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a  b  s  t  r  a  c  t

Novel  flexible  NO2 gas  sensors  were  fabricated  by  covalently  bonding  graphene  oxide  (GO)  to  a gold
electrode  on  a plastic  substrate  using  a  peptide  chemical  protocol  and  then  reducing  in  situ  GO  film
to  a  reduced  GO  (RGO)  film.  A  pair  of  comb-like  Au electrodes  on  a polyethylene  terephthalate  (PET)
substrate  were pretreated  with  cysteamine  hydrochloride  (CH)  and  then  reacted  with  GO  using  N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide  hydrochloride  (EDC)  and  N-hydroxysuccinimide  (NHS)  as
the  peptide  coupling  reagent,  before  undergoing  a final  reduction  by  sodium  borohydride  (NaBH4).  The
anchored  RGO  film  was  characterized  by atomic  force  microscopy  (AFM),  scanning  electron  microscopy
(SEM),  electrochemical  impedance  spectroscopy  (EIS)  and  Fourier  transform  infrared  spectroscopy  (FTIR).om

.cn

ayer-by-layer (LBL)
n  situ reduction
raphene oxide (GO)
ovalently  bonding

The  gas  sensing  properties,  including  sensitivity,  sensing  linearity,  reproducibility,  response  time,  recov-
ery  time,  cross-sensitivity  effects  and  long-term  stability,  were  investigated.  Interfering  gas  NH3 affected
the  limit  of  detection  (LOD)  of  a target  NO2 gas  in  a  real-world  binary  gas  mixture.  The  flexible  NO2 gas
sensor  exhibited  a strong  response  and good  flexibility  that  exceeded  that of  sensors  that  were  made
from  graphene  film  grown  by chemical  vapor  deposition  method  (CVD-graphene)  at  room  temperature.

e  it ism.c

Its  use  is practical  becaus

. Introduction

Graphene is composed of a two-dimensional (2D) array of car-
on atoms that are covalently connected via sp2 bonds to form a
oneycomb sheet [1]. Graphene has been widely used in batter-

es, supercapacitors, nanoelectronic and electrochemical sensors
ecause of its high mechanical strength, high surface area, high
lectron mobility at room temperature and low manufacturing cost
1–3]. Graphene oxide (GO) sheets have recently become attrac-
ive as possible intermediates in the manufacture of grapheme [4].
O surface functionalization is important in controlling the exfo-

iation behavior of graphene oxide and reduced graphene oxide
RGO). Therefore, GO has various applications, including gas sen-
ors [5], and many groups have used graphene-based sensing
aterials to detect various chemical species, such as NO2, NH3, H2

nd CO2 [6–12]. In many related works, graphene-based coatings
ere deposited on rigid substrates, such as glass, ceramics or sil-

con wafer. The rigidity of these sensors based on rigid substrates
akes them unsuitable for application in various new areas, such

www.sp
s handheld portable consumer electronics, aeronautic transporta-
ion and civil engineering, that require flexible, lightweight and

echanical shock-resistive sensing elements [13,14]. Additionally,

∗ Corresponding author. Tel.: +886 2 28610511x25332; fax: +886 2 28614212.
E-mail  addresses: spg@faculty.pccu.edu.tw, spg@ulive.pccu.edu.tw (P.-G. Su).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.09.078
 so  easy  to fabricate.
© 2013 Elsevier B.V. All rights reserved.

flexible multisensor platforms that support temperature, humidity
and gas detection can be manufactured at very low cost and inte-
grated into smart textiles or radio frequency identification (RFID)
tags [15,16]. The development of sensors in the future should be
consistent with the goal of complete flexibility, and extensibility to
the sensing of various gases. The main challenges not only concern
their manufacture, but also the stability of their mechanical, elec-
trical and gas-sensing properties of these devices under repeated
bending. The sensing characteristics of a flexible gas sensor depend
on its microstructure, which is determined by its fabrication pro-
cess. Recently, Kim et al. fabricated a flexible NO2 gas sensor by
spin-coating chemical vapor-deposited graphene (CVD-graphene)
with poly(methyl methacrylate) (PMMA) on a polyethylene tereph-
thalate (PET) substrate [17]. Kang et al. fabricated a flexible H2 gas
sensor by spin-coating CVD-graphene that was decorated with pal-
ladium (Pd) nanoparticles on a PET substrate [18]. These fabrication
techniques are complex and costly.

