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Abstract

Recently, polymer composite material has shown excellent performance in a wide
range of technological applications, such as renewable energy, biomedical applica-
tions, optoelectronic devices ...etc. As the knowledge-base on this emergent mate-
rial continues to grow, a new kind of hybrid sensors fabricated with semiconducting
metal oxides and conducting polymers had been synthesized and had demonstrated
high sensing capability for several poisonous gases and chemical warfare agents
at room temperature. This research work introduces the synthesis and the charac-
terization of a novel polymer P-DSBT composite consisting of ZnO nanoparticles
(P-DSBT/ZNO). The composite films P-DSBT/ZNO are prepared by spin coating
technique and then studied using different spectroscopic characterization techniques,
i.e., FTIR, XRD, SEM, TEM, AFM and UV-Vis to further investigate on the struc-
ture and the morphology of this material. For assessing the P-DSBT/ZNO selectiv-
ity, different oxidizing and reducing gases were applied and it was found that the
nanocomposite has the best selectivity for methane (CH,). The obtained P-DSBT/
ZNO shows a wide sensing range (0-200 ppm) and a very high response magnitude,
i.e., relative resistance changes of approximately 40% per 60 ppm of CH,. The key
finding of this work is that sensitivity for gas detection is greatly improved by the
interaction of ZnO-based hybrid materials at room temperature.
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Introduction

In recent years, the interest in the study of nanocomposite polymer system has
been continuously developing due to their various potential applications in sen-
sors and dielectrics [1]. Different researcher teams suggested that the addition
of inorganic nanoparticle into polymers results in an upgraded polymer prop-
erty that importantly contrasts from the properties of conventional polymer [2,
3]. It has been discovered that the inorganic nanoparticle expressively influences
the properties of base polymers when they are introduced to it to form what it’s
called a nanocomposite [4]. In this context, there is an increasing need for devel-
opment of a highly sensitive and selective CH, gas sensor that can sense at low
concentrations (ppm/ppb). Various semiconducting metal oxides, such as ZnO,
SnO,, WO; and others [5, 6], and semiconductor polymer, such as polythiophene
(PTH), polyaniline (PANI) and polypyrrole (PPY), are similarly being considered
for gas sensing [7] and optoelectronic applications [8]. These materials are also
being investigated, as they have distinct advantages of easy production, low cost
and room temperature processing. Among organic materials, polythiophene is
a p-type material and has attracted much interest because of room temperature
operation, chemical stability against atmospheric conditions, excellent conductiv-
ity, low cost, structural flexibility [9—11], easy process ability, convenient pro-
cessing, tunable electronic properties, efficient luminescence, structural flexibility
and its semiconducting potential and even its metallic behavior [12, 13].

Among the different strategies for the fabrication of selective and low tempera-
ture effective gas sensor, the combination of nanostructured metal oxides with
conducting polymers (nanocomposite) remains among the most attractive strat-
egies [14]. Progress in hybrids organic—inorganic encompasses development of
many industries, such as the aerospace industry, manufacturing machine parts
with high performance, and manufacturing medicine. Hybrids organic—inorganic
are a special class of materials formed by combination of two or more nano-sized
objects or nanoparticles, resulting in materials having unique physical properties
compared with single material [15]. Organic—inorganic nanocomposites are the
new class of materials receiving growing research interests in recent years due to
their improved optical and electrical properties [16]. Such nanocomposites are an
advanced system because of strong electronic interaction between the individual
components and can be immediately hybridized on a molecular level [17-26]. In
the present work, an organic—inorganic hybrid nanocomposite containing a novel
sulfur-containing polymer was prepared based on the p-conjugated distyrylbith-
iophene system as an organic material. This organic material was prepared via
Wittig polycondensation and zinc oxide (ZnO) as an inorganic substance [27].
The ZnO nanoparticles are added in the distyrylbithiophene matrix in different
weight percentages (10-100%), and hybrid nanocomposite films were prepared
by spin casting on ITO substrate. The compositional analysis was carried out by
ultraviolet—visible (UV-Vis) spectrophotometry. The interaction between disty-
rylbithiophene and ZnO nanoparticles was explored by atomic force microscopy
(AFM) and contact angle measurement. The impedance characteristics of the
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nanocomposite P-DSBT/ZnO was studied under different gas concentrations at
room temperature. The nanocomposite P-DSBT/ZnO conductance was inves-
tigated using methane and measured by a Keitley 4192 A PACKARD/voltage
source. The remainder of this paper is structured as follows: Sect. "Material and
Methods" presents the used materials and methodology to develop the nanocom-
posite P-DSBT/ZnO. Section "Results and discussions" then presents experimen-
tal results and further discussions. Finally, Sect. "Conclusion" gives conclusions
and future work.

