There is a need for simple and reliable gas sensors suitable for
trace detection in a wide spectrum of applications ranging from
environmental monitoring, industrial, transportation, energy,
agriculture, medical diagnosis, and lab-on-a-chip. The last
decade has witnessed the explosion of nanomaterials for gas
sensing, e.g., metal oxides'® and nanocarbon-based materials.*
Among those nanomaterials, carbon nanotubes (CNTs) and
graphene®*® have become two of the most popular sensing
materials for gas detection due to their high sensitivity to
various gases and low operation temperatures compared with
metal oxide gas sensors. The unique structures and outstanding
electronic properties of CNTs and graphene, e.g., small size,
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their commercialization, and presents an outlook of the challenges and opportunities for the use of
nanocarbon-based materials in next generation gas sensors.

large specific surface area, high electron mobility, and high
sensitivity to electrical perturbations from gas molecules, bring
them great promise in miniaturized and high-performance gas
sensors and many studies have demonstrated their use in gas
and chemical detection. In this highlight, we discuss some
recent progress in the research on CNT and graphene-based
electronic gas sensors, identify the technological barriers that
hinder their commercialization, and give an outlook of the
challenges and opportunities for the use of nanocarbon-based
materials in next generation gas sensors.

CNT-based gas sensors

CNTs are carbon atom network-based tubular nanomaterials
with unique electronic properties owing to their structures.™**
The electronic properties of CNTs are extremely sensitive to
their local chemical environment, making them ideal candi-
dates for gas/chemical sensors. The electrical detection of a gas
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with CNTs is based on the change in electrical characteristics of
CNTs upon their interactions with gas molecules. The study on
CNT gas sensors started with two pioneering reports in Science
by Dai®* and Zettl* groups in 2000. Dai and co-workers'
synthesized semiconducting single-walled carbon nanotubes
(S-SWCNTs) (p-type transistors) and investigated their conduc-
tance change in the presence of NO, and NH3. They found that
upon exposure to gaseous molecules, the electrical conductivity
of an S-SWCNT dramatically increased or decreased. The reason
for the conductivity changes in the SWCNTs was the carrier (in
this case the hole) density changes in the nanotubes due to the
gas molecule adsorption. In the other report," Zettl et al
showed that the electrical resistance and local density of states
of the SWCNTs were dramatically influenced by exposing the
tubes to air or oxygen. Their studies demonstrated that SWCNTs
could be used as gas sensing elements, and the change in
electrical characteristics of SWCNTs could indicate the presence
of certain gases.

Along with the pioneering studies, people explored the
sensing mechanism of SWCNTs and found the gas sensing
properties of SWCNTs related to the presence of defects and
residual contaminants in the nanotubes. It is believed that the
charge transfer between gas species and CNTs is responsible for
the conductivity change in the tubes.” In general, oxidizing
gases (e.g.,, NO,) withdraw electrons from CNTs, whereas
reducing gases (e.g.,, NHjz, H,, and CO) donate electrons to
CNTs, which could lead to opposite changes in the electrical
conductivity of CNTs. Functionalization of CNTs has been
proposed to promote the charge transfer between specific gas
species and CNTs. For example, decorating CNTs with nano-
crystals (NCs) to form CNT-NC hybrids can improve the CNT
sensing performance, leading to enhanced sensitivity, faster
response/recovery, and better selectivity.'*

One typical CNT-NC hybrid sensor structure is CNTs deco-
rated with noble metals, e.g., palladium (Pd) or platinum (Pt),
which can be used for H, sensing.'”'***> Bare CNTs cannot
detect H, effectively at room temperature because of the weak
binding energy between the H, molecule and the CNTs. The
hybrid structure of Pd/Pt—-CNTs provides a sensing platform by
using CNTs as a transducer to convert the chemical reaction
between the noble metal and hydrogen into strong electrical
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signals. In one study, Sun et al. showed a flexible Pd-SWCNT H,
sensor,'” which could detect H, with a concentration of as low
as 30 ppm in air at room temperature. The sensors also
exhibited fast response times (typically around 1.5 seconds for
1% H,) and short recovery times (on the order of minutes) when
operated at room temperature. Besides Pt and Pd, silver (Ag)
NCs have also been used to functionalize CNTs for gas
sensing.”*** One recent study by our group* demonstrated a
fast and selective NH; sensor using multi-walled CNTs
(MWCNTSs) decorated with Ag NCs. Ag NCs could significantly
enhance the sensitivity, response, and recovery of MWCNT
sensors (Fig. 1). The hybrid Ag-MWCNT sensor had a good
stability and selectivity, with a detection range from 0.125% to
1% NH;. This study further indicates that the combination of
noble metals with CNTs could efficiently improve the sensitivity
of CNTs and pave a way to highly sensitive sensors for
specific gases.