Layer-by-layer self-assembly (LBL-SA) method is based on
sequential electrostatically adsorptions of ionized polyelectrolytes
and oppositely charged materials in aqueous solutions. LBL self-
assembly has many advantages over other methods, including
simplicity, low-cost, low temperature of deposition, controllable

thickness (from nanometers to micrometers) and the need for
no complex equipment [19–21]. This approach has recently been
adopted to fabricate multi-walled carbon nanotubes (MWCNTs)-
glucose oxidase multilayers and SWCNTs on flexible substrates as

dx.doi.org/10.1016/j.snb.2013.09.078
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.09.078&domain=pdf
mailto:spg@faculty.pccu.edu.tw
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exible glucose biosensors [22] and piezoresistive type sensors
23], respectively. In our earlier works [24–27], flexible NO2, NH3
nd H2 sensors were fabricated by the LBL assembly of MWCNTs
r polypyrrole (PPy) on PET substrates. However, the performance
f flexible gas sensors is worsened by long-term use because the
ensing films are not anchored to the substrate. In recent years,
ince new peptide coupling reagents have been developed for
se in organic synthesis, peptide coupling reactions have been
idely studied. In a typical peptide coupling reaction, a carboxyl

roup of a compound is initially activated by a suitable peptide
oupling reagent, and it is subsequently reacted with an amine
roup in another compound [28]. Kwak et al. fabricated a hydro-
en peroxide sensor that was made by bonding polyamidoamine
PAMAM) dendrimer onto thiol-modified gold electrodes on a
i wafer using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
ydrochloride (EDC) as a peptide coupling reagent [29]. In our
arlier work [30], a flexible humidity sensor was fabricated by
he LBL anchoring of a copolymer of methyl methacrylate (MMA)
nd [3-(methacrylamino)propyl] trimethyl ammonium chloride
MAPTAC) film on a 3-mercaptopropionic acid (MPA)-modified Au
lectrode (MPA/Au) on a PET substrate. However, no attempt has
een made to anchor the GO onto a gold electrode on a flexible
ubstrate and then to perform the in situ reduction of GO to fab-
icate flexible NO2 sensors. In this work, a GO film was  covalently
nchored onto the cysteamine hydrochloride (CH)-modified gold
lectrode on a PET substrate using EDC and N-hydroxysuccinimide
NHS) (EDC/NHS) as the peptide coupling reagent, and this film
as reduced in situ by sodium borohydride (NaBH4) to form an
GO film yielding a flexible NO2 gas sensor. The films were char-
cterized by atomic force microscopy (AFM), scanning electron
icroscopy (SEM), Fourier transform infrared spectroscopy (FTIR)

nd the electrochemical impedance spectroscopy (EIS). The effect
f the duration of reduction of GO film on the electrical properties
f the film was investigated. The flexibility and gas sensing proper-
ies, such as sensitivity, sensing linearity, reproducibility, response
ime, recovery time, cross-sensitivity effects and stability of the
ensor were investigated.

.  Experimental

.1. Materials

Graphene oxide (GO; 5 g/L, UniRegion Bio-Tech) were used
ithout further purification. Cysteamine hydrochloride (95%; CH),
-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride

95%; EDC), N-hydroxysuccinimide (95%; NHS) and sodium boro-
ydride (95%; NaBH4) were obtained from Aldrich. All reagents
sed were analytical grade. All used deionized water (DIW) was
repared using a Milli-Q Millipore (Bedford, MA,  USA) purification
ystem, and the resistivity of water was above 18.0 M� cm−1.

.2. Fabrication of flexible NO2 sensor

Fig. 1(a) displays a picture of the structure of NO2 sensors
abricated on a PET substrate. The interdigitated gold electrodes
ere made by sputtering initially Cr (thickness 50 nm)  and then
u (thickness 250 nm)  in a temperature range of 120–160 ◦C. The
lectrode gap was 0.2 mm.  The substrates were firstly treated
ith an H2O2/H2SO4 mixture (1:2, 15 mL), washed in de-ionized
ater (DIW) and then cleaned in acetone solution for 3 min. The
retreated substrate was immersed in 2.0 mM ethanol solution

www.sp
f CH (75/25% ethanol/DIW) for 24 h at room temperature and
hen washed thoroughly in 75/25% ethanol/DIW to remove the
on-chemisorbed materials. It was then dried at 80 ◦C to yield a
H-modified electrode (CH/Au). Then, the CH/Au was  immersed
Fig. 1. (a) Structure of flexible gas sensor; (b) Photograph of bent gas sensor based
on  RGO film anchored on a PET substrate.