Material and methods
Synthesis of P-DSBT polymer

The sulfur-containing polymer (P-DSBT) was synthesized via the witting poly-con-
densation as shown in Fig. 1. To a stirred equimolar mixture of 1,1'-thiobis (4-eth-
oxy-3-triphenylphosphoniomethylbenzene) dichloride (1 mmol) and 5,50-diformyl-
2,20-bithiophene (1 mmol) in 10 mL of anhydrous THF, 10 ml of a 0.5 M t-BuOK
solution in THF (5 mmol) was added dropwise at room temperature under an argon
atmosphere. The reaction mixture was stirred for 24 h after the addition and then
acidified with 3% aqueous hydrochloric acid, poured into water, and extracted with
chloroform. The organic phase was washed with water, concentrated, and then pre-
cipitated from methanol. Further purification of the polymer was carried out by sev-
eral precipitations in methanol from chloroform solution [28].

Synthesis of zinc oxide (ZnO) nanoparticles

The synthesis of zinc oxide nanostructures was conceded out using zinc acetate
dehydrate and sodium hydroxide as precursors. An aqueous solution of zinc acetate
(0.2 M) was equipped. The solution pH was attuned to 9.5 by adding NaOH. After
reaching pH-9.5, the colloidal solution was left stirring for 2 h. Then, white pre-
cipitate was separated by centrifugation at a speed of 3000 rpm for 20 min at room
temperature. Several extractions, coating with water and ethanol were implemented
after every centrifugation to eliminate sodium acetate. Finally, the powders were
annealed at 310 1C for 10 h [27].
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Fig. 1 Chemical structure of P-DSBT (sulfur-containing polymer)
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Synthesis of P-DSBT-ZnO hybrid nanocomposites

Mechanical mixing method was employed for preparation of P-DSBT-ZnO hybrid
nanocomposites. Nano-crystalline ZnO powder was added to P-DSBT matrix in dif-
ferent weight percentages (10-100 wt %). The obtained powder was dissolved in
chloroform solvent and stirred for 2 h with the help of a magnetic stirrer to obtain a
sulfur-containing polymer—ZnO hybrid casting solution. The resultant casting solu-
tion was used for the preparation of sulfur-containing polymer/ZnO hybrid nano-
composites films. The films were prepared on ITO substrate (10*10 mm?) by simple
and cost-effective spin coating method. After the thin layers of ZnO/polymer were
elaborated in different percentages, a series of characterization of the devices was
applied in the remainder of this work.

