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Abstract
Nanocomposites of polypyrrole/reduced graphene oxide (PPy/rGO) and polypyrrole/ functionalized
reduced graphene oxide with aryl 4-carboxybenzene diazonium salt (PPy/rGO-aryl-COOH) were prepared
through covalent bonding by simple one-step chemical oxidative synthesis. The as-prepared
nanocomposites were deposited on BOPET substrate by spin coating to test their chemiresistive
sensitivity properties on a homemade modular for online detection of (NO2) vapors at ambient
temperature. Results showed that PPy/rGO-aryl-COOH forms a homogeneous nanocomposite within the
size of 80 nanometers and improvement of the crystalline ordering. The more enhanced NO2 sensing
properties have been shown by PPy/rGO- aryl-COOH in terms of higher sensitivity (1.01%/ppm), the faster
response time (129 s), and the detection limit of (2ppm). Reproducibility features were also investigated.

Moreover, humidity rates and temperature effects were also tested. Finally, impedance spectroscopy is
conducted in the fresh air and in the presence of gas. These results highlight the paramount role of
functionalization of reduced graphene oxide (rGO-aryl-COOH).

1. Introduction
As widely reported through the literature, polypyrrole/graphene nanocomposite is being used in numerous
�elds such as chemical sensing [1-3], biosensing [4], energy storage and energy conversion [5],
electromagnetic absorption [6], and corrosion protection [7] owing to their synergetic effects resulting in
improved properties. These features have brought out attention, particularly in the chemical sensing �eld,
through preparing novel materials and sensitives elements attempting to detect nitrogen dioxides (NO2).
(NO2) gas is known for its high toxicity to the environment when getting in contact with oxygen, water,
and human health by developing susceptible respiratory infections leading to death. Rules and
environmental restrictions have increased the need for its detection at low concentrations, particularly for
controlling emissions from different processes [8].

Moreover, NO2 is one of the decomposition products of nitrate ester energetic materials, causing an
alteration in their physical and chemical performance properties, leading to auto-ignition under particular
conditions occasioning signi�cant damages. Therefore, rapid sensing of NO2 at the ppm level is cruelly
needed to overcome all the above-cited problems and anticipate catastrophes. The advanced of the
existing sensors based on metal oxides is braked by their high functioning temperatures, reducing their
lifecycle stability and making them highly power harvesting. Thus, the present work comes to place a
patch in the puzzle by preparing new nanocomposite material and exploring the surface functionalization
in�uence on the expected sensing properties toward nitrogen dioxide.

Polypyrrole (PPy) is attracting more interest from day to day in raison of its rapid and facile synthesis, by
chemical, electrochemical, or irradiation techniques (UV, microwaves, and sonochemistry), its electrical
conductivity, reduction-oxidation property, and good long-lifetime at room temperature [9]. Moreover, the
modi�cation of dopant nature can quickly help to tune the morphology, surface area, and electrical
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properties in the desired applications [10-12], such as gas sensors, lower detection limit, rapid response
time, and improved sensitivity is highly required. Although of all what has been experienced about the
dopant role in the gas sensors �elds [13], there are always some drawbacks that need to be improved.
Thus, efforts are now oriented to combining polymers with another nanomaterial to reach more
perfection by seeking the synergetic effect and new functionality raising from the two materials.
Literature is full of reports, where different strategies of preparing PPy nanostructure with different metals
types such as PPy-Ag [14], PPy-Pt [15], PPy-TiO2 [16], PPy-ZnO [17], PPy/ZnO-SnO2 [18]; PPy-NiO [19], PPy-
WO3[20], PPy-Fe2O3 [21], to name but few, have been reported. However, carbon-based nanomaterials,
particularly graphene, have attracted much attention owing to the outstanding feature [22], and high
chemical stability, making them usable as added charges to conduct sensing processes. Therefore,
acceptable sensing performances have been stated when graphene-based gas sensors were used [23,24].
The synthesis of PPy-graphene nanocomposite is divided into two groups: (i) the addition of graphene
into the already prepared polymer solution and (ii) in situ addition of graphene during the polymerization
reaction. However, the associated problem in these cases is the agglomeration of graphene in the
polymer matrix. Therefore, dispersion in organic and aqueous solutions is enhanced by their surface
functionalization. Numerous approaches were recommended to tie conductive polymers and graphene.
For instance, primeval or oxidized graphene [25], sulfonated graphene was directly polymerized with
pyrrole. Recently, reports are portraying new methodologies using diazonium salts as a combination
agent [26]. The straightforwardness of procedures has made using diazonium salts a well-dressed
technique for treating various surfaces such as semi-conductor, metals, and sp2 carbon. In addition to
what aryl diazonium salts could control the interfacial properties, they will increase dispersion in solution.
Thus, in the polymer matrix, they will also offer various functional groups to the host polymer to edge
sensing. The main descriptions of PPy-graphene nanocomposites preparation are related to their powder
form [27]. However, for emerging flexible devices, PPy-Graphene films need a direct deposition onto the
flexible substrates. Due to the di�culty of handling such nanocomposite, many procedures were
adopted, ranging from the in-situ deposition such as chemical and electrochemical to the ex-situ ones,
such as dip coating, spin- coating and drop- coating [28]. Electrochemical techniques have a drawback,
as they need electrically conductive substrates, and �lms obtained from chemical methods suffer from
the worst homogeneity, whereas spin coating is simple process providing a deposition of homogeneous
thin nanocomposite �lms on a large variety of insulating substrates with controlled thickness [29].