Although noble metal-CNT sensors have shown good
performance, noble metals are expensive due to their rarity. On
the other hand, tin oxide (SnO,), an n-type semiconductor
material, is abundantly available and widely used as a gas
sensing element. Particularly, SnO,-CNT sensors can work at
room temperature, which is significantly lower than typical
operation temperatures (200 °C or above) for pure SnO,
sensors.'***? We recently reported an ultrafast hydrogen-
sensing platform with SnO,-SWCNT hybrids.** The sensors
were fabricated with 95% sorted semiconducting SWCNTs and
SnO, NCs (Fig. 2). Direct adsorption of H, onto the SnO,-
SWCNT surface induces an electron transfer between gas
molecules and SWCNTs, thereby changing the sensor conduc-
tivity. The fabricated sensors show an ultrafast response to 1%
hydrogen at room temperature with a response time of 2-3
seconds and could fully recover in air within several minutes. To
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Fig. 1 (a) SEM image of a MWCNT decorated with Ag NCs bridging
two gold electrode fingers. (b) Magnified SEM image of the Ag—
MWCNT structure as marked in (a). (c) The dynamic sensing response
(AR/R) of the MWCNT to 1% NHs before and after Ag NCs decoration.
(d) Five sensing cycles of the Ag-MWCNT hybrid sensor to 1% NHs.
Reprinted with permission from ref. 23. Copyright 2012 American
Chemical Society.
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Fig. 2 SEM images of (a) individual SWCNTs and (c) an SWCNT film
decorated with SnO, NCs. Insets show the magnified images of the
hybrid SWCNT-SnO; structures. H, sensing signals from (b) the SnO,—
SWCNT and (d) the SnO,-SWCNT film sensor for five cycles of
sensing. Reprinted with permission from ref. 30. Copyright 2012 RSC
Publishing.

minimize the device-to-device variations, we also fabricated
SWCNT films to replace randomly dispersed individual
SWCNTs and the results show that the SWCNT film sensors
have a much narrower base resistance range, indicating the
potential of using SWCNT films for fabricating sensors with
repeatable properties. This study shows that with non-precious
metal oxides, CNT-NC sensors could deliver performance
comparable with that of CNT-precious metal NC sensors.

CNTs and functionalized CNTs have shown great promise in
gas sensing applications and many reports demonstrate the use
of CNTs for the detection of low concentration gas species
including NO,, NH3, H,, H,S, SO,, NO, NO,, CO, chemical vapors,
etc.***% However, there are several issues preventing the use of
CNT sensors in real applications. The first is that the sensor
performance, e.g., sensitivity, detection limit, response/recovery
time, selectivity, and stability, should be further improved to
meet the technical requirements of real applications. It is known
from previous reports that semiconducting SWCNTs show much
better gas sensing performance, e.g., higher sensitivity and faster
response, than metallic SWCNTs and MWCNTs. Therefore, for
high quality gas sensors, semiconducting SWCNTs are preferred
and low-cost methods should be developed for the synthesis of
pure semiconducting SWCNTs or the removal of metallic
SWCNTs from the SWCNT bundle.**** Surface conditions of the
CNTs, e.g., oxygen/water molecules on the CNT surface, may also
influence the sensor responses to target gases. One method using
ultraviolet (UV) light illumination to remove these contaminants
was proposed and this treatment could enhance an SWCNT
sensor's performance by orders of magnitude under otherwise
identical sensing conditions.*

