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ABSTRACT: Porous conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) nanocomposite prepared on reduced graphene oxide (RGO) film was
used as efficient chemiresistor sensor platform for NO, detection. The
comparable electrical performance between RGO and porous PEDOT
nanostructure, the large surface area and opening porous structure of this
RGO/porous PEDOT nanocomposite resulted in excellent synergistic effect.
The gas sensing performance revealed that, in contrast to bare RGO, the RGO/
porous PEDOT exhibited the enhanced sensitivity (2 orders of magnitude) as
well as response and recovery performance. As a result of the highly uniform
distribution of PEDOT porous network and excellent synergetic effect between
RGO and porous PEDOT, this nanocomposite based sensor exhibited higher
selectivity to NO, in contrast to other oxidant analyte gases, e.g., HCI, H,S and
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1. INTRODUCTION

As one specific branch of graphene research, the study of
graphene oxide (GO) and GO based materials has been
popular and extensive in recent years."”> Compared with
pristine graphene, the covalent oxygenated functional groups in
GO can indeed give rise to remarkable structure defects.> The
presence of these functional groups also provides potential
advantages for using GO in numerous applications.** These
functional groups serve as sites for chemical modification or
functionalization of GO, which, in turn, can be employed to
immobilize various electroactive species through covalent or
noncovalent bonds for the design of sensitive chemical and
electrochemical systems.’™°

The easy synthesis and solution processability have made
GO a very attractive material for nanocomposite and graphene-
related electronics applications.''™'® By controlling the
structural disorder, GO can be made into an insulating,
semiconducting, or semimetallic material by appropriately fine-
tuning the oxidation or reduction parameters.’”’ >° As a
reduction product of GO, reduced graphene oxide (RGO)
resembles graphene, but with some residual oxygen and
structural defects, yielding a conductivity that is comparable
to that of doped conductive polymers.”"*> So, the composites
based on RGO and conducting polymer show good synergetic
effects to improve performance.”> > The tunable electrical
performance of RGO also makes it a promising functional
material**">® The first gas sensor based on graphene was
reported by Novoselov et al.*® Chemically reduced graphene
oxide sheets have also shown promising applications for gas
sensors as well.>°~>* Moreover, the improved conductive
performance and defective nature of RGO indicate very
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different chemical reactivity compared to graphene and GO,
and make them suitable for high sensitivity gas sensors.>> %
Recently, RGO has attracted much attention for use as a
chemiresistor, due to its scalable production, solution
processability, large available surface area, etc.’”*® Although
many papers reported the sensing properties of RGO, it is still a
great challenge to develop the sensing devices based on RGO
to improve sensitivity and selectivity.

Conducting polymers and their nanostructures, as excellent
sensing materials, have been extensively studied because of their
high sensitivities, excellent reliability and low cost proper-
ties.>”~*" Hybridization of a conducting polymer with GO and
RGO has been studied and demonstrated enhancement in
sensitivity and selectivity of a gas sensor compared with pure
GO and RGO sensors.”>™* It has been demonstrated that a
conducting polymer, especially the nanostructured conducting
polymer, plays important roles in enhancement of the sensing
performance of GO and RGO devices.*”** However, limited
articles have reported gas sensors based on the single layer
RGO and porous conducting polymer nanostructures. It is
expected that the decoration of a porous conducting polymer
nanostructure on the surface of RGO can greatly improve the
sensitivity and selectivity of the pure RGO based sensor,
through combination of both excellent sensing materials.
Therefore, we demonstrate a NO, gas sensor based on RGO
and the porous conducting polymer poly(3,4-ethylenediox-
ythiophene) (PEDOT) nanostructure. The single layer RGO
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Figure 1. Schematic illustration of preparing RGO/porous PEDOT nanocomposite.

film is obtained from the GO Langmuir—Blodgett deposition
and a subsequent thermal reductive treatment. The porous
PEDOT nanostructure has been successfully deposited on the
surface of RGO sheets by using a fast thermal treatment during
the in situ polymerization of 3,4-ethylenedioxythiophene
(EDOT) monomer. The resultant RGO/porous PEDOT
nanocomposite has been studied as excellent sensing materials
for the detection of NO, gas.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite flakes used for GO preparation were
purchased from Sigma-Aldrich. GO was synthesized from natural
graphite flakes prepared through the Hummers’ method.*” The size of
graphite flakes was 380 ym (grade 3061) and 40 ym (grade 230). To
obtain stable GO dispersion for LB deposition, 20 mg of GO was
dissolved in 80 mL of methanol/DI water (volume ratio 4:1) mixture
solution, and the solution was subjected to ultrasonication for 30 min
followed by centrifugation at 2500 rpm. EDOT (3,4-ethylenediox-
ythiophene) monomer and oxidizer Iron(III) p-toluene sulfonate
hexahydrate ((Fe(PTS);) were purchased from Bayer Company. All
chemical solvents in experiments were high purity grade.

