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In this work, a solid polymer electrolyte (SPE) doped with carbon nanotubes (CNTs) was

used as a gas sensing material for a NO2 gas sensor. The electrolytes consisted of the

ionic liquids (ILs) and CNTs, which were immobilized in a poly(vinylidene fluoride) (PVDF)

matrix. The SPEmembranes were characterized by scanning electronmicroscopy (SEM),

X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR),

and cyclic voltammetry (CV). The experimental results show that the addition of an

appropriate amount of CNTs can appropriately improve the electrochemical performance

of the SPE membrane. It was shown that NO2 gas sensors with an appropriate amount

of CNTs added to their SPEs had a higher gas sensitivity than those with SPE containing

no CNTs. When the mass ratio of PVDF, N-methyl-2-pyrrolidone (NMP), IL, and CNT was

1:4:1:0.08, the SPE showed the best gas sensitivity, and its sensitivity is 0.00275 V/ppm.

Keywords: poly(vinylidene fluoride), ionic liquids, solid electrolyte, carbon nanotubes, NO2 gas sensor

INTRODUCTION

From serious and widespread acid rain to photochemical smog events, NO2 is becoming more and
more harmful to humans and nature. Therefore, the detection of NO2 gas is of great significance for
environmental monitoring (Mizutani et al., 2005). There are many types of sensors available on the
market today (Morón et al., 2015). These include, for example, electrochemical and optical sensors
(Campbell and Collins, 1997; Bakker andQin, 2006) and potentiometric sensors (Nakamaya, 2001).
Electrochemical sensors, which use electrochemical principles to detect and measure a wide range
ofmaterials, are numerous and important (Nádherná et al., 2012). Electrochemical sensors are often
used for the detection of gases, including NO2, NH3, H2O, and CO (Benvidi et al., 2017).

Sensitive materials are used for electrochemical sensors, including metal nanoparticles, carbon-
based nanomaterials, inorganic compounds, and electrolytes. The sensitive materials that are
currently widely used, and their performances are shown in Table 1. Electrolytes are often used
as sensitive materials in gas detection. Electrochemical gas sensors can be divided into two groups:
the first group comprises sensors with liquid-phase electrolytes, and the second includes solid-
state electrolytes (Kuberský et al., 2013). Conventional electrochemical sensors have problems
with liquid electrolyte leakage, which can affect the functioning of the sensor and shorten its life.
Sensors with solid polymer electrolytes (SPE) do not suffer from electrolyte leakage (Varshney et al.,
2003). Generally, SPEs are composed of polymers and a solid solution of inorganic salts embedded
in polymer matrices. It is often advantageous to replace classical, liquid electrolytes in sensors
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TABLE 1 | The properties of sensitive materials.

Sensitive materials Examples Properties References

Carbon-based nanomaterials CNT, GO, etc. Large surface area; Adsorbed electron. Rehman and Zeng, 2012

Metal nanoparticles Ag, Au, Cu, Pd, Pt, etc. Good conductivity Zhong et al., 2017

Metal oxide nanomaterials WO3, ZnO, etc. Unique sorbents, catalysts, reducing agent;

Stability; Unique physical and chemical properties;

Excellent antibacterial activity.

Sarkar et al., 2012

Solid electrolyte Solid electrolyte containing ionic liquid, etc. Non-volatile, wide electrochemical window Jacek et al., 2016

with solids that exhibit ionic conductivity (Kitzelmann and
Deprez, 1984). However, the poor compatibility of polymers
with most inorganic salts often leads to low ionic conductivity
(Yang et al., 2014). Solid electrolytes doped with ionic liquids
(ILs) also exhibit low ionic conductivities. Therefore, it is
necessary to further increase the conductivity of SPEs to
meet the current needs of sensors (Ibrahim et al., 2012). In
order to improve the conductivity of the SPEs, it has been
proven that the addition of a conductive additive is one
of the most effective methods (Moalleminejad and Chung,
2015). Carbon nanotubes (CNTs) have high conductivity, low
resistivity, and high stability (Morishita et al., 2011) and can
be used as additives. They are used in many applications,
such as supercapacitors and solar energy, and are good
substrates for manufacturing high-efficiency electronic devices
(Cheng et al., 2011). CP composites of carbon nanomaterials
represented by multi-walled carbon nanotubes have been
successfully applied to electrochemical sensors, as shown in
Table 2. Carbon nanomaterials exhibit good performance
in sensors. Xiao et al. (2014) demonstrated the preparation
of Poly[(vinylidenefluoride)-co-hexafluoropropylene]-based
composite polymer electrolyte (CPE) membranes that were
doped with various amounts of CNTs. It is clear that adding
an appropriate amount of CNTs into the polymer matrix can
enhance the ionic conductivity. An approach to the preparation
of gas sensors is the use of SPE, in which the ionic liquid and
carbon nanotubes are immobilized in the polymer matrix
(Kuberský et al., 2015).