Another major challenge for the practical application of
CNT-based gas sensors is the randomness of CNTs and devi-
ce-to-device variations, which arise from the sensor fabrication
method, ie., the drop-casting technique. The drop-casting
technique is commonly used to prepare nanostructure-based
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sensors by simply dropping a nanomaterial solution/suspen-
sion onto the interdigitated electrodes followed by drying. The
drawback of the drop-casting method is that the coverage or
distribution of the nanomaterials on the interdigitated elec-
trodes is random and it is very difficult to control the layout of
the nanomaterials. With a dielectrophoresis method, a uniform
distribution (along the electric field) of the nanomaterials could
be achieved in an applied electric field and this method works
very well for CNTs.***” However, even with the dielectrophoresis
method, it is still a great challenge to control the layout of the
individual CNTs and make two exactly identical sensors.
Fortunately, there are several ways to address this issue. One is
using CNT films to replace individual CNTs. With well-
controlled film fabrication methods, CNT film sensors could
have a similar structure and base resistance, which will result in
reproducible sensing responses to target gases. Another way is
to use signal processing/data interpretation methods to cali-
brate the sensor and minimize the device-to-device and run-to-
run variations, which will be discussed in the graphene sensor
section.

Graphene-based gas sensors

Graphene, a two-dimensional (2D) one-atom-thick free standing
carbon layer, has drawn significant attention due to its unique
structure and properties.*® Graphene and reduced graphene
oxide (RGO)*-based nanostructures have been widely studied
for gas sensor applications due to their large specific surface
area (2630 m> g~ ')* and high sensitivity to electrical perturba-
tions from gas molecule adsorption. Because the specific
surface area and carrier mobility of graphene are larger than
those of CNTs, graphene is believed to be a better sensing
element than CNTs. The first graphene gas sensor was reported
in 2007 by Novoselov's group,” which demonstrated that
micrometer-size sensors made from graphene are capable of
detecting individual gas molecules that attach to or detach from
the graphene surface. They showed that the adsorbed molecules
change the local carrier concentration in graphene one electron
by one electron, which leads to step-like changes in resistance.
The gas-induced changes in resistivity had different magni-
tudes for different gases, and the sign of the change indicated
whether the gas was an electron acceptor (e.g., NO,, H,O,
iodine) or an electron donor (e.g., NH3, CO, ethanol). This study
has opened a door for a new type of gas sensors based on 2D
graphene; thereafter, many studies have focused on graphene-
based gas sensors and shown that the intrinsic graphene is
sensitive to changes in its chemical environment due to its high
specific surface area, high carrier mobility, and low electrical
noise at room temperature.*>**

For certain gases (e.g., NO,, NH3),""* intrinsic graphene has
high sensitivity under low gas concentrations; however, for
those gases, the sensor selectivity is poor,?® which limits its use
in practical applications. Similar to CNT gas sensors, func-
tionalizing graphene with NCs is an effective method to tune the
sensor selectivity.>® We reported a selective gas-sensing plat-
form with RGO decorated with SnO, NCs.*® This hybrid SnO,-
RGO platform showed an enhanced NO, but weakened NH;
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sensing compared with bare RGO, showing promise in tuning
the sensitivity and selectivity of RGO-based gas sensors (Fig. 3).
The experimental results suggest that the reason for the
different sensitivity changes in NO, and NH; sensing is the p-n
junction structure formed between p-type RGO and n-type SnO,
NCs, and it is anticipated that this structure will modify the gas-
sensing performance of the RGO sensor.

Intrinsic graphene has very high sensitivity to NO, and NHj;
however, the sp® carbon-carbon bonds in graphene are chemi-
cally stable, which leads to a relatively weak interaction between
graphene and many other gas molecules (e.g., H, and CO). To
enhance the sensitivity of graphene to these gas species, chemical
or physical functionalization of graphene with noble metals has
been widely studied.***” In particular, Pd NCs on RGO sheets
could make the RGO sheets sensitive to hydrogen. In one report,*
Pd-functionalized graphene nanoribbons were fabricated and
used for H, sensing. Intrinsic graphene is a semimetal with zero
bandgap; however, by engineering the graphene structure into a
graphene nanoribbon (quasi-one dimensional structures with
narrow widths (<10 nm) and atomically smooth edges), the gra-
phene could exhibit bandgaps useful for room temperature
transistor operations.*»® This nanoribbon structure greatly
enhances the semiconducting properties of graphene; analogous
to semiconducting SWCNTs, these graphene nanoribbons are
suggested to have enhanced gas sensor sensitivity compared with
pristine graphene sheets. For this sensor, Pd-functionalized gra-
phene nanoribbons show high sensitivity to H, at room temper-
ature (AR/R ~55% for 40 ppm H,) with fast response and
recovery. This work shows the possibility of using semiconduct-
ing graphene in a wide range of gas sensing applications, espe-
cially for gases that have weak interactions with graphene.