Results and discussions
FTIR spectroscopy

Figure 2 shows the nanostructure IR spectrum (ZnO powders) which was acquired
in the range of 400-4000 cm™' for the powders calcined at 300 °C. Absorption
bands near 3500 cm™' represent O—H mode of vibration, those at 2938 cm™! are
C-H stretching mode and those at 14001600 cm™" are the C=0 stretching mode.
The band arising from the absorption of atmospheric CO, on the metallic cations at
2350 cm™~! and bonding between Zn—O (400 cm™!, 550 cm™) are also visible [29].
Figure 3 shows the FT-IR spectrum of the polymer (P-DSBT) which was
acquired on a Perkin-Elmer BX FT-IR system spectrometer (by dispersing sam-
ples in KBr disks). Absorption bands 3062, 3037 (w, aromatic and vinylic C-H
stretching), 2976, 2925, 2877 (w, aliphatic C—H stretching), 1617, 1583 (m, C=C
stretching), 1488, 1470 (aliphatic C—H asymmetric bending), 1391 (aliphatic CH
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Fig.2 FTIR spectrum of the ZnO nanostructure
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Fig.3 FT-IR spectrum of the polymer (KBr)

symmetric bending), 1245 (s, C—O-C asymmetric stretching), 1041 (m, C-O-C
symmetric stretching), 793 (s, aromatic C-H out-of-plane bending), 951 (m,
trans-HC=CH out-of-plane bending), 837 (w, cis—HC=CH out-of-plane bending).

Analysis by X-ray diffraction

The crystal structure of ZnO nanoparticles was characterized by X-ray diffractome-
ter equipped with a monochromated CuKa (1 %4 1:54,249 A) radiation. Nanoparticles
(XRD) patterns recorded from 28 to 71 in 20 are shown in Fig. 4. All peaks present
in the diffractograms have been indexed according to the hexagonal wurtzite struc-
ture of ZnO. Thus, we can conclude that the powders obtained are well crystallized.
The thermodynamically stable phase for ZnO is the wurtzite structure in the hexago-
nal crystal system, although two other metastable cubic phases may exist as well,
namely zinc blende and high-pressure rock-salt. In [30], the quartzite crystal struc-
ture features noncentrosymmetric symmetry and polar surfaces and is best described
as alternating planes composed of tetrahedral coordinated Zn** and O*~ ions stacked
along the c-axis. The main significant peaks for ZnO film were found to be (100),
(002), (101), (102) and (110), (103), (200), (112) and (201). The crystalline size was
evaluated from the XRD data. The width of the Bragg peak is a combination of both
instrument- and sample-dependent effects. In order to dissociate these contributions,
diffraction pattern was collected from the line broadening of a standard material,
silicon, to determine the instrumental broadening [31]. The corrected instrumental
broadening fg;=0.073 rad; P, corresponding to the diffraction peak of ZnO was
estimated by using Eq. 1 [32]:
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Fig.4 X-ray diffraction (XRD) pattern of synthesized nanostructure ZnO powder
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The crystallite size of the ZnO was determined from B, of (1 0 1) diffraction
peak using the Scherrer formula:

0.944
D=
Prucosd @

where D, 4, 6 and f are the mean grain size, the x-ray wavelength and the Bragg dif-
fraction angle of the (101) peak, respectively. The XRD pattern of the sample indi-
cates enhanced intensity for the peak corresponding to (101) plane, indicating pref-
erential orientation along the c-axis. The crystallite size was found to be (36 +0.23)
nm.

Figure 5a, b shows the representative SEM and TEM images of the obtained ZnO
material. In these figures, quite characteristic morphologies of the as-synthesized
ZnO structures are observed, i.e., aggregated ZnO nanoparticles of spherical shape
with a dimension of ten nanometers.

AFM analysis

The two-dimensional (2D) surface topography of P-DSBT-ZnO (10-100%) hybrid
nanocomposite was investigated using atomic force microscopy (AFM). Figure 6
shows the AFM images in scanning mode of the polymer alone (Fig. 6a), the ZnO
alone (Fig. 6b) and of the P-DSBT-ZnO hybrid films deposited on the ITO sub-
strates. There is a large difference between the different films. Images correspond-
ing to the films with ZnO concentrations in the 10%, 20% and 40% (Fig. 6¢c—e) in
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Fig.5 SEM a and TEM b images of nanostructure ZnO