2.2. Preparation of Single Layer RGO. Single layer GO sheets
deposition was carried out in KSV-5000 LB system. The trough was
carefully cleaned with chloroform and then filled with DI water. The
GO solution was dropwise spread onto the water surface using a glass
syringe. Surface pressure was monitored using a tensiometer attached
to a Wilhelmy plate. The film was compressed by barriers at a speed of
1 mm/min. The GO monolayer was transferred to substrates at
various points during the compression by vertically dipping the
substrate into the trough and slowly pulling it up (1 mm/min). The
substrate was first processed with a hydrophilic treatment to deposit
uniform GO LB layers. After the GO LB film deposition, the single
GO layer covered substrate was treated in a water vapor oven at 180
°C for 4 h of GO reduction.*®

2.3. Preparation of Porous PEDOT on RGO. As shown in Figure
1, in situ polymerization solution of PEDOT was prepared by
introducing 4.5 mL of EDOT (3,4-ethylenedioxythiophene) into SO
mL of an n-butyl alcohol and acetone mixed solution (volume ratio
1:1). After a thorough stirring, 1.5 mL of Fe(PTS); was introduced
into the EDOT solvent mixture to trigger the polymerization of
EDOT. This in situ polymerization solution was kept at S °C for low
speed polymerization. Then, the RGO covered substrate was
immersed into the PEDOT solution by dip-coating process for an in
situ deposition of the PEDOT layer. This dropping in and out process
was carried out in a KSV dip-coater to form an ultrathin PEDOT layer.
To obtain the uniform PEDOT layer for sensing performance
comparison, the PEDOT layers with 80—110 nm thickness were
formed on RGO at a slow dipping speed (0.5 m/min). Then, the
RGO/PEDOT covered substrate was quickly transferred into a room
temperature oven for a fast rate baking treatment. The oven
temperature increased from room temperature to 80 °C at 15 °C/

30 s, and the substrate was successively kept at 80 °C in an oven for 30
min. After the baking process of PEDOT for 30 min, the product was
washed by ethanol to remove residual reagent.

2.4. Characterization. The UV—vis-near IR (UV—vis-NIR)
spectrum of the film was recorded on a UV 1700 spectrometer
(SHIMADZU). The Fourier transform infrared spectroscopy (FT-IR)
spectrum was characterized with an ALPHA analysis instrument
(Germany). The surface pressure—area (7—A) isotherm recorded by
computer and the morphology analysis of GO sheets at air—water
interface was characterized by a Brewster angle microscope (BAM
300). The surface morphology of GO and RGO film was investigated
by atomic force microscopy (AFM, Model SP 3800, SII, Japan) with a
tapping mode. The morphological properties of RGO/porous PEDOT
were investigated with scanning electron microscopy (SEM), using a
Hitachi scanning electron microscope (Model $-2400). The current—
voltage (I-V) curves of GO and RGO were obtained by using a
Keithley semiconducting testing system (Model 4200).

The RGO/PEDOT film was prepared across an interdigitated
electrode to test gas sensitivity in an airtight chamber. A conventional
photolithographic method was used to fabricate the interdigitated
electrode with a finger width of 30 ym and a gap size of 20 pm. The
electrodes (30 nm Ti and S0 nm Au) were thermally evaporated on a
layer of silicon dioxide (SiO,). The sensor was placed inside a stainless
chamber of 60 mL volume, which was kept under continuous flowing
of testing gas mixtures or air at a constant flow rate of 100 mL min~".
NO, gas with concentrations from 500 ppb to 20 ppm was utilized to
evaluate the sensing performance. Prior to the measurement, the
interdigitated electrode was blown with dry N, flow and the
corresponding vapor was injected into a gas chamber. The resistance
was monitored continuously over time. For a selectivity test, the
dynamic mixed gases were injected into a gas chamber through a
homemade gas distribution system. The analytic gases with different
concentrations were generated by mixing saturated vapors with dry air
controlled by mass flow controllers. The resistance change of RGO/
porous PEDOT film and RGO film based sensors were monitored
with a computer controlled source meter (Keithley 2400). The
sensitivity of the sensor was monitored by applying a constant bias
voltage of 1.2 V on the sensor and recording the conductance change.
All the gas sensing measurements were performed at ambient
temperature (23 °C), and the humidity of testing system was kept
below the 15% relative humidity (RH) in a dynamic test.