In the work reported here, CNTs were successfully used in
SPE. Ionic liquids and CNTs were immobilized in a blend of
poly(vinylidene fluoride) (PVDF) and 1-methyl-2-pyrrolidone
(NMP). Different doping amounts of carbon nanotubes were
chosen, and their physical and chemical properties were
characterized using a number of techniques. When the ratio
of PVDF:NMP:IL:CNTs was 1:4:1:0.08, the as-prepared SPEs
presented excellent properties for practical applications.

MATERIALS AND METHODS

Materials
Polyvinylidene fluoride was obtained from Shanghai Aichun
Biological Technology Co., Ltd. 1-methyl-2-pyrrolidone
was bought from Shanghai Zhanyun Chemical Co., Ltd.
Carbon nanotube dispersion (the carbon tube content being
8 wt%) was purchased from Suzhou Carbon Technology

Co., Ltd. 1-ethyl-3-methylimidazolium tetrafluoroborate was
purchased from Shanghai Aichun Biological Technology Co.,
Ltd. All the purchased reagents were used without further
purification. Polyethylene terephthalate was obtained from
Bleher Folientechnik GmbH. Carbon paste conductive ink was
bought from Ten Printing Equipment Technology Co., Ltd.
Diazo photosensitive adhesive was bought from Shenzhen Jinfei
Screen Printing Equipment Co., Ltd.

Printing of the Three-Electrode System
With the use of computer-aided design (CAD) software, an
interdigitated three-electrode system was drawn to obtain a
digital file. The obtained digital file was made into a positive
film piece, and the film piece was closely attached to a screen
plate coated with diazo photosensitive adhesive and irradiated
with UV light for 180 s in a plate-printing machine. Then, the
unirradiated photosensitive light was washed off with a water
gun. An interdigitated three-electrode system was printed on a
polyethyleneterephthalate (PET) transparent plastic film using a
treated screen plate. Screen printing was used for printing the
interdigital three-electrode system. Conductive carbon paste ink
was used for the printing of the electrode.

Preparation of Carbon Nanotube-Doped
Polymer Electrolyte
SPE without CNTs was prepared in the laboratory. The SPEs
consisted of an IL:PVDF:NMP weight ratio of 1:1:4, which
were stirred and dispersed for 20min. The suspension prepared
above was placed in a vacuum drying oven and heat-treated
at 80◦C to obtain a transparent plastic polymer, which was a
solid electrolyte. PVDF was used as the polymer matrix and
NMP as the solvent of the PVDF. Ionic liquids that had suitable
properties for the formation of the SPE layer were immobilized
in the PVDF matrix. Based on the solid electrolyte prepared in
our laboratory, CNTs were incorporated, with the ratio of PVDF,
NMP, and ionic liquids remaining basically the same with varied
doping amounts of CNTs. Since the CNT dispersion contains
NMP, the amount of NMP actually added will be reduced,
and the total amount will remain unchanged. PVDF,1-ethyl-3-
methylimidazolium tetrafluoroborate ([Emim][BF4]), NMP, and
CNT dispersion were dispersed for 20min at a certain mass
ratio at room temperature until PVDF was completely dispersed,
and a black suspension was obtained. The suspension prepared
above was placed in a vacuum drying oven and heat-treated at
80◦C to obtain a plastic polymer, which was a solid electrolyte.
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TABLE 2 | CP composites containing carbon nanomaterials have been successfully applied to electrochemical sensing.