Hereby, we describe a one-stage synthesis of nanocomposite material based polypyrrole (PPy)/ reduced
graphene oxide-grafted carboxybenzene-diazonium salts (PPy/rGO-aryl-COOH). Then, we report a
comparison of NO2 sensing on two types of PPy nanocomposites films chemically polymerized with only
reduced graphene oxide rGO and others with functionalized reduced graphene rGO-aryl-COOH, and
deposited on indium tin oxide (ITO) substrates using spin coating technique. We demonstrate that
diazonium functionalized reduced graphene oxide improves the exfoliation and dispersion in the solution
and provides a larger molecular function to make PPy-rGO-aryl-COOH exhibiting a larger response to NO2

gas at room temperature (at (ppm) level). Moreover, it shows reversible behavior and stability, which
might be offering it a longer working life.
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2. Experimental
2.1 Ingredients

Pyrrole obtained from (Sigma-Aldrich, within a purity>98%) was re�ned under reduced pressure and then
refrigerated at 4°C in the dark. Ammonium Peroxydisulfate and HCl were purchased from Analar
Normapur within a respective purity of 98 % and 37%. Analytical grade solvents and deionized (DI) water
were used throughout the preparations. Merck supplied sulfuric acid (H2SO4) (98%), Potassium
permanganate (KMnO4) (98%), and phosphoric acid (H3PO4) (85%), Graphite �ne powder extra pure (≥
99.5 %, particles size < 50 µm), and hydrogen peroxide (H2O2) (30%) were acquired from Sigma-Aldrich.
4-Aminobenzoic acid (Reagent Plus®, ≥99 %), Isopentyl nitrite (96%) is purchased from Sigma Aldrich.
The BOPET substrates (thickness, 25μm) from Sigma-Aldrich. Pieces sizes at 30 mm × 10 mm to carry
out the surface washing. Sheets were cleaned using chloroform, DI water, and ethanol in the ultrasonic
bath for 30 min, and then dried out at 70 °C for 4 h.

2.2 Techniques

Spin coater type Ossila is used to prepare thin �lm layers. FTIR spectrometer type Thermo-Scienti�c
Nicolet 8700 used 4000-400 cm-1 wavenumber with a resolution of 4 cm-1, over 50 scans. Raman
diffusion was performed on Thermo-Scienti�c (RAMAN DXR2) spectrometer. X-ray diffraction (XRD) was
realized using a diffractometer type X'Pert PRO (PANalytical) at 45 kV and Cu monochromatic radiation
at (1.54060 A) wavelength, scanning was in the range of 5° to 90°. SEM images were captured on
Microscope type (FEI-Quanta 600). Four-point probe technique type Jandel RM 3000 was used to
measure �lms electrical conductivity.

2.3 Graphene oxide (GO) preparation

The graphene oxide (GO) was synthesized according to the improved methods described in work given in
[30]. A mixture of H2SO4/H3PO4 at a ratio of (360:40 mL) was added to an already prepared solution of
graphite (3.0 g, 1 wt equiv) in KMnO4 (18.0 g, 6 wt equiv), generating a rise of temperature to 40 °C. The
reaction was then heated to 50 °C and kept under stirring for 12 h. The reaction cooled to room
temperature. Residual permanganate was reduced by adding 3 mL of 30% H2O2 to the suspension, and
subsequently, the mixture changed its color from brown to yellow. Finally, �ltration and washing were
done with aqueous HCl solution (1:10: HCl: H2O) and then distilled water. The resulting solid was dried
under air for 20 h to obtain GO.