3. RESULTS AND DISCUSSION

In our work, a single layer GO LB film has been first introduced
on a substrate and successive thermal treatment is utilized to
form single layer RGO. The successively formed RGO layer not
only can be utilized as high performance sensing layer but also
can afford high surface area for in situ polymerization
deposition of PEDOT. As a single atomic layer carbon sheet,
GO contains a large and flexible sheet structure, which shows
geometric similarity with the air—water interface. So, GO can

dx.doi.org/10.1021/am5032456 | ACS Appl. Mater. Interfaces 2014, 6, 13807—13814



ACS Applied Materials & Interfaces

Research Article

float on a water surface without surfactants or stabilizing. Figure
2 shows the surface pressure—area (7—A) curve of GO layers at
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Figure 2. surface pressure-mean molecular area (7—A) isotherm
curves of GO at air—water interface. The inset pictures show the BAM
images of GO at different surface pressures and a GO dispersion
solution for LB deposition.

the air—water interface. The curve indicates that GO sheets can
arrange compactly at the air—water interface with continuous
compression of barriers to high surface pressure. This compact
GO sheets arrangement at the air—water interface can be
deposited on different substrates through vertical or horizontal
LB deposition, and single layer and highly compact GO sheets
can be obtained for different applications.

By controlling the surface pressure, surface coverage of the
graphene oxide sheets is manipulated to realize a uniform
deposition with compact and incompact arrangements. More-
over, large area LB deposition can also be realized on GO
sheets with a tunable arrangement on different substrates for
varied functional applications. In this work, the single layer and
compact arrangement GO sheets are deposited on the
substrate. Due to the excellent manipulation of GO LB
deposition on different substrates, we intend to introduce this
GO LB layer to form a compact and large area RGO layer after
reductive treatment, and a porous conducting polymer
nanostructure can be constructed on the latter formed RGO
layer as a novel nanocomposite.

Covalent oxygenated functional groups in GO can indeed
give rise to remarkable structure defects in the carbon sheet,
leading to low conductivity of GO. Due to the low conductivity,
pure GO is not suitable as a carries transportation layer and a
further reductive treatment on GO would lead to the formation
of RGO with better conductive characteristics. To keep the
original morphology of single layer GO LB films deposited on a
substrate, we choose a thermal treatment in a water vapor
environment as an efficient reduction process to obtain highly
compact RGO sheets.*® Figure 3a shows AFM images of single
layer GO LB sheets deposited on a substrate. It can be seen that
a highly compact arrangement of GO sheets is obtained
through the LB deposition. The slight overlapping of GO
sheets is observed in this single layer GO sheet (as shown by
arrow in Figure 3ab), and we deduce this result from sheets
overlapping during the constant compressing of GO sheets at
high surface pressures. After the thermal reductive treatment,
compared with as-prepared GO layer, the obtained single layer
RGO sheets can keep ordered and compact formation from
GO LB films (as shown in Figure 3b). The excellent covering
performance of the RGO LB layer can also make sure bridging
a large scale and continuous sheets across interdigitated
electrodes as sensing materials.

Figure 3. AFM images of (a) GO and (b) RGO LB films, and (¢, d)
SEM image of porous PEDOT layer deposited on RGO LB films (with
a 15 °C/30 s thermal treatment speed).