Carbon nanomaterial Polymers Method Linear range Detection

limit (µmolL −1)

References

MWCNT Poly(2,5-dimethoxyaniline) DPV 1–5 mmolL−1 – Ragupathy et al., 2011

MWCNT Polymethylene blue CA 100 µmolL−1
−3 mmolL−1 21.7 Peñ et al., 2011

MWCNT Poly(neutral red) CA 55–800 µmolL−1 4.0 Carvalho et al., 2010

MWCNT PANI CA 50–385 µmolL−1 38 Sabzi and Rezapour, 2010

MWCNT Poly(3-methylthiophene) CA 0.5–20 µmolL−1 0.17 Agui et al., 2007

MWCNT Polytaurine DPV 1 µmolL−1
−0.1 mmolL−1 0.5 Wan et al., 2009

DPV, differential pulse voltammetry; CA, chronoamperometry.

In order to find the optimum content of CNTs, four groups
of experiments were carried out by doping different amounts
CNTs in an SPE. The ratios of PVDF:NMP:IL:CNTs used were
1:4:1:0.16, 1:4:1:0.12, 1:4:1:0.08, and 1:4:1:0.04. The synthesis of
CNT-doped solid electrolyte is shown in Figure 1A.

Sensor Fabrication
The solid electrolyte was uniformly coated on the printed
interdigital three-electrode and allowed to stand at room
temperature for 24 h. Then, the hydrophobic-gas-permeable
membrane was covered on the working portion of the gas sensor
coated with the solid electrolyte, that is, the NO2 sensor. The
sensor preparation process is shown in Figure 1. The structure
of the prepared gas sensor is shown in Figure 2A.

Measurement Setup
The gas sensing test system consisted of a closed air chamber, a
potentiostat, an amplifying circuit, a signal collecting device, and
an exhaust-gas-collecting device. The closed glass container used
was a self-contained closed air chamber. In the airtightness test, a
constant potentiometer was used to provide a constant potential
to the gas sensor. First, nitrogen gas was introduced to discharge
the interfering gas, and then a quantitative concentration of NO2

was introduced. After the gas sensor detected the NO2, the data
were collected. When collecting the data on the computer side,
the obtained current signal was converted into a voltage signal.
Then, the obtained voltage signal was amplified by an amplifying
circuit, with the measurement setup shown in Figure 2.

Characterization Methods
Scanning electron microscopy (SEM, SU-8010, Hitachi, Japan)
was applied to observe the morphologies of the SPE films.
Fourier-transform infrared (FTIR) spectra were recorded on
the sample/KBr-pressed pellets using Avatar380 (Thermo Fisher,
USA) at room temperature. The chemical compositions of
the solid electrolyte surfaces were determined by X-ray
photoelectron spectroscopy (XPS) carried out on an AXIS
ULTRA (KRATOS, UK) with an Al Kα X-ray source at 10
kV and 10mA. Cyclic voltammetry (CV) was performed on
an electrochemical work station (AUT86832), purchased from
Metrohm China Ltd.

RESULTS AND DISCUSSION

SEM Analysis
The surface structure of the solid electrolyte membrane after
the addition of the ionic liquid is shown in Figures 3a,b.
The surface of the solid electrolyte membrane which is not
doped with CNTs is relatively flat, and there are small-
sized pores on the surface. The pores on the surface of the
membrane is not rich. Such pores have the capability to
retain ionic liquid in them (Kumar and Hashmi, 2010). The
surface structure of the solid electrolyte membrane after the
addition of CNTs is shown in Figures 3c,d. As can be seen
in Figure 3c, there are more pores on the surface. The bright
features are caused by the electrostatically charged edges of the
structure, and the high electrical conductivity of the carbon
nanotubes may also cause this result (Chen et al., 2015).
As shown in Figure 3d, it was found that the white traces
of MWCNTs were still well-dispersed in the PVDF matrix
(Wang et al., 2017). The solid electrolyte doped with carbon
nanotubes (PVDF/IL/CNTs) film encapsulates the flowing ions
and can be used directly as a solid thin film electrolyte without
further processing.