2.4 Preparation of reduced graphene (rGO)

100 mg of GO was mixed with (100 mL), and then sonicated. The solution was mixed with hydrazine
hydrate (1.00 mL, 32.1 mmol) and then re�uxed for 24 h until rGO start to precipitate out. The obtained
product was �ltrated, washed with water (5X) and methanol (5X), and then dried [31].
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2.5 In-situ functionalization of reduced graphene oxide with aryl 4-carboxybenzene diazonium salt (rGO-
aryl-COOH)

 The occurrence of Diazonium functionalization was according to the literature's method and our earlier
works [32,33]. An aqueous solution of 1 g of synthesized GO in 250 mL of de-ionized water, was
sonicated for 30 min, then 5 mL of 50% hydrazine hydrate was dropped. Later, the mixture was subjected
to stirring for 4 hours at 100 °C. Diazonium salts was in-situ grafted on the rGO, where 4 g of 4-
aminobenzoic acid and 3 mL of isopentyl nitrite were vigorously mixed at 80 °C overnight. The obtained
product was �ltered and washed with water, followed by dimethylformamide. The black solid eventually
dried under high vacuum conditions.

2.6 Synthesis of Polypyrrole/rGO-aryl-COOH nanocomposites

Figure 1 shows the different steps of polypyrrole/rGO-aryl-COOH nanocomposites preparation. Dispersion
of 4 mg of rGO-aryl-COOH in 50 mL of methanol was assisted by ultrasonication for 30 min. Then, 2.23 M
of pyrrole was dropped into the solution under continuous ultrasonication for 30 min. While the
temperature was maintained close to the range of 0 °C to 5°C, the quantity of 2.5 M of FeCl3 was
progressively introduced to the mixture of pyrrole and rGO-aryl-COOH then kept under forceful stirring for
6 h. PPy can be grown on the surface of functionalized reduced graphene oxide due to the susceptible
hydrogen bonding raising between the carboxybenzene functionalized reduced graphene oxide and
polypyrrole. Finally, the obtained nanocomposite was �ltered, washed, then dried in a vacuum. The same
steps were followed for the preparation of both of PPy/rGO nanocomposite.

2.7 Nanocomposites thin �lms preparation for sensing tests

After the dispersion of 0.1 g of each PPy nanocomposite with rGO and rGO-aryl-COOH in acetone under
the effect of ultrasonic waves for 30 min, they were then dropped on BOPET to be spin-coated at 1000
rpm for 60 s. Finally, residual acetone was evaporated at 40 °C. As shown in �g.2, obtained �lms were of
homogeneous continuous coating and thickness of 10±1 μm.

2.7 Chemiresistive sensor system set up

Homemade platform was used to carry out the sensing tests. A legend in Fig. 4 depicts all the related
details. Flexible polymer nano-composite placed on mobile piston through a polyethylene tube
possessing an inner volume of 60 mL. Set on the top of the tube, a Four-point probe connected to device
type Jandel RM3000 for online electrical conductivity measurement. Samples are inserted through a
small puncture using a microliter syringe (contact point). We produced the environmental humidity by
simple evaporation of distilled water directly connected to the test compartment. The experiments were
conducted at temperatures around 25 oC. The exact concentrations of emitted vapors were calculated
according to an equation in our previous works on VOC and ammonia sensing [15]. The percent response
was determined from the response curves according to the following relations:
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 (1)

When Rg is the response value of sensor thin layers under measuring gas, and Ra is the response value of
fresh air.

3. Results And Discussion
3.1 FTIR characterization

Figure 5 displays the FTIR spectra of the prepared graphene samples GO, rGO and rGO-aryl-COOH, and
their nanocomposites. According to Fig. 5a, for the GO, broadband appeared at the wavenumber of
approximately 3428 cm-1 characteristics of the OH elongation vibration of the -COOH groups and water
molecules interspersed. Also, the elongation C = O was seen at 1720 cm-1, while the stretch of epoxy
group C-O-C can be observed at a wavenumber of 1298 cm-1 and at 1008 cm-1 [34]; the peaks at 1069
and 1170 cm-1 are attributed to the C-O bond of the alkoxyl and carboxyl groups, respectively. The peak
found at 885 cm-1 has been ascribed to aromatic C-H bonds of pyrrole [34]. In all of these groups, it has
been con�rmed that oxygen molecules strongly occupy the edges and surfaces of GO. It can be
concluded that GO has been successfully synthesized.