Noble metals and metal oxides, e.g., Pt, Au, SnO,, Cu,0, and
Zn0,"%°¢ have been demonstrated to have synergistic effect
with graphene for improved gas sensing performance. At the
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Fig. 3 (a) Schematic of the novel gas-sensing platform of a RGO sheet

decorated with SnO, NCs. (b) Gas sensing signals of NO, and NHs
from RGO sensors with and without SnO, NCs. The sensing signal is
normalized by the measured sensor current in air (base line, I4/l, = 1).
Reprinted with permission from ref. 55. Copyright 2012 RSC
Publishing.
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same time, ternary systems with graphene and two distinct NCs
have also been proposed and they show further improved
sensing properties compared with pure graphene and gra-
phene-NC binary systems. For example, Russo et al. demon-
strated a ternary system for hydrogen sensing with RGO
functionalized with SnO, and Pt NCs.*”” The ternary system
showed hydrogen sensing performance superior to the corre-
sponding pure and binary graphene systems (RGO-SnO, and
RGO-Pt) for H, detection. They attributed the outstanding
performance of the ternary system to the hetero-junction
formed between the n-type SnO, and the p-type RGO and the
catalytic effect of Pt NCs for dissociating H,. Similar to the
ternary system, doped NCs, e.g., doped SnO, NCs, are also used
for graphene sensors. The idea of the doped SnO, NCs is that
the carrier concentration of the semiconducting SnO, can be
dramatically increased by dopants, which facilitates the elec-
tron transfer during the interactions with gases. In addition,
dopants can generate a large amount of oxygen vacancies and
chemisorbed oxygen species, which can further enhance the
interaction between SnO, NCs and gases. Recently, we reported
a NO, sensor with In-doped SnO, NCs distributed on the RGO
(RGO-IDTO) (Fig. 4).°® Excellent NO, sensing performance with
high sensitivity and selectivity was exhibited by the RGO-IDTO
sensors. The addition of indium to SnO, significantly enhanced
the sensor sensitivity to NO, and a detection limit of 0.3 ppm
was found. The RGO-IDTO sensors also show excellent selec-
tivity toward NO, in the presence of other gases, including H,S,
CO, H,, and NH3;, which can be understood as a “superposition
effect”. This study shows that the sensitivity and selectivity of
graphene-NC sensors can be greatly improved by suitable
dopants in the NCs.

Although graphene and graphene-NC hybrids have been
widely studied for gas sensing applications and many prom-
ising sensor platforms have been reported, the graphene gas

500 1000 1500 2000
Time (s)