The porous conducting polymer PEDOT nanostructure is
constructed on RGO through the combination of in situ
polymerization and a simple thermal treatment method. The
RGO covered substrate is first dipped into and out slowly from
the PEDOT solution, and this slow dip-coating process
produces a wet PEDOT layer containing solvent on RGO.
Then, this wet PEDOT layer is quickly transferred into a
vacuum oven for baking, and a fast heating rate baking process
is utilized to form a porous PEDOT nanostructure due to the
fast volatilizing of solvent from inside the PEDOT layer. We
choose n-butyl alcohol and acetone mixed solvent as solution
for EDOT monomer polymerization. The n-butyl alcohol can
form a stable PEDOT solution and low boiling point acetone
assures the fast volatilizing of solvent from inside the PEDOT
layer during the fast heating rate baking. The fast volatilizing of
solvent has resulted in a bubble-like volatilization process,
leading to a porous PEDOT nanostructure. By controlling the
heating rates of baking, a uniformly porous PEDOT
nanostructure can be obtained by this simple baking method.
Figure 3c shows a SEM image of the porous PEDOT layer
deposited on single layer RGO after the baking process. The
PEDOT layer covered on the RGO layer exhibits a slightly
fluctuate morphology after the in situ polymerization
deposition. Figure 3d shows a larger magnification SEM
image of porous PEDOT deposited on RGO. The uniform
and well distribution of hole nanostructure in PEDOT layer is
presented. As shown in Figure 3d, PEDOT layer with an
average pore size about 40 nm was produced at 15 °C/30 s
thermal treatment speed. The fast thermal treatment of the
PEDOT layer during the polymerization results in an obviously
porous PEDOT nanostructure, and this porous nanostructure
also presents a uniform network formation.

As exhibited in Figure 4, a fast heating rate during the baking
process results in a more uniform porous structure of PEDOT
nanostructures. At a slower heating rate (1-5 °C/30 s), the
obtained PEDOT layer exhibits a common and compact film
morphology due to the slow volatilization of the solvent. In this
baking process, we conclude that no distinct bubble-like
volatilization occurred due to the slow volatilization of the
solvent from inside PEDOT. However, at a faster heating rate
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Figure 4. Influence of heating rates during baking process on porous
structure of obtained PEDOT layer on RGO: (a) 1 °C/30s, (b) S °C/
30s, (c) 8 °C/30 sand (d) 15 °C/30 s.

(8—15 °C/30 s), the well controlled and fast volatilizing of the
solvent leads to the solvent molecules diffusing fast from the
inside the PEDOT layer with a bubble-like formation, and the
baked PEDOT layer exhibits an obvious porous structure. The
porous PEDOT layer contains a specific surface area of about
20 m* g~ in this work, which is comparable with the PEDOT
nanoparticle (average diameter 50 nm) surface area of 29 m*
g~". So, compared with a common PEDOT layer, the porous
PEDOT structure affords a higher and highly opened surface
area. Moreover, due to the direct construction of porous
PEDOT on RGO, the effective specific surface area of
composites is higher than that of pure porous PEDOT.

The process for preparations of GO, RGO LB films and
porous PEDOT/RGO was monitored by UV—vis spectroscopy
(Figure S). The GO LB films show an absorption peak at 258
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Figure 5. UV—vis-NIR spectrum of GO, RGO and RGO/porous
PEDOT.

nm, and a slight red shift of this absorption peak is observed
after the thermal treatment due to the reduction of GO into
RGO. This result also confirms the successful reduction of GO
into RGO after the thermal steam treatment, leading to the
optical and conductive characteristics change of GO. After the
deposition of porous PEDOT on RGO sheets, the appearance
of a wide absorption peak from 600 to 800 nm derives from the
polarons and bipolarons due to Igartly doping of PEDOT
during the polymerization process.”® This UV—vis spectrum

confirms that the porous PEDOT has been successfully
deposited on single layer RGO by in situ polymerization.

The FT-IR spectra of GO, RGO LB films and RGO/porous
PEDOT are shown in Figure 6. The peaks located at 3458 and
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Figure 6. FT-IR spectrum of GO LB films, RGO LB films and RGO/
porous PEDOT.

1388 cm™" correspond to the O—H stretching and vibration
mode of intercalated water. The characteristic peaks of oxygen
moieties locateed at 1233, 1625 and 1730 cm™" correspond to
C—O (n(epoxy or alkoxy)), C—O in carboxylic acid and
carbonyl moieties (n(carbonyl), respectively.®’ The featureless
FT-IR spectrum of RGO indicates that the thermal reduction of
GO at the water vapor environment is relatively complete with
few oxygen-containing groups. From the FT-IR spectrum of
RGO/porous PEDOT, the vibrational bands at about 1519 and
1342 cm™! are attributed to the C=C and C—C stretching
vibrations of the quininoid structure of the thiophene ring,
respectively. The bands at 1200, 1142 and 1088 cm™' are
ascribed to the C—O—C bond stretching in the ethylene
dioxy (alkylenedioxy) group. Additionally, the C—S bond in
the thiophene ring is demonstrated by the presence of bands at
about 981 and 836 cm™.*° The series of bands suggests that
the PEDOT is deposited on RGO through an in situ
polymerization deposition.