in 50 �L of GO solution (5 g/L) that contained 200 mM EDC  and
400 mM NHS for 12 h at room temperature. It was then washed
thoroughly in DIW to remove any non-anchored GO to form
GO-CH/Au. The as-prepared anchored GO film was  reduced by
immersing the GO-CH/Au substrate in aqueous NaBH4 (0.04%) for
5 min, rinsing it with DIW and then drying it at 80 ◦C. Fig. 1(b) shows
the flexibility of the RGO film that was  covalently anchored and
reduced in situ on a PET substrate. Fig. 2 schematically depicts the
fabrication of a flexible NO2 sensor by the LBL covalent anchoring
and the in situ reduction of GO on a PET substrate.

2.3. Instruments and analysis

An  infrared spectrometer (Nicolet 380) was used to obtain the
IR spectra of the covalently anchored GO and RGO  films. A standard
three-electrode cell, connected to an electrochemical workstation
(ZAHNER ZENNIUM, Germany), was used to make the electrochem-
ical measurements. All electrochemical measurements were made
in the presence of a 10 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture
(with 0.2 M NaCl as the supporting electrolyte). The applied volt-
age as 0.2 V and frequency range from 10 mHz to 10 kHz at 25 ◦C
were chosen for the electrochemical impedance spectra analysis.
The surface microstructure of the thin film that was coated on a PET
substrate was investigated using a field emission scanning electron
microscope (FEI company, Nova NanoSEMTM 230) and an atomic
force microscope (AFM, Ben-Yuan, CSPM 4000) in tapping mode
which the horizontal and vertical resolution are 0.26 and 0.10 nm,
respectively. The electrical and sensing characteristics were mea-
sured using a bench system at room temperature, as shown in
Fig. 3. Each sensor was  connected in series with a load resistor
and a fixed 5 V tension (DC mode) was continuously supplied to
the sensor circuit from a power supply (GW, PST-3202). The resis-

.co
tance of the sensor was determined from the voltage at the ends
of the load resistor using a DAQ device (NI, USB-6218) in various
concentrations of gas. The standard NH3, CO, H2 and NO2 gases
which we  used here for investigation were purchased from Shen Yi

zhk
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Fig. 2. Fabrication of a flexible NO2 sensor by LBL covalent anchoring and in situ
reduction  of GO film to reduced GO film.
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Gas Co. (Taiwan). The concentration for standard NH3, CO, H2 and
NO2 gases were 100,000, 100,000, 100,000 and 1000 ppm, respec-
tively. The required various gas concentrations were produced by
diluting the known volume of standard gas with dry air and then
were injected into the chamber. The desired various gas concentra-
tions were measured using a calibrated gas sensor system (Dräger,
MiniWarn). The cross-sensitivity experiment was  performed by
measuring the resistance of the sensor exposure to NH3, CO, H2
and H2O gases, respectively. The volume of the chamber is 18 L. The
gas inside the chamber was uniformly distributed using a fan. After
some time, the chamber was purged with air and the experiment
was repeated for another cycles. All experiments were performed at
room temperature, which was  about 23.0 ± 1.5 ◦C and the relative
humidity was  53 ± 3% RH. Flexibility experiments were performed
in which the sensors were bent to various degrees as their responses
were monitored as a function of the period of exposure to NO2 gas.
The bending angle was  measured using a goniometer. The sensor
response (S) was  calculated by the following equation:

S (%) = Rgas − Rair

Rair
× 100% = �R

Rair
× 100% (1)

where Rgas and Rair are the electrical resistances of the sensor in the
tested gas and air, respectively.

3.  Results and discussion

3.1.  Preparation and characterization of LBL covalent anchoring
and  in situ reduction of GO film

Fig. 2 shows the layer-by-layer procedure for covalent anchor-
ing GO onto the thiol-modified gold electrode and then reducing it
in situ using conventional peptide chemical protocols. Firstly, the
CH monolayer was chemisorbed onto the gold electrode surface,
forming a gold–thiolate bond. Then, GO was covalently anchored
to the surface of the CH-modified gold electrode by forming a pep-
tide bond: the carboxylic acid groups in the GO were activated by
EDC/NHS (peptide coupling reagent), which reacted with amine
groups in the CH-modified gold electrode to form chemical amide
bonds. Finally, the covalently GO-CH-modified electrode was fur-
ther reduced in situ by NaBH4 to yield reduced GO-CH/Au electrode
(RGO-CH/Au).