In Fig. 5b, the peak at 3439 cm-1 has become narrower compared to that of rGO, showing that the
hydroxyl and carboxyl group have been eliminated signi�cantly. We noted the intensity reduction of the
other peaks at 1720, 1298, 1008, 1069 and 885 cm-1. Therefore, peaks at 1637, 1444 and 1119 cm-1, can
be affected by the extending vibration of the C = C bond, the C-OH strain vibration, and the C-O elongation
of the alcohol group, respectively [34]. Consequently, the oxygen-containing functional groups have been
partially eliminated from the rGO with success, and small functional group residues have still persisted at
the peripheral and basal plane of rGO.

The FTIR spectrum of rGO-aryl-COOH presented in Fig. 5c, shows: a wide and intense band at 3422 cm-1,
which is distinctive of the COOH groups elongating vibration, a peak at 1723 cm-1 attributed to C=O
stretching of the –COOH group and a peak at 1561 cm-1 corresponds to the vibrations of the C = C bonds.
This indicates the presence of an Aryl-COOH group. The peaks at 2926 and 2856 cm-1 have been
attributed to the C-H stretching vibration of the sp3 carbon, which proves that the Aryl-COOH functional
groups had been effectively grafted on top of the surface of rGO.

The assessment of Fig.5b related to PPy / rGO composite shows the presence of polypyrrole
characteristic peaks at 1551 and 1315 cm-1 (the elongation C-C and C-N of the pyrrole ring). The peak at
1040 cm-1 corresponds to the C-H vibrations of the ring pyrrole in the plane. The peaks at 923 and 1180
cm-1 are allotted to the bipolar state of PPy [35]. The peaks corresponding to the C-H strain vibration of
the polymer ring off-plan are observed at around 781 cm-1 [36].
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Spectra Fig. 5c, of PPy/ rGO-aryl-COOH shows the presence of peaks due to oxygen functional groups, in
addition to the characteristic peaks of PPy, at 1494, 1367,1206 and 929 cm-1, which can be attributed to
the C-C and C-N elongation of the pyrrole ring and the bipolar state of PPy, respectively [35]. The
wideband at 3469 cm-1 can be assigned to the amine groups of the polypyrrole and O-H groups in rGO-
aryl-COOH. The peaks at 1741 and 1600 cm-1 are attributed to carbonyl groups and the bond C = C,
respectively, which con�rms the polymerization of PPy and the composite formation [37].

3.2 Raman characterization

Figure 6 illustrates Raman spectra, GO, rGO and rGO-aryl-COOH, and Table 1 lists the characteristics of
the latter. Raman spectroscopy is very useful for observing structural changes in the samples through
oxidation, exfoliation, reduction, and functionalization. The D band and the G band, characteristic of
graphene have been demonstrated. Generally, the G band corresponds to the bonds of the sp2 carbons in
a conjugated carbon network [38]. The D band (or diamond band) is only observed in defects
corresponding to the signal of the sp3 carbons present in a carbon crystal such as a diamond. It is
observed only in defective graphene [39]. Defects density can be estimated by measuring the ratio
between intensity (ID/IG) of the D band and the G band [38,39].

A sharp and intense G band at 1568 cm -1 and a feeble D band at 1345 cm -1 can be found in the graphite
sample with a low ID / IG value of 0.31, indicating the presence of the sp2 hybrid carbon atoms with a

minimal number of defects [38]. Another single peak perceptible at 2700 cm-1, indicating the stacking of
graphitic multilayers [39].

When oxidizing the graphite, the GO sample shows an intense D band at 1364 cm-1, while the G band
widened and moved to an upper wavenumber at 1614 cm-1, caused by the presence of isolated double
bonds, which demonstrates the introduction of defects in the structure of graphene by the incorporation
of oxygen groups [7]; therefore, the corresponding ratio ID / IG augmented to 1.02. A smaller defect density
with an ID / IG ratio of 1.00 was observed after hydrazine reduction in rGO spectra. The G band has also

shifted to an inferior wavenumber (1574 cm-1), signifying the regaining of the sp2 domain of graphene to
some extent by removing oxidizing groups [40].

After rGO functionalization, an increase of ID/IG ratio around 1.02 was observed, attributed to the aryl

functions grafting. The G band has shifted slightly to a lower wavenumber p 1573cm-1, which signi�es
the increase in the sp2 domain and which may be due to the benzene rings of the Aryl group.