Figure 7 shows the Raman spectra of GO LB films, RGO LB
films and porous PEDOT/RGO composites. The distinctive

— GO LB films
- porous PEDOT/RGO
" --- RGO LB films

Intensity(a.u.)
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_____ =TT N N
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Figure 7. Raman spectra of GO LB films, RGO LB films and porous
PEDOT/RGO composites.

peaks for the D bands and G bands could be observed in GO
spectra. The D band located at 1345 cm™", which is a breathing
mode of k-point phonons of A;, symmetry. The G band
centered at 1588 cm™" is assigned to the E,g phonon of C sp*
atoms. As for RGO, the D band and G band weakened due to
the reduction of GO into RGO. The spectrum of porous
PEDOT/RGO shows the characteristic peaks of carbon (D
band and G band), and a new shoulder peak located at 1245
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cm™! could be observed, which might be attributed to the

valence bond between thiophene ring and RGO."

The thermal steam treatment results in the reduction of GO
into RGO, accompanied with structure and conductivity
changes of GO. The better conductivity of RGO assures
good ohmic contact between the sensing layer and electrodes.
The I-V curves of GO, RGO LB films and porous PEDOT are
shown in Figure 8. They indicate that a dramatic enhancement
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Figure 8. Current vs voltage (I-V) performance of GO LB films,
RGO LB films, common PEDOT films and porous PEDOT films.

of conductivity is obtained after the thermal treatment of GO,
and the successful thermal reduction of GO LB films into the
RGO layer is achieved. It is well-known that the RGO exhibits
tunable electrical performance depending on the reduction level
of GO, and this is a useful property in sensing applications. As
shown in Figure 8, the RGO LB films, common PEDOT and
porous PEDOT exhibit comparable electrical performance, and
the porous PEDOT shows slightly lower conductivity. It has
been found that the highly reductive GO resembles graphene
but, with some residual oxygen and structural defects, presents
a conductivity that is comparable to doped conductive
polymers.”> The comparable electrical performance between
RGO and porous PEDOT also makes sure good synergistic
effect in composites and a lower noise response of composite
based sensor can be achieved.

The inset of Figure 9 shows the SEM image of interdigitated
electrode covered by RGO/porous PEDOT composites.
Obviously, the RGO/porous PEDOT is bridging the gaps of
electrodes and the porous structure sensing layer is built across
the electrode arrays. The gas sensitivity of different film based
sensors to NO, was measured according to the resistance
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Figure 9. Gas sensitivity of different devices with RGO, RGO/
PEDOT and RGO/porous PEDOT layer as sensing layers to 20 ppm
of NO,. The inset picture is the RGO/porous PEDOT covered
interdigitated electrode.

change of devices after the exposure of a sensor to analyte gas.
In this process, NO, gases with different concentration are
switched into the chamber, and the resistance variations of
different devices are monitored. The sensor response toward
NO, gas was calculated according to the following equation:

R (%) = AR/R x 100 = (R, — R,) X 100/R, (1)

In this equation, the R, and Ry are the resistance of RGO/
porous PEDOT composite before and after exposure to NO,
gases, respectively.

Figure 9 displays the comparison of the dynamic response of
the resultant sensor based on bare RGO, RGO/PEDOT and
RGO/porous PEDOT composite toward 20 ppm of NO, gas.
As the NO, gas is released into the chamber, the resistances of
all devices decrease. Upon exposure to NO, vapor, NO,
molecules diffused into the porous PEDOT/RGO composites,
and thereafter the porous PEDOT/RGO was doped. As for
PEDOT, this doping process results in the introduction of a
doping polymer backbone and an increase in charge carries of
polarons or bipolarons. The increase of charge carries also
directly gave rise to the conductivity enhancement of
composites. The exposure of the device based on the RGO/
porous PEDOT to NO, gas results in a 41.7% change of the
resistance, which exhibits an obvious sensitivity 2 times that of
bare RGO and common RGO/PEDOT based devices. This
result suggests that a porous nanostructure constructed on
RGO obviously improves the gas sensitivity of devices.
Compared with pure RGO, the improvement of surface area
supplying by porous PEDOT can be of benefit for the
enhanced adsorption of NO, gas, resulting in a much better
sensing performance. This obvious enhancement of sensitivity
suggested that the gas sensing synergetic effects have occurred
between porous PEDOT and RGO sheets, leading to a great
improvement in the sensing performance.