P-DSBT indicate that the dispersion of the nanoparticles in the P-DSBT is bet-
ter (more uniform) than higher concentrations (> 40%). On the other hand, for
higher ZnO concentrations (40%, 50% and 100%), there is the formation of aggre-
gates embedded in the matrix as it is shown in Fig. 6e—g. The root-mean-square
(RMS) roughness of the hybrid films increases as a function of the percentages of
Zn0O in the matrix, which is attributed to the incorporation of ZnO in the P-DSBT
(ZnO(10%): 0.955 nm, ZnO(20%): 0.960 nm, ZnO(40%): 0.965 nm, ZnO(50%):
1.448 nm, ZnO(100%): 1.448 nm, 1.842). Also, AFM images (Fig. 6) exhibit spheri-
cal elongated structures with disconnected channels indicating an increase in rough-
ness of the surface. The rough surface is a positive factor for the performance of the
gas sensor due to a larger contact surface with the active layer [33].

Ultraviolet-Visible (UV-Vis) spectroscopy study

To understand the effect of addition of ZnO nanoparticles in P-DSBT matrix, the
Ultraviolet—visible (UV-Vis) spectroscopy was carried out. Figure 7a shows the
UV-Vis spectra of P-DSBT, ZnO and P-DSBT/ZnO hybrid nanocomposites.
P-DSBT film shows a broad absorption peak at 432 nm and ZnO at 371 nm, which
is in good agreement with common reported results. The P-DSBT/ZnO hybrid film
whose maximum absorption band is located at 445 nm, therefore, exhibits a redshift
with respect to the pure P-DSBT film. This shift is associated with the effect of ZnO
nanoparticles with the presence of shorter length conjugate segments which have
a lower optical gap [34]. The shift was observed for all nanocomposite films. The
amount of visible range radiation absorbed by the polymer alone is higher than that
of the other hybrid devices (P-DSBT/Zn0O). Figure 7b shows that the absorbance in
the visible of the various percentages of ZnO in the P-DSBT decreases and from
40% increases and this improvement in absorbance is explained by the formation of
ZnO aggregates. Indeed, the more the concentration of ZnO increases, the more the
number of photons absorbed decreases [35].

@ Springer



7834 Polymer Bulletin (2022) 79:7827-7842

(b)

Flatten

Fig.6 AFM images of a P-DSBT, b ZnO and P-DSBT/ZnO hybrid nanocomposites with ZnO mass
ratios of ¢ 10%, d 20%, e 40%, f 50% and g 100%
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Fig.7 a Variation of the UV-Vis spectra of pure P-DSBT and hybrid P-DSBT/ZnO nanocomposites for
different incorporated ZnO mass ratios, b variation of the absorbance in visible range for different incor-
porated ZnO mass ratios in P-DSBT polymer

Determination of optical band gap

Optical transition in the nanocomposite films was estimated using Tauc’s plot.
The frequency-dependent relation of the absorption coefficient has been shown
by the following relation:

(ahv)'/" = k(hv — Eg) 3)

where a is the absorption coefficient, h is the photon energy 7 is the nature of elec-
tronic transition, K is the proportionality constant and Eg is the optical band gap
reflected. The absorption coefficient has been calculated using Beer’s Lambert law
as shown by the following relation [36].

a=—1/d)n(T) 4)

where, d is the thickness and T is the transmittance of the film. Figure 8 shows direct
allowed transition between the edge of valence band and conduction band of pris-
tine polymer P-DSBT and P-DSBT/ZnO nanocomposites. The optical band gap was
obtained by extrapolation of the linear region of the corresponding curve between
(achv)? and hv. The optical band gap of P-DSBT was estimated ~2.41, respectively.
It was observed that there was major change in PANI/PPY/ZnO nanocomposites due
to incorporation of the ZnO nanoparticle. With increase in the concentration of ZnO
into P-DSBT polymeric pattern, the optical band gap decreased due to the forma-
tion of intermediate levels in between energy gap and led to increased p-type con-
ductivity. Therefore, electron started moving from valence band to conduction band
through intermediate level [37]. As a consequence, the conductivity was increased
and the band gap was decreased. The optimized band gap (~2.36 eV) was observed
for 40% P-DSBT/ZnO nanocomposite.
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Fig.8 Optical band gap for ZnO P-DSBT nanocomposites