On the other hand, the 2D band consists of two peaks named 2D and D + D ', as observed in the Raman
spectra of the samples GO and rGO and rGO-aryl-COOH, which indicates a decrease in the number of
layers of graphene in these samples compared to the graphite sample [39].

The superposition of the Raman spectra of the composites PPy / GO, PPy / rGO and PPy / rGO-aryl-COOH
with their charges is illustrated in Fig.7 the corresponding values are precised in Table 2.
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There are two peaks around the D band and the G band within all samples, the relatively large shape
suggests a partially disordered structure demonstrating short conjugation sequences. There is also a
decrease in the composites ID / IG ratios compared to their pure �llers, indicating the increase in the sp2

domain, which may be due to incorporating polypyrrole into the material. Compared to the starting
charges, the D and G bands have changed to lower wavenumbers, demonstrating that the conductive
polymers do interact with the charge [41].

The PPy / GO spectrum can be seen as an appearance of low-intensity peaks at 615 cm-1 (torsion ring),
at 940 and 992 cm-1, which matches the polaronic and bipolaronic quinoid structure, respectively.
Regarding the rGO / PPy spectrum, two more peaks are observed at 968 and 1042 cm-1, which
correspond to the deformation of the bipolar [12].

The Raman spectra of the nanocomposites PPy/ rGO-aryl-COOH shows four new peaks from the PPy can
be indexed at 930, 959, 1057 and 1244 cm-1, except the D and G bands of the rGO-aryl-COOH sheets,
which correspond to the polaronic structure, bipolaronic quinoid, symmetric and antisymmetric CH
bending vibration in the polaron plane, respectively [12]. Leading to high conductivity [10].

3.3 X-ray diffraction Characterization

Aiming to get more insight, a comparison between X-ray diffraction patterns of GO, rGO, and rGO-aryl-
COOH is shown in Fig. 8. The graphite showed a sharp, high intensity diffraction peak, at a value of 2θ of
about 26.41°, with a parameter hkl (002). This result con�rms the arranged layer structure with an inter
distance (d002) of 0.334 nm along with the (002) orientation and which is consistent with the reported
literature [42].

The DRX pro�le of the GO shows a new peak at 2θ = 9.4°, with a parameter hkl (002). It arises from the
presence of both of sp2 domains of graphene and oxidized sp3 domains [43]. As a result, the interlayer
distance increased (d002=0,92 nm). This has been accredited to the spacing induced by the presence of
functional oxygen groups and water molecules in the interlayer space of GO [43].

After the chemical reduction of GO, a wider peak is observed for rGO at 2θ = 26.19 °, thus a signi�cant
decrease (or disappearance) of the peak at 2θ = 9.4 °. This points out that the π-conjugated structure of
graphene has been signi�cantly reinstated [42]. Also, the d002 spacing of rGO was reduced to 0.34 nm,
demonstrating the removal of the functional groups containing oxygen.

The broad peak at 2θ = 26.19 ° for rGO implies the random arrangement of the crystal phase (002) for the
high crystallization structure of graphite [60]. In the rGO-aryl-COOH diffractogram, we notice the
appearance of new peaks, very sharp at the different Bragg angles (2θ = {16.67 °; 17.41 °; 18.47 °; 25.08 °;
26, 31 °; 29.26 °}), which can probably be linked to the crystallization of the Aryl functions. This is
possibly due to the self-organization of the aryl groups and grafting of the latter at well-determined
positions in the rGO plan [44].
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PPy/ rGO composite presented on Figure 9 shows a wide halo at 2θ = 26.14 °, typical of PPy, indicating
the presence of an amorphous part in the composite [5]. In contrast, the original diffraction peak of rGO
disappeared. Indicating the exfoliation of rGO and the PPy chain are formed on the rGO surface during
the polymerization reaction [3].

The PPy/ rGO-aryl-COOH composite in Fig. 9 had a wide peak at 25 °, representing the existence of PPy. In
addition, the characteristic peaks of rGO-aryl-COOH disappeared in the PPy /rGO-aryl-COOH composite,
indicating that rGO-aryl-COOH showed no accumulation and was used entirely as a substrate for PPy [3].

