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An ultra-sensitive gas sensor based on a reduced graphene
oxide nanofiber mat was successfully fabricated using a
combination of an electrospinning method and graphene
oxide wrapping through an electrostatic self-assembly,
followed by a low-temperature chemical reduction. The
sensor showed excellent sensitivity to NO, gas.

The fabrication of ultrasensitive gas sensors is critically
important in various areas including semiconducting industries,
chemical and material industries, medical welfare, and military
defense.' A wide variety of nanostructured materials such as
silicon nanowires, carbon nanotubes, various metal oxide
nanofibers and nanoparticles have been explored to fabricate
ultrasensitive gas sensors.*®

More recently, graphene, a single atomic planar sheet of
carbon atoms that are densely packed into a honeycomb crystal
lattice, has been greatly attracted owing to its exceptional
structural, mechanical, and electrical properties.7 Since every
atom of graphene can be considered as a surface atoms, a
graphene is capable of interacting with even a single molecule.
This gives graphene ultra-sensitive gas sensing property.®
Various types of graphene and chemically derived graphene
have been used to fabricate gas and vapor sensors.” Among
them, the reduced graphene oxide (RGO) based gas sensor has
become a promising candidate for chemical sensing because of
easy control of defect density and functional group on graphene,
and large scale production at a relatively low cost.'*"

Despite these advantages, the low response of a sensor
consisting of RGOs have to be improved to compete with
conventional sensors include semi-conductive metal oxides
applied in practical applications.”®?' Researchers have
developed nano-structured materials such as graphene-based
woven fabric,?? a 3-dimensional (3D) graphene foam network,?
and a graphene nanomesh® to overcome the low response of
graphene-based gas sensors. Such studies have demonstrated
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that the design or tailoring of the RGO with nanostructures is an
important factor for the development of ultra-sensitive sensors. In
this communication, we present a new 3D nanostructured RGO
scaffold for ultrasensitive RGO gas sensor using an electrostatic
self-assembly between graphene oxides (GOs) and electro-spun
nanofibers, followed by reduction at room temperature. It
demonstrates that the wrapping of interwoven electrospun
nanofibers using molecular sheets of GO is a viable approach
toward the fabrication of a graphene-based ultra-sensitive gas
sensors. These sensors show a 3.5 times stronger response
toward NO, gas than the RGO film based sensor.
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Fig. 1 (a) Schematic illustration of the fabrication steps of FRGO gas sensors. (b)
Optical images of bare device (i), GO/Nylon-6 device, FGO (ii), and gas sensing
device based on reduced GO/Nylon-6, FRGO (iii).

The scheme in Fig. 1
fabricate a RGO gas sensor based on a 3D scaffold. We used an

illustrates the procedure used to

electrospinning method to produce a nylon-6 nanofiber scaffold,
which is one of the simplest, versatile, and low-cost methods for
producing fibers of organic and inorganic materials.?® First, nylon-
6 solution is directly electro-spun onto SiO,/Si substrate with
platinum (Pt) interdigitated electrode (IDE) arrays (Fig. 1(b)(i)
and Fig. S1). The device was carefully masked with Kapton tape
such that a blank space of 10 mm x 3 mm was made available
for the deposition of the electro-spun polymer nanofibers.
Second, the electro-spun nylon-6 fiber mats were functionalized
using bovine serum albumin (BSA) molecules which induced
positive charges on the surface of the nanofibers. Herein, BSA
molecules served as a molecular glue for improving the
adsorption of the GO sheets into the electro-spun nanofibers.?*?°
To form a GO network (FGO) based on interwoven fibers, GO
suspension (0.1 mg/ml, pH 4) was dropped onto a BSA-
functionalized nylon-6 nanofiber mat placed on the IDEs (Fig.
1(b)(ii)). The GO sheets are highly negative charged at all pH
ranges.? Therefore, a uniform coating of GO sheets was formed
on the positively charged BSA-functionalized nylon-6 nanofibers
via electrostatic self-assembly. Finally, GO/Nylon-6 nanofiber

mats were reduced using a low-temperature chemical reduction
method.*®> As a result, highly sensitve RGO gas sensors
fabricated on electro-spun nanofibers (FRGO) were obtained.
(Fig. 1(b)(iii)) Further details on the preparation of the RGO gas
sensors are provided in the supporting Information.
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Fig. 2 (a) SEM image of RGO nanofibers on Pt IDE for gas sensing (scale bar = 20
um). (b) Magnification of Fig. 2(a) (scale bar = 300 nm). (c) SAED pattern of an
edge of a RGO nanofiber. (d) Raman spectrum of a RGO fiber.