XPS Analysis
XPS was used to evaluate the atomic element information of
the solid electrolyte membrane, as shown in Figures 4A,B. The
undoped carbon nanotubes (PVDF/IL) and the CNT-doped solid
electrolyte (PVDF/IL/CNTs) were composed of four elements, C,
N, O, and F, and the spectrum shows prominent C1s and F1s
peaks. The elemental analysis of the solid electrolyte membrane is
shown in Table 3. The F element content of the CNT-doped solid
electrolyte membrane increased, while the C element content
decreased, and the F1s/C1s ratio increased from 0.11 to 0.47.
Thismeans that additional fluorine-containing polar groups were
introduced after doping with the CNTs, which may be the result
from solvents or residual organic groups in the commercially
available CNT dispersions. The X-ray photoelectron spectrum of
C, N, and O of undoped and doped CNTs samples are shown
in Figures 5A–C, 6A–C, respectively. C1s core level spectra of
undoped and doped CNTs samples are displayed in Figures 5A,
6A. The sample of undoped carbon nanotubes is C=C bond at
284.9 eV. At 286.5 eV is the C=N bond due to the ionic liquid.
The oxygen-bonded carbon at 288.5 eV can be derived from the
solvent during the preparation process. The peak at 290.4 eV
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FIGURE 1 | The sensor preparation process: (A) the synthesis of CNT-doped solid electrolyte.

FIGURE 2 | The measurement setup: (A) the structure of the prepared gas sensor [the numbers in the figure are marked as follows: (1) working electrode, (2)

reference electrode, (3) auxiliary electrode, (4) solid polymer electrolyte (SPE), (5) PET film substrate, and (6) the hydrophobic-gas-permeable membrane].

corresponds to the carbon bonded in -CF2- (Chakradhar et al.,
2014). The sample doped with CNTs is C=C bond at 284.3 eV.
At 286 eV is the C=N bond due to the ionic liquid. This oxygen-
bonded carbon at 288.3 eV can be derived from the solvent
during the preparation process. The peak at 290.2 eV corresponds
to the carbon bonded in -CF2- (Chakradhar et al., 2014). These
peaks are consistent with the main chemical composition of the
synthesized undoped CNTs samples. This result confirmed that
IL, MWCNT and PVDF did not produce new binding energy

after mixing. In the high-resolution spectra of N1s and O1s, as
shown in Figures 5, 6, respectively. The core level spectra of N1s
of the doped CNTs and undoped CNTs are located at 401.5 and
401.7 eV, respectively. This is attributed to the nitrogen portion of
the C=N bond in the IL. The core level spectra peaks of the solid
electrolyte O1s doped with CNTs and undoped CNTs are located
at 531.7 and 532.3 eV, which is attributed to the oxygen portion of
the C=O bond in the solvent. These peaks confirmed the binding
energy shown in Figures 5A, 6A.
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FIGURE 3 | SEM images of PVDF/IL (a,b) and PVDF/IL/CNTs (1:4:1:0.08) (c,d) with different magnifications of 5000× (a,c) and 30,000× (b,d).

FIGURE 4 | X-ray photoelectron spectrum of PVDF/IL (A) and PVDF/IL/CNTs (B).

TABLE 3 | XPS surface element analysis of solid electrolyte.

Samples C1s (%) O1s (%) F1s (%) N1s (%)

PVDF/IL 79.48 9.44 8.46 2.62

PVDF/IL/CNTs 59.37 8.44 27.96 4.24

FTIR Analysis
FTIR was used to characterize the functional groups of the solid
electrolyte membrane. It can be seen in Figure 7B that the broad
peak around 3,400 cm−1 corresponds to the O-H stretching
vibration of water (Nawanil et al., 2013). The peak at 3,078 cm−1

is derived from the tensile vibration of C-H on the imidazole
ring. The peaks at 2,078 and 1,408 cm−1 are attributed to the
tensile vibration of C=N and C-N in the IL, respectively. The

peak at 1,637 cm−1 is the tensile vibration peak of C=C, which
may also be the vibration peak of C=O, attributed to the NMP
solvent. It can be seen in Figure 7A that the peak at 3,624 cm−1 is
attributed to the tensile vibration of O-H, and the peaks at 3,164
and 3,123 cm−1 are the stretching vibration absorption peak of
C-H on the imidazole ring. The peak at 1,668 cm−1 is related to
the C=C extension of the CNTs (Ramesh et al., 2006). The peaks
at 1,573 and 1,403 cm−1 are attributed to the tensile vibrations
of C=N and C-N of [Emim][BF4]. The peak of 1,454 cm−1

corresponds to the vibration of either -CH3 or -CH2. The peak
at 1,049 cm−1 is a tensile vibration of C-F derived from PVDF.
We found that in the infrared of the doped IL and CNTs solid
electrolyte, a prominent peak corresponding to IL was observed,
indicating the presence of IL on the surface of the MWCNTs and
possible interaction with the MWCNTs. The peak at 1,230 cm−1

corresponds to the antisymmetric stretching of CF3. The peak at
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FIGURE 5 | X-ray photoelectron spectrum of the C1s (A), N1s (B), and O1s (C) for PVDF/IL.