3.1.1. Microstructure of surface

.co
m.cn
The surface morphology of the LBL covalently anchored RGO film
was investigated by AFM. Fig. 4 shows the AFM of the LBL covalently
anchored RGO film on a PET substrate. The root mean square (RMS)
roughness of the LBL anchored RGO film was  10.5 nm. AFM analysis

Fig. 3. Measurement system for testing gas sensors.
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Fig. 4. AFM image of LBL

evealed that its thickness was 10–30 nm.  Fig. 5 shows the SEM
mage of the film on a PET substrate. Clearly, multi-layered RGO

ith a flakelike and wrinkled structure was covalently anchored
nto the substrate.

.1.2.  Electrochemical analysis

Electrochemical impedance spectra (EIS) were obtained to char-

cterize the interface properties of the modified electrodes. In EIS,
he diameter of the semicircle at higher frequencies in the Nyquist
iagram that was obtained by impedance spectroscopy yields the

Fig. 5. FE-SEM image of LBL covalently anchored RGO film.

www.sp

ntly anchored RGO film.

interfacial electron transfer resistance (Ret), which determines the
electron transfer kinetics of the redox probe at the electrode sur-
face. Fig. 6 plots the Nyquist diagrams of EIS of the bare Au electrode,
the CH/Au electrode and the RGO-CH/Au electrode. The bare Au
electrode exhibited a high Ret of about 37 k� because the elec-
trode comprised a pair of comb-like Au electrodes. As CH was
chemisorbed on the Au surface, the Ret decreased to a small value
about 142 � (inset in Fig. 6), owing to the formation of a conduc-
tive path by the interconnected MPA  with itself and the positively
charged amine groups of CH, which effectively attracted negatively
charged [Fe(CN)6]3−/4−, improving the electron transfer rate. When
GO was further anchored onto the surface of the CH/Au electrode
and reduced in situ by NaBH4, the curve was an almost straight line
(inset in Fig. 6), revealing a very low resistance to interfacial elec-

.co
tron transfer because of the formation of a new conductive path by
the RGO. This phenomenon clearly suggests that the RGO film was
successfully and covalently anchored onto the CH/Au surface.
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ig. 7. IR spectra of (a) GO and (b) RGO covalently anchored onto CH/Au surface.

.1.3. IR spectra
The  GO and RGO films that were covalently anchored onto the

H/Au surface were investigated by IR spectroscopy. In Fig. 7(a),
he IR spectrum of the GO that was covalently anchored onto the
H/Au surface included a peak at 3350 cm−1 attributable to the O H
tretching vibration, peaks at 1740 and 1630 cm−1 attributable to
he C O stretching vibrations, and a peak at 1357 cm−1 attributable
o the deformation of O H. Additionally, a peak at 1043 cm−1 was
ssociated with amide (C N) stretching in the GO that was cova-
ently anchored onto the CH/Au surface. The band at 1740 cm−1

as absent from spectrum of the RGO that was covalently anchored
nto the CH/Au surface (Fig. 7(b)). These results confirm that the
O was successfully covalently anchored onto the CH/Au surface
nd it was reduced to RGO by NaBH4.

.2. Electrical properties of LBL covalently anchored and in situ
educed  of GO film

Fig.  8 plots the effect of the reduction time on resistance of the
BL covalently anchored GO film. The as-prepared LBL covalently

.sp
nchored GO film exhibited a high resistance of about G� owing to
he oxygen functional groups in its basal plane and edges. The resis-
ance of the LBL covalently anchored GO film decreased gradually
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ig. 8. Effect of reduction time on resistance of LBL covalently anchored GO film.
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Fig. 9. I–V characteristics of LBL covalently anchored RGO film.

with its the reduction time up to 300 s, after which the resistance
barely changed because all of the oxygen-containing functional
groups have been eliminated [31]. Fig. 9 plots the I-V character-
istics of the LBL covalently anchored RGO film. The I–V relationship
was linear between −5 and 5 V, revealing good ohmic contact and
tunable conductivity.

3.3.  Flexibility and gas sensing properties of sensor made of LBL
covalently  anchored RGO film

3.3.1. Flexibility properties
Fig.  10 plots the flexibility characteristics of the sensor that was

made of an LBL covalently anchored RGO film. The flexibility of the
sensor was evaluated by the bending angle (�) (inset in Fig. 10). At
each indicated bending angle, the sensor was exposed to 5 ppm NO2
gas. The response (S) of the sensor decreased when it was  bent. The
response (S) of the sensor when it was  bent downward at an angle of
up to 30◦ deviated by less than 4% from that measured when it was
flat. However, deviation of the response (S) of the sensor increased
gradually to 48% as the bending angle increased up to 50◦ perhaps
because the covalent bonding between RGO and CH reduced the
flexibility of the anchored RGO film.