3.4 SEM Characterization

Figure 10a, shows the micrograph of reduced graphene oxide (rGO). The surface contained thin crumpled
leaves, which are settled randomly, tightly associated with each other to form a disordered structural
material [45]. The Van der Waals interaction between graphene layers leads to a signi�cant
agglomeration due to being highly hydrophobic.

The SEM on Figure 10b, of the functionalized reduced graphene oxide rGO-aryl-COOH, presents a
morphology of crumpled thin sheets, which gives it a large surface area. It can also be observed that the
shape of the peripheral contour of carboxybenzene-functionalized graphene is tilted because of the
carboxyl group effect.

Figure 10c shows the formation of highly agglomerated PPy/rGO nanocomposite, probably caused by
the strength of the hydrogen bond and the 𝝅-𝝅 interaction between pyrrole and rGO [46]. In contrast,
Figure 10d shows the of PPy/rGO-aryl-COOH nanocomposite. PPy has a wrinkled shape forming a mesh
structure, grown on the surface of functionalized reduced graphene oxide nanosheets, indicating that the
PPy network is �rmly joined with the graphene nanosheets. These morphological features are likely to
play a considerable role in NO2 absorption because it provides a large adsorption surface and facilitates
the adsorption of NO2.

3.5Conductivity measurements

Table 3 gives the room temperature electrical conductivity values of (σ) PPy/rGO and PPy/ rGO-aryl-
COOH nanocomposite, where the �lm (PPy/ rGO-aryl-COOH) shows the higher values. These propose that
the PPy developed on the carboxyl-benzene functionalized graphene has a better chain arrangement,
increasing the PPy/ rGO-aryl-COOH conductivity. This could be related to the electron-withdrawing groups
rising from carboxyl-benzene functionalization, thus expanding the electron transfer density between the
graphene plane and the carboxyl group. This increase in density leads to a rise in conductivity [47]. The
variation of conductivity can be regarded from SEM results and X-ray diffraction obtained earlier in
�gures 8, 9 and 10, where the crystallinity of PPy chain structure conferred by grafted presence rGO-aryl-
COOH sheets as well as they help the inter-chain hopping of charge carriers.

3.6 Chemiresistive gas sensing characteristics
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 On Figure 11, we investigate the comparison of the sensing selectivity of nano-composite PPy/rGO and
PPy/ rGO-aryl-COOH toward the same concentration of different gases NO2, NH3, H2S and SO2. PPy/rGO-
aryl-COOH thin �lm has shown big selectivity to 20 ppm of NO2 over the former gases. The high
selectivity of PPy/rGO-aryl-COOH establishes a suitable material for detecting NO2 gas at low
concentration. This selectivity improvement is credited to the synergistic effect of rGO-aryl-COOH and
PPy.

3.6.1 Response time

As shown in Figure 12, the response time was observed very fast, around 129s and 199s for the
nanocomposites PPy/ rGO-aryl-COOH and PPy/rGO, respectively. However, after removing the external
excitation, the recovery time was found around 114 s and 145 s for the nanocomposites PPy/ rGO-aryl-
COOH and PPy/rGO, respectively. This emphasizes the effect of the surface functionalization on the
performances of the principal sensor.

3.6.2 Static study

Repeatability of the PPy/rGO and PPy/ rGO-aryl-COOH based gas sensor is given in Fig. 13; �ve rounds of
responses to NO2 have been completed within the exposition of the nanocomposites to 2 ppm. An
excellent repeatable and stable behavior is observed after cycles for gas sensing. Nitrogen dioxide a
strong oxidant, PPy/rGO-aryl-COOH and PPy/rGO exhibit preferentially the p-type behavior, causing a
proliferation of charge carriers number decrease in the nanocomposites resistances. The composite
PPy/rGO-aryl-COOH showed a high response to PPy/rGO due to the diazonium functionalization of the
withdrawing groups. Furthermore, the charge transfer between PPy and rGO-aryl-COOH can be more
e�cient due to the interfacial a�nity provided by the interaction of carboxyl groups and non-binding
nitrogen atom doublet of polypyrrole. Also, the carboxyl groups can probably participate in the sensor
response by favoring NO2 adsorption.

3.6.3 Dynamic study

NO2 concentrations ranging in the 1-20 ppm were injected as illustrated on Fig. 14. Change in the curve
response amplitude was observed proportionally when increasing NO2 concentration. The amplitude is
more intense, notably PPy/rGO-aryl-COOH. This put forward role of functionalization in improving the
sensor response. During the recovery process, both of the tested �lms rapidly regain the baseline, signing
their reversibility. The PPy/ rGO-aryl-COOH nanocomposite shows encouraging prospects as a potential
material for NO2 detection in atmospheric conditions in terms of comparison between the two-tested
nano-composites.