FIGURE 6 | X-ray photoelectron spectrum of the C1s (A), N1s (B), and O1s (C) for PVDF/IL/CNTs.

1,168 cm−1 is the characteristic imidazole peak (Sharma et al.,
2014), which confirms the presence of IL. In summary, it can be
seen from the peaks in Figures 7A,B that the carbon nanotubes
and the ionic liquid have a certain interaction and are filled into
the PVDF.

CV Analysis
In previous studies of energy storage devices, CV was the most
reasonable method for testing and analyzing the behavior of
material capacitance (Kumar et al., 2012). Figure 8 shows a cyclic
voltammetry characteristic curve after doping with different
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FIGURE 7 | FTIR spectra of (A) solid electrolyte doped with carbon nanotubes

and (B) solid electrolyte without carbon nanotubes.

amounts of CNTs. The samples were scanned at a high rate
of 80 mV/s. The electrochemical properties of PVDF/IL/CNTs
electrolyte membranes were investigated using a CV test between
the potential ranges of −1.5 and 1.5. It is well-known that as the
closed region of the CV curve is larger, the specific capacitance of
the sample is expected to be larger (Xing et al., 2006). As can be
seen in the figure, the solid electrolytemembrane having a ratio of
1:4:1:0.08 in Figure 8B showed better capacitance than the other
samples. The closed area under the CV curve of Figures 8C,D
is quite small, indicating a very low specific capacitance. This
may be due to an increase in the relative content of the
CNTs, resulting in a decrease in dispersibility in the dispersion,
affecting the transport of electrons. Therefore, we conclude
that adding an appropriate amount of CNTs is beneficial to
increase the capacitance. A solid electrolyte membrane having
a doping ratio of 1:4:1:0.08 showed good sensitivity in later gas
sensor applications.

Effect of the Doping Amount of Carbon
Nanotubes
The detection of nitrogen dioxide by a current sensor
having a polymer electrolyte is relatively well-known, and
a specific redox reaction occurs on the electrode (Altšmíd
et al., 2015). The focus of this work is on systematic studies
of the four doping amounts of CNTs described above. All
sensors with different amounts of CNTs inserted into the
SPE were prepared according to the procedures described in
the sections above. Each SPE layer with a particular carbon
nanotube concentration was formed under the same thermal
conditions (80◦C) to eliminate the possible effects of thermal
conditions on sensor characteristics. Sensitivity was calculated
from the calibration curve of a particular sensor (Figure 9).
As can be seen from Figure 9, among all other ratios, the

FIGURE 8 | CVs of PVDF/IL/MWCNTS SPEs with different MWCNT contents.

FIGURE 9 | Dependence of sensor voltage on NO2 concentration for different

MWCNT (Sample b, c, d, and e) contents in SPE and solid electrolyte without

MWCNT as a blank control (sample a).

gas sensitivity of the ratio of 1:4:1:0.08 is clearly the best,
and its sensitivity is 0.00275 V/ppm. Therefore, we conclude
that adding a proper amount of CNTs can improve the gas
sensor sensitivity.

CONCLUSIONS

A novel PVDF/IL/CNTs SPE for an electrochemical NO2

sensor was successfully prepared. Electron microscopy of carbon
nanotube-doped solid electrolytes showed that MWNT and
IL were well-dispersed in the matrix, which has important
practical significance for the preparation of solid electrolytes.
A uniform SPE film was prepared by adjusting the CNT
contents. The PVDF/NMP/IL/CNTs (1:4:1:0.08) SPE film has
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a good wide electrochemical window (∼3.0V), and the solid
electrolyte membrane with a ratio of 1:4:1:0.08 has good
capacitance. In the initial application of the NO2 sensor, a
solid electrolyte application with a ratio of 1:4:1:0.08 exhibited
high sensitivity in the sensor, and its sensitivity is 0.00275
V/ppm. Further improvements to the electrochemical NO2

sensor can be expected by optimizing the preparation of the
solid electrolyte.
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