3.3.2. Gas sensing properties
Fig.  11 plots the real-time response (S) curves of the flexible

NO2 gas sensor to various concentrations of NO2. The response was
reversible. Fig. 12 plots the response (S) of the flexible NO2 gas sen-
sor as a function of concentration of NO2 gas. The response (S) of

.co
m.cn
the flexible NO2 gas sensor was determined after 20 min  exposure
to a given concentration of NO2 gas. This curve was quite linear
(Y = 13.86 X + 0.9921; R2 = 0.9970, where Y is the response; X is the
logarithm of the concentration, and R2 is the correlation coefficient)
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Fig. 10. Flexibility of LBL covalently anchored RGO film on PET substrate in response
to 5 ppm NO2 gas.
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NO2 plus 200 ppm NH3) reduced the electrical resistance, such that

m

ig. 12. Linear dependence of response of flexible NO2 sensor on concentration of
O2.

n the range from 1 to 20 ppm. Fig. 13 plots the real-time response
f the flexible NO2 gas sensor. The response time is defined as the
ime required for the sensor to reach 90% of the maximum change
n resistance following exposure to a given gas. The recovery time
s defined as the time required for the sensor to recover 90% of the
ecrease in resistance after it is exposed to a dry gas. The response
nd recovery times of the flexible NO2 gas sensor herein were 7
nd 28 min, respectively, at an NO2 testing concentration of 5 ppm.
dditionally, two gas on/off cycles produced similar responses,

ndicating the reproducibility of the flexible NO2 gas sensor. Fig. 14
lots the results concerning the cross-sensitivity effects of NH3,
O, H2 and H2O gases on the sensor. The sign of response (S)
ositive or negative for the considered adsorbates can be under-
tood as indicating one of two charge transfer mechanisms. In
his work, NO2 and H2O doped the LBL covalently anchored RGO
lm with holes, while NH3, CO and H2 doped it with electrons.

w.sp
herefore, the prepared LBL covalently anchored RGO film herein
xhibited the electrical behavior of a p-type semiconductor. During
he sensing process, the adsorption of electron-withdrawing NO2
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ig. 13. Reproducibility of response of flexible NO2 sensor to 5 ppm NO2 gas.
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Fig. 14. Response (S) of flexible NO2 sensor to various gases.

molecules compensates for the hole carriers in p-type RGO, causing
the electrical resistance of the LBL covalently anchored RGO film
to decrease with concentration of NO2 [32–34]. This conclusion
is consistent with both theoretical calculations and experimen-
tal observations that have been made by other groups [18,32–34].
The electrical resistance of the LBL covalently anchored RGO film
decreased when the film was exposed to water vapor (humidity).
The issue can be analyzed by considering two main effects. First, as
the relative humidity (RH) is low, leading to the little water vapor
adsorbed on RGO film and formed a dipole layer with the nega-
tive charges toward the RGO. The role of water vapor looks like
as an oxidant (electron–acceptor), too much exposure with water
vapor will cause the increase of hole density for RGO film, resulting
in a significant decrease of electrical resistance in LBL covalently
anchored RGO film [32–37]. Second, by further increasing the RH,
the multilayered physisorbed water molecules will be formed on
the surface of LBL covalently anchored RGO film, resulted in the
formation of proton (H+) and hydroxyl ions (OH−) by dissociation
process. Therefore, it was  believed that the conductivity increase
(resistance decrease) of the LBL covalently anchored RGO film was
due to ionic contribution at high RH [38,39]. Generally, the sensing
principle of the LBL covalently anchored RGO film was based on the
electronic and ionic conductivity in the low and high RH, respec-
tively. The response (S) to the CO, H2 and H2O gases was in each case
small such that these gases may  be regarded as having undetectable
cross-sensitivity effects with NO2. However, the sensor exhibited a
strong response (S) (10.7) to 200 ppm of NH3 gas so that the NH3
gas was used herein as the interfering gas. Fig. 15 plots the response
curve of the flexible NO2 gas sensor upon exposure to a binary gas
mixture of an increasing concentration of NO2 gas and 200 ppm of
the interfering gas NH3. The electrical resistance of the sensor was
reduced by exposure to NO2 gas, but it increased upon exposure
to NH3 gas. Exposure to the selected binary gas mixture (5 ppm

.co
m.cn
the interaction of the NO2 gas with the LBL covalently anchored
RGO film dominated under these conditions. Therefore, at an NH3
gas concentration of below 200 ppm, NH3 gas may  be regarded as
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Table 1
Flexible NO2 sensor performance of this work compared with the literatures.