RGO-DTO

Fig. 4 (a and b) TEM and high-resolution TEM images of RGO-IDTO
nanohybrids. (c) Dynamic sensing responses of RGO-IDTO toward
different NO, concentrations. (d) Sensitivity comparison of RGO-
IDTO and RGO-SnO, nanohybrids to 100 ppm NO,. Reprinted with
permission from ref. 68. Copyright 2013 RSC Publishing.
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sensors have inherent limitations arising from the electronic
properties of graphene. As we discussed, intrinsic graphene has
a zero bandgap and exhibits a low on-off current ratio when
used as the conducting channel in a field-effect transistor.
Therefore, the sensitivity of the graphene sensor is limited by its
low on-off ratio/small bandgap even if the graphene has a high
specific surface area and high carrier mobility. Fortunately,
there are methods to convert graphene from a semimetal to a
semiconductor. In particular, a sizable energy gap can be
opened up in graphene through the quantum confinement
effect by engineering graphene in the form of a graphene
nanoribbon or a graphene nanomesh, or chemical modification
of the graphene by doping, e.g., nitrogen and silica,**” or
surface functionalization.> Until now, studies on graphene
sensors with increased graphene semiconducting properties are
limited,**”*7* and we believe that the improvement in graphene
semiconducting properties by structure engineering or chem-
ical modification will be an appealing direction for the future
development of graphene-based gas sensors. On the other
hand, the use of RGO in graphene sensors is likely to be an issue
with respect to reproducibility and extensive processing; the
oxygen groups in RGO may impact the electronic properties of
the sensor and may also react with the gas molecules during the
sensing. Recent developments in a shearing process of graphite
exfoliation in organic solvents to prepare defect-free graphene
rather than chemical processing may assist fabrication of gra-
phene sensors with a simple synthesis procedure and better
sensing performance.”

Similar to CNT gas sensors, the device-to-device variations
and run-to-run variations caused by incomplete recovery of
graphene devices could also hinder the use of graphene-based
gas sensors for real-world applications. To address this issue,
we previously proposed a signal processing/data interpretation
method (i) to circumvent the run-to-run variations in sensing
performance caused by insufficient recovery of individual RGO
sensors and (ii) to deal with common variations among RGO
devices due to various fabrication factors, such as differences in
contact resistances, amount of RGO sheets, and RGO configu-
rations on sensor electrodes.” This signal processing method
for RGO sensors has been derived for a sensing mechanism
based on adsorption/desorption-induced charge transfer;
therefore, the method could be useful for similar sensors (e.g.,
CNT sensors) operating with the same mechanism. This study
shows a promising route to addressing the device-to-device and
run-to-run variations among the graphene and CNT gas sensors
and proposes a general method for the gas sensor calibration.

Conclusions and outlook

Nanocarbons, e.g., CNTs and graphene, have been widely
studied as gas sensing platforms due to their unique structures
and electronic properties. Nanocarbon-based gas sensors bear
tremendous advantages, i.e., high sensitivity and selectivity, fast
response/recovery, low operation temperature, low power
consumption, easy operation with simple instruments, and
relatively low cost, and could be ideal candidates for the next
generation gas/chemical sensors. However, nanocarbon-based
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commercial gas sensors are yet to come and there is still a need
for breakthroughs in sensor research either for improving the
sensor performance or lowering the sensor cost/developing
more adoptable sensor fabrication methods.

In general, engineering the CNT/graphene structure with
physical/chemical modifications shows great promise in the
sensor performance enhancement. Some reported sensor
performances in laboratory demonstrations could meet or even
exceed the standards for practical applications. However, when
the sensors are fabricated in a large scale, degradation in the
sensor performance/quality is very common. Therefore, the
quality of nanocarbon-based sensors, e.g., reproducibility, long-
term stability, and false control, represents a great challenge for
commercialization of sensors. In addition, advancements in the
fabrication of sensors are highly needed for their commercial-
ization and research is needed to develop cost-effective and
scalable production methods that can retain essential proper-
ties of such materials. With a chemical vapor deposition (CVD)
method, low-cost production of high quality CNTs is possible;
however, the cost of synthesizing pure semiconducting
SWCNTs is still high, which is a barrier for large-scale
manufacturing. For graphene sensors, chemical production of
GO could be an efficient way to reduce the cost of the CVD-
grown graphene; however, the quality and reduction of GO may
be an issue for large-scale manufacturing. In general, the
material cost of the sensors may not be a big issue for their
commercialization since the amounts of nanomaterials, e.g.,
CNTs, graphene, and nanocrystals, used in the sensors are very
small. However, the fabrication cost, e.g.,, for controlled
assembly of nanomaterials on the sensor electrodes, may be an
issue since large scale and low cost fabrication of the sensors
with precisely controlled structures and high performance is
still a challenge. Nevertheless, with the development of new
manufacturing methods and declined cost of CNTs and gra-
phene, nanocarbon-based sensors are believed to have great
potential to replace existing electrochemical, metal oxide, and
catalytic bead/pellistor gas sensors in the future.
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