Journal Name
shows that the sensor has a porous interwoven structure
composed of randomly oriented nanofibers with a diameter of
150 ~ 200 nm (Fig. 2(a)), and is free of impurities and supporting
materials. The conformal wrapping of RGO sheets on the nylon-6
fibers was also confirmed through high-resolution SEM (HRSEM),
as shown in Fig. 2(b). The RGO sheets were uniformly coated
onto the nylon-6 fibers and junctions between fibers, providing
continuous conducting pathways. The selected-area electron
diffraction (SAED) pattern of the RGO on the nanofiber was
similar to that of the RGO film on a flat substrate, suggesting that
the outer coatings of the nanofibers are composed of a few
layers of RGO (Fig. 2(c) and Fig. S3). The Raman spectrum of
the FRGO on the IDEs shows a D band at 1350 cm™, a G band
at 1584 cm™, a 2D band at ~2700 cm™, and an S3 peak at ~
2930 cm’™ (Fig. 2(d)). The spectrum shows that the ratio of the D
and G bands is well matched with that of the RGO, and is
consistent with the previous report for chemically converted
graphene.*
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Fig. 3 (a) Gas responses of the devices consisting of FRGO as synthesized (blue
line) and FRGO after thermal treatment at 300°C (red line). SEM images of (b)
FRGO as synthesized and (c) FRGO after thermal treatment at 300°C.

The thickness of the as-synthesized GO sheets was measured
as 0.9 to 1.1 nm with an average lateral size of 350 = 50 nm by
atomic force microscopy (AFM) (Fig. S2); these values are in
agreement with those of the GO monolayers.**** A scanning
electron microscope (SEM) image of the FRGO on the IDEs
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The sensor devices were exposed to dry air as a balance gas
of 1000 cc/min at 100°C, and the resistance changes were
measured to investigate the gas responses of the devices by an
HP 34970A data acquisition system and BenchLink Data Logger
3 (Fig. S4). An analyte, NO, gas, was mixed with a balance gas
to achieve a concentration of 0.25 to 4.5 ppm (Fig. 3(a)). The
resistances of the devices were decreased upon exposure to
NO; gas. The FRGO gas sensor shows a 7% response at 0.25
ppm of NO, gas, which is significant compared with the 2%
response at the same NO, concentration of RGO prepared using
a spin-coating on a flat substrate without a 3D scaffold
composed of electro-spun nanofibers (Fig. 4). These significantly
increased responses are expected to result from the high
surface-to-volume ratio of porous electro-spun nanofibers, which
act as templates for effective wrapping. To prove the contribution
of the high surface-to-volume ratio to the increased sensitivity of
the FRGO sensor, a device consisting of FRGO was thermally
treated at 300°C at which the nylon-6 nanofibers wrapped with
RGOs melt away. After thermal treatment at 300°C, the
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morphology of the device with the FRGOs was changed into a
flat surface without chemical change in the RGO, as confirmed
by Raman spectroscopy (Fig. S5), and the device’s response to
NO, gas was 2% at a NO, concentration of 0.25 ppm (Fig. 3(a),
Fig 4). Furthermore we also compared the response of spin-
coated rGO on flat surface and found that the morphology of the
scaffold for RGO is crucial for strong response (Fig. S6). The
morphological change of the sample from a porous interwoven
structure into a flattened structure caused a decrease in the
surface-to-volume ratio of the sensing material (Fig. 3(b) and
3(c)). The surface area of FRGO can be approximately n(~3.14)
times higher than that of flatten fiber, which makes enhanced
adsorption of gas molecules and sensing reaction of reduced
graphene oxides.® increased gas response of FRGO having the
3D nanostructure resulting from interwoven nanofibers is well-
matched with the previous reports such as a hollow ZnO
nanofiber network fabricated from electro-spun fibers and a
macroporous TiO, from colloidal templates as sacrificial
templates >
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Fig. 4. Comparison of gas response depending on graphene-based gas sensor
devices.

Conclusions

In summary, we presented an ultra-sensitive gas sensor
composed of a nanofiber mat prepared by electro-spinning and
wrapping with RGO through an electrostatic self-assembly. It
demonstrated that porous interwoven nanofibers can be used as
an efficient 3D scaffold of graphene-related materials for the
preparation of ultra-sensitive gas sensors due to the increased
surface-to-volume ratio and the introduction of a junction
between nanofibers. This method for wrapping nanowires and
nanofibers with graphene-related materials as molecular sheets
can be useful for the fabrication of 3D heterogeneous functional
nanostructures composed of graphene-related and
organic/inorganic nanowires or nanofibers through various
noncovalent chemical modification methods for reduced
graphene oxide.*”*® Furthermore, this approach can be extended
to the preparation of a flexible gas sensor by combining
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electrospinning on a plastic substrate with the simple GO
wrapping technique. We are conducting along this line.
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T The gas response of the sensor is defined as follows:
Response (%) = (R.-Ry)/R, x100

where R, is the resistance of the sensor upon exposure to air and R, is the
resistance of the sensor upon exposure to NO, gas. We observed the
increased response of reduced graphene sensor by increasing the
measurement temperature. The response of the sensor became double by
increasing measurement temperature from 25°C to 100°C, which is
summarized in Fig. S7.
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Ultra-sensitive RGO gas sensors with a facile preparation method
are presented. The gas sensor composed of RGO nanofiber showed
excellent sensitivity to NO, gas.
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