Sensor substrate Sensor type Fabrication method Sensing material Responsed (%) Flexibility References

PET Flexible LBL-anchoreda RGO 11.5e 4%g This work
PET  Flexible LBL-SAb MWCNTs 10.3e 2%h [24]
PET  Flexible CVDc Graphene 22.7f 7.7%i [17]

a Layer-by-layer combined with a peptide chemical protocol.
b Layer-by-layer self-assembly.
c Chemical vapor deposition.
d The response was defined as the absolute value of response (S) under flat condition.
e The sensor in response to 5 ppm NO2 gas.
f The sensor in response to 200 ppm NO2 gas.
g The flexibility was defined as the deviation of the response (S) of the sensor was bent downward at an angle of up to 30◦ in relation to the measurement made when it is

flat  in a testing concentration of 5 ppm of NO2.
h The flexibility was  defined as the deviation of the response (S)of the sensor was bent downward at an angle of up to 60◦ in relation to the measurement made when it is

flat  in a testing concentration of 5 ppm of NO2.
i The flexibility was  defined as the deviation of the resistance of the sensor was at a s

calculated by the equation: S = d/2r × 100 (%), where d is the thickness of the film and r is 
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ig. 16. Long-term stability of flexible NO2 sensor exposed to 5 ppm NO2 gas.

aving undesirable cross-sensitivity effects with NO2 gas at con-
entrations above 5 ppm. Moreover, these results reveal how the
nterfering gas NH3 affects the limit of detection (LOD) of a target
O2 gas in a real-world binary gas mixture, especially when the
oncentration of NO2 gas is low. The NO2 detection limit in a binary
ixture with 200 ppm NH3 was 5 ppm. Fig. 16 plots the long-term

tability of the flexible NO2 gas sensor. This sensor retained 86% of
ts original response even after 43 days in a testing concentration of

 ppm of NO2. Table 1 compares the NO2 gas sensing properties of
he presented flexible NO2 sensor with those of sensors in our previ-
us work [24] and elsewhere in the literature [17]. The response (S)
nd flexibility of the flexible NO2 sensor that made of an LBL cova-
ently anchored RGO film were greater than those of the sensor that

as made of the graphene film grown by chemical vapor deposition
ethod (CVD-graphene). However, the flexibility of the flexible
O2 sensor that was made of the LBL covalently anchored RGO
lm was slightly less than that of the sensor that was made of the
WCNTs film by LBL-SA because two-cycle poly(4-styrenesulfonic

cid-co-maleic acid)/poly(allylamine hydrochloride) (PSSMA/PAH)
ilayers (precursor layer) were deposited on the substrate in the

atter sensor, improving its flexibility.

. Conclusions

FTIR and EIS analyses revealed that a novel flexible NO2 gas
ensor was successfully fabricated by the layer-by-layer covalent
nchoring of a GO film and its reduction in situ to an RGO film on

 modified PET substrate. Microstructural observations revealed
hat a multi-layered flakelike RGO film was covalently anchored

www.sp
nto the PET substrate. The novel flexible NO2 gas sensor exhib-
ted satisfactory flexibility (with only a 4% deviation in response
S) when the sensor was bent downward at an angle of up to 30◦),

 strong sensitivity and acceptable linearity (Y = 13.86 X + 0.9921;

[

train (S) of 1.39% in a testing concentration of 200 ppm of NO2. The strain (s) was
the radius of curvature.

R2 = 0.9970) between 1 and 20 ppm, high reproducibility and long-
term stability (for at least 43 days). The response and recovery times
of the sensor were long. CO, H2 and H2O gases may  be regarded
as having unobvious cross-sensitivity effects with NO2. However,
the NH3 gas observably influenced the response (S) of the NO2 gas
sensor especially to low concentrations of NO2 gas (< 5 ppm). The
NO2 detection limit in a binary gas mixture with 200 ppm NH3 was
5 ppm. The novel flexible gas sensor exhibited satisfactory sensing
properties in the detection of NO2 gas and can be practically used
because of the ease and low cost of its fabrication.
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