As shown in Figure 9, both the RGO/PEDOT and bare
RGO senor show fast response and recovery performance,
indicating that both the bare RGO and the composite supply a
highly opened surface area for fast adsorption and complete
desorption of NO, gas. In our experiment, the response time is
defined here as the time to reach 90% of the final value, and the
recovery time is defined as the time needed to return to 90% of
the initial steady value of the sensor-resistance. The response/
recovery is also influenced by the pore size of PEDOT. As
shown in Figure 9, a gas sensor based on uniform porous
PEDOT/RGO with a pore size of about 40 nm exhibits a 170—
180 s response time and less than 70 s recovery time to 20 ppm
of NO, gas. The porous PEDOT/RGO not only provides a
high surface-to-volume ratio but also allows rapid diffusion of
analytes into and out of the composites. For a common RGO/
PEDOT composite, no obvious improvement of gas sensitivity
is observed after the deposition of a common PEDOT layer on
RGO. The sensor based on the common RGO/PEDOT
composite is also difficult to saturate. A longer period is needed
to remove the absorbed NO, gas and reach the steady state,
and this steady state also shows incomplete recovery to initial
resistance. We conclude that a complete and compact covering
of PEDOT on RGO results in the loss of a highly open surface
area of RGO during the sensing process. The compact PEDOT
film structure gives rise to slower adsorption and desorption
speeds of gas molecules, especially at the interface between
RGO and PEDOT. However, almost complete recovery to
initial resistance of the device is achieved for RGO/porous
PEDOT based gas sensors. Due to the highly opened surface
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area of RGO sheets and the porous PEDOT nanostructure, a
shorter recovery period is presented for the sensing device
based on this composite. We also investigated the performance
of porous PEDOT/RGO, RGO and common RGO/PEDOT
based gas sensor in a synthetic air. In a synthetic air, the porous
PEDOT/RGO also exhibited the best and stable sensing
performance of the three kinds of sensing materials. A slight
decrease in sensitivity to NO, gas is observed due to the
adsorption of other gases.

As shown in Figure 10, we investigated the influence of
porous morphology in PEDOT on the gas sensing performance

Sensitivity (AR/R x100)

Time (min)

Figure 10. Influence of porous structure on gas sensitivity of RGO/
porous PEDOT based gas sensor to 5 ppm of NO,.

of RGO/porous PEDOT based gas sensors. It is obvious that
the sensor based on RGO/porous PEDOT composites
containing larger size holes and the uniform distribution of
holes exhibits the best sensing performance. During the long
time exposure of a sensor to 5 ppm of NO, gas, this device
shows fast response and recovers to the initial state rapidly after
cutting off the analyte gas. It is postulated that the uniform
distribution of the nanoporous structures in PEDOT
tremendously improves the adsorption and desorption speed
of gas molecules during the sensing process. However, the
porous PEDOT layer contains less and the unordered hole
distribution is more like a common PEDOT layer. The
common RGO/PEDOT composite based sensor exhibits long
response and recovery time due to the inferior surface structure
for gas molecule adsorption and desorption.

The repeatability of the RGO/porous PEDOT based gas
sensor is shown in Figure 11. Five cycles of responses to NO,
gas have been executed through exposure of the composite
based sensor to 5 ppm of NO, gas repeatedly. The sensor
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Figure 11. Repeatable characteristic of RGO/porous PEDOT based
sensor to 2 ppm of NO, gas and schematic illustration of interaction
between NO, and composites.