3.6.4 Sensors response under temperature variation

As the PPy/ rGO-aryl-COOH has shown high response performances, the following sections are dedicated
only to the behavior study of PPy/ rGO-aryl-COOH. Aiming to follow temperature in�uences, PPy/ rGO-
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aryl-COOH was heated into different temperatures and values until 80°C. The corresponding responses
are presented in Fig. 15 and deduced sensitivity values are given in Table 4 below. Although the applied
temperature environment has a total of sensitivity reduction around 20%, such comportment could reduce
site activity in the composite layer and hamper the interactions development. However, we can observe
that temperature doesn't affect the sensitivity signi�cantly in an immense magnitude, con�rming that
PPy/ rGO-aryl-COOH preserve its performances even under a variable temperature environment

3.6.5 In�uence of relative humidity

Injection of 2-ppm concentration of NO2 gas was carried out under a humid atmosphere. A hygrometer
(Omega type HH314A) was used to indicate The relative humidity (RH) generated by injecting water vapor
in the test chamber at rates ranging from 20% to 80%, as illustrated in Fig. 4. The inverse proportionality
of the sensor response with humidity shown in Fig. 16, demonstrates a diminution more than 50%,
establishing the substantial humidity impact on sensor e�ciency. This result may be due to inhibition of
the active site by a hydroxyl group, when they are bridged with carboxylic entities through a hydrogen
bond.

3.6.6 Impedance spectroscopy study

Impedance spectroscopy is used to characterize contributions arising from the interactions of different
components of PPy/ rGO-aryl-COOH and PPy/rGO �lm with the gas. Two environments were used to
conduct the impedance measurements (pure air and NO2 at a concentration of 20 ppm). Figure 17 shows
the plot obtained spectra in the form of Nyquist. Resulted impedance spectra are plotted from low
frequency to high frequency region in the form of a semi-circle, the obtained values can be set into an
equivalent circuit as presented in Fig. 18, consisting of free frequency resistance (R0), resistance (R1) and
capacitor (C1) in parallel. Figure 17, shows the identi�cation between experimental data and �tted curve.
Table 5 presents the physical measurements before and after exposure to NO2 gas. It was found that R0

is the same in gas and air conditions. However, R1, R2 and C1 do not alter dramatically when exposed to
the NO2 gas. This �nding is supported by the fact that upon interaction of NO2 with PPy, charge carriers
are produced at the surface of PPy, lowering the inter-grains resistance, on the one hand, facilitating
charge transfer between PPy and rGO, and thus increasing the inter-grains capacitance, on the other
hand.

Table 6 presents a comparison of chemiresistive sensors performances according to the materials nature
based as the sensing interfaces.

Conclusions
A �exible nanocomposite of polypyrrole with graphene functionalized surface �lm destined as dioxide
nitrogen sensor has been elaborated following in situ one-step polymerization of pyrrole at room
temperature. Surface functionalization of reduced graphene oxide by diazonium salts type carboxy-
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benzene has enhanced its crystallinity and, thus, nanocomposite, further improved electric conductivity.
After investigations with various gases, observations have put forward the aptitude of detection
selectivity toward nitrogen dioxide gas above the other vapors. The PPy/ rGO-aryl-COOH �lm displays
good features notably (response time within few minutes, and sensitivity in (1-20 ppm) range exposure
comparatively to nanocomposite �lm prepared only with reduced graphene, highlighting the paramount
impact of surface functionalization rising from the presence of carboxylic groups which has proven its
ability and capability to develop bonds with nitrogen dioxide, and in�uence furtherly the whole sensitivity.
Moreover this founds come to con�rm what was reported in the literature about the contribution of such
function groups in regulating the sensor performances. The sensitivity of PPy/ rGO-aryl-COOH remains
considerable under varied temperature, indicating its function ability under harsh environment �lm.
Moreover, even with the different rates of applied humidity, the �lm has kept an acceptable sensitivity.
Hence, PPy/rGO-aryl-COOH can be classi�ed as one of the promising sensitive materials for dioxide
nitrogen gas detection.
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Table 1 Structural characteristics of Graphitic materials
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  D (cm-1) G (cm-1) 2D (cm-1) D+D’(cm-1) ID/IG

Graphite 1345 1568 2700 / 0,31

GO 1364 1614 2704 2950 1,02

rGO 1350 1574 2658 2919 1,00

rGO-aryl-COOH 1350 1573 2682 2921 1,02

Table 2 Structural characteristics of composites

  D (cm-1) G (cm-1) ID/IG

PPy/ GO 1338 1557 1,01

PPy/ rGO 1335 1560 0,89

PPy/ rGO-aryl-COOH 1349 1570 0,84

Table 3 Conductivities of PPy/rGO and PPy/ rGO-aryl-COOH at room temperature

Composites �lms Conductivity

(s/cm)

Resistivity

(Ohm/cm)

PPy/rGO 3.088 3.238*10-1

PPy/rGO-aryl-COOH 5.394 1.854*10-1

Table 4 Sensor sensitivity variation in function of temperature

Temperature Sensitivity (%/ppm)

25 1.01

40 0.95

60 0.90

80 0.84

Table 5 Impedance parameters were obtained for PPy/rGO and PPy/ rGO-aryl-COOH sensors by �tting
data to the equivalent circuit
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  Rc (Ω) R1(Ω) C1(μF)

Fresh PPy/rGO 4.94 98.35 8.24

NO2 exposed PPy/rGO

 

6.79 57.34 15.32

Fresh Ppy/rGO-aryl-COOH 5.78 109.20 6.10

NO2 exposed PPy/ rGO-aryl-COOH 6.73 61.73 10.80

Table 6 nitrogen dioxide (NO2) sensor based on nanocomposite polypyrrole and functionalized graphene

Materials NO2
concentration

Work
temperature

Sensitivity Response
time

Recovery
time

Reference

rGO 0.5-20 ppm
(air)

RT - 2500 s - [48]

PANI thin
�lm

20 ppm RT Ra/Rg 206.19 - [49]

PPy/ZnO 100 ppm (air) RT (Ra-
Rg)/Ra=38%

2-4 min 4min [50]

PPy/rGO 50 ppm (air) RT - - - [51]

PEDOT/rGO 0.5 ppm (air) RT - - - [52]

PPy/rGO 2 ppm (air) RT (Ra-
Rg)/Ra=22
%

199 s 145 s our work

PPy/rGO-
aryl-COOH

2 ppm RT (Ra-
Rg)/Ra=30
%

129 s 114 s our work

Figures
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Figure 1

Synthesis steps for growing up polypyrrole on carboxybenzene-functionalized graphene
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Figure 2

PPy/ rGO-aryl-COOH deposited on BOPET with spin coating
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Figure 3

PPy/rGO deposited on BOPET with spin coating
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Figure 4

Description of measurement module. 1. Container of nitrogen gas. 2. Heating Element. 3. Test chamber.
4. Measuring head. 5. Cupper canal. 6. Flexible sensitive layer. 7. Piston. 8. Gas vent. 9. Connecting
device. 10. Laptop. 11. Heating cap. 12. Boat of water. 13. Temperature controller. 14. Vapor inlet
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Figure 5

FTIR spectra of graphene and composites



Page 24/36

Figure 6

Raman spectra of Graphite, GO, rGO, and rGO-aryl-COOH
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Figure 7

Raman spectra of composites
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Figure 8

XRD patterns of graphitic materials
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Figure 9

XRD of a PPy/rGO and PPy/ rGO-aryl-COOH nanocomposites
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Figure 10

SEM micrographs for (a) rGO, (b) rGO-aryl-COOH, (c) PPy / rGO, (d) PPy / rGO-aryl-COOH
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Figure 11

The response of PPy/rGO and PPy/ rGO-aryl-COOH �lms vis-a-vis gas at a concentration of 20 ppm
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Figure 12

Response rate of 2-ppm NO2 injection on PPy/rGO and PPy/ rGO-aryl-COOH �lms
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Figure 13

Response reproducibility cycles of nanocomposite toward 2 ppm NO2 (a) PPy/rGO and (b) PPy/rGO-aryl-
COOH
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Figure 14

Dynamic response of nanocomposite sensors PPy /rGO (a) and (b) PPy/ rGO-aryl-COOH
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Figure 15

In�uence of temperature on the sensor response and sensitivity
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Figure 16

In�uence of humidity atmosphere on PPy/ rGO-aryl-COOH responses behavior



Page 35/36

Figure 17

Impedance spectra of PPy/ rGO-aryl-COOH and PPy/rGO under fresh air and NO2 environment
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Figure 18

Circuit equivalence