exhibits an excellent repeatable characteristic, and the response
levels of the sensor can be maintained after repeated cycles. For
gas sensing detection, RGO exhibits p-type or n-type behavior
depending on the oxidant characteristics of ayalyte gas. As for
NO,, a strong oxidant and toxic gas, RGO prefer to exhibit the
p-type behavior after the exposure to NO,, which means that
the RGO would donate electrons to NO, molecules during the
sensing interactions. The exposure of RGO sheets to NO, gas
causes an increase in the number of charge carriers, resulting in
resistance decrease in the composites. As for the conducting
polymer PEDOT, it mostly exhibits the p-type behavior to NO,
and the exposure of porous PEDOT to NO, would
tremendously decrease the resistance of the RGO/PEDOT
composite. Compared with pure PEDOT or RGO, the
accumulation of resistance change caused by RGO and porous
PEDOT spontaneously results in the enhancement of
sensitivity of composites based gas sensor. Moreover, as a
stable conducting polymer, PEDOT can interact with RGO
sheets through p—p interaction at the interface of RGO and
porous PEDOT. The Raman and FT-IR analysis confirms that
p—p interaction is formed between the porous PEDOT and
RGO. This p—p interaction also can cause a charge carriers
increase, resulting in the resistance decrease of composites. We
conclude that this p—p interaction between PEDOT and RGO
is partly ascribed to the sensitivity improvement of gas sensor.
So, due to the excellent synergistic effect, this single layer
RGO/porous PEDOT nanocomposite afford excellent repro-
ducing stability to toxic NO,, especially for stable detection of
lower concentration NO, gas.

Figure 12 shows the response of the sensor device based on
RGO/porous PEDOT to different concentrations of NO, gases
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Figure 12. Sensitivity of RGO/porous PEDOT based device to
different concentrations of NO, gas.

at room temperature. During the exposure of the device to
different concentrations of NO, gas, the obvious resistance
change can be achieved for gas concentrations from 500 ppb to
20 ppm. The results indicate that, even at the ppb level, the
RGO/porous PEDOT based sensing device exhibits a fast
response and recovery performance. With increases of the NO,
gas concentration, the resistance of the device increases
accordingly. The RGO/porous PEDOT nanostrucrure based
gas sensors show promising application as a candidate for actual
NO, gas detection in atmosphere conditions.

The influence of relative humidity (RH) on sensing
performance of the porous PEDOT/RGO based gas sensor is
also investigated, which is shown in Figure 13. The presence of
humidity leads primarily to a shift of the baseline of the sensor.
The sensor performance is not disturbed obviously, and the
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Figure 13. Influence of relative humidity (RH) on gas sensor
performance to 2, S and 10 ppm of NO, gas.

dynamic response range of the sensor decreases slightly with
the increase of humidity.

As promising gas sensing materials, RGO affords the high
surface area and low noise response for gas detection. But the
high selectivity of a bare RGO based gas sensor is still a
challenge, especially for low concentration gas detection. So, we
investigate the selectivity of this RGO/porous PEDOT
composite based sensor. As shown in Figure 14, NO, gas has
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Figure 14. Gas selectivity of bare RGO and RGO/porous PEDOT
based device to 2 ppm different analyte gases.

been used for the evaluation of the sensor through the
comparison with other analyte gases, e.g.,, HCI, H,S and SO,, in
the same concentrations. The RGO/porous PEDOT gas senor
shows an obviously high selectivity to 2 ppm of NO, compared
with other analyte gases. The high selectivity of the RGO/
porous PEDOT based gas sensor demonstrates this composite
is an excellent candidate for the detection of NO, gas in
complicated gas environments. In Figure 14, the sensing
performance of the sensor based on RGO/porous PEDOT has
been also compared to that of gas sensor based on bare RGO.
The gas sensor based on the RGO/porous PEDOT exhibits
much higher response than that of the gas sensor based on bare
RGO. The construction of porous PEDOT nanostructure on
single layer RGO has tremendously increased the sensing
selectivity of a gas sensor to low concentrations of NO, gas.
The excellent synergetic effect of RGO and porous PEDOT
during the sensing process of nanocomposites is attributed to
this selectivity improvement.

4. CONCLUSIONS

A single layer RGO layer and porous PEDOT nanocomposite
has been successfully prepared by LB deposition and an in situ
polymerization method. The porous PEDOT nanostructure is
constructed on RGO LB films through a fast heating rate
baking during the in situ solution polymerization of EDOT.
The high surface area and porous nanostructure of this novel

nanocomposite enhance gas adsorption and desorption. The
results of gas sensing performance indicate that the RGO/
porous PEDOT composite based device exhibits excellent
sensing performance to NO, gas compared with those of the
sensors based on bare RGO and common RGO/PEDQOT. The
porous nanostructure of conducting polymer PEDOT con-
structed on RGO shows promising applications for high
performance gas sensors due to the tremendous enhancement
of sensitivity and selectivity of the gas sensor at the ppb level
detection of toxic NO, gas.
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