@ Springer



Polymer Bulletin (2022) 79:7827-7842 7837

Electrical properties of P-DSBT/ZnO nanocomposite: Conductance of hybrid
devices in the presence of methane

Conductance study (with methane gas)

In order to evaluate the impact of the P-DSBT/ZnO nanocomposite morphologi-
cal structure on sensitivity, impedance measurement was carried out using dif-
ferent mass ratios of ZnO with different methane gas concentrations and under a
5 V biasing voltage at room temperature. Figure 9a—e shows Nyquist diagrams for
P-DSBT/ZnO nanocomposites made with pure polymer, pure ZnO and 4 differ-
ent mass ratios of ZnO; 10%, 20% and 40%, respectively. Different concentrations
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Fig.9 The Nyquist plots of the composite P-DSBT/ZnO depending on the concentration of CH,
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of methane (60 ppm, 91 ppm, 119 ppm, 145 ppm and 200 ppm) at room tempera-
ture conditions were used.

When the concentration of gas is increased, the radius of the semicircle decreases,
which means an increase in conductivity. This phenomenon is related to the injec-
tion of electrons from the methane gas and the increase in electron concentration of
the sensor sensitive membrane which leads to an increase in the conductivity. Mass
ratios higher than 40% higher are not considered due to their non-uniform morpho-
logical structure as explained before in Sect. "FTIR spectroscopy”. The gas sensing
mechanism of P-DSBT/ZnO hybrid nanocomposite sensor systematically investi-
gates the terms of the formation of heterojunctions due to the existence of p-type and
n-type materials [38]. It is well known that, the resistance of the sulfur-containing
P-DSBT/ZnO hybrid nanocomposite sensor increases on exposure of CH, (electron
donor) gas. This can be explained in terms of an energy band diagram of P-DSBT/
ZnO hybrid nanocomposite as shown in Fig. 10a, b. Grains of semiconductor metal
oxide ZnO are covered with adsorbed oxygen molecules, which capture electrons
from the conduction band of the ZnO and chemisorbed oxygen species were pro-
duced which results in the formation of depletion layer on the surface region of the
grains in Fig. 10c. In P-DSBT/ZnO hybrid nanocomposite, n-type ZnO nanopar-
ticles form a depletion layer with p-type P-DSBT. When the sensor was exposed
to CH, gas molecules, the width of the depletion layer increases resulting in an
increase in resistance as shown in Fig. 10d and hence decreases in conductivity of
the sensing material [39]. The adsorption of CH, gas molecules in P-DSBT matrix
increases space charge region and the modulation in the space charge region at the
interface of heterojunction leads to enhanced gas sensing performance of P-DSBT/
ZnO hybrid nanocomposite sensor film.
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Fig. 10 Proposed schematic view of energy band diagram for P-DSBT/ZnO hybrid nanocomposites in
presence of a air and b CH4 gas, schematic model for the p-type Poly-n-type ZnO heterojunction-based
sensors when exposed to ¢ air and d CH, gas
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Sensitivity study

Sensitivity can be calculated using Eq. 5 [40]:

<ZII Z// >

T« 100% 5)
z

S =

where Z"yy, and Z"y, correspond to the maximum impedances of the imaginary
part at the relaxation frequency under methane and under nitrogen in the Nyquist
diagrams, respectively. The sensitivity variation with methane concentration is rep-
resented in Fig. 11 which shows the conductivity amplification with different gas
concentrations at room temperature and direct 5 V biasing conditions.

Figure 11 shows sensitivity variation curves with different CH4 concentrations
and for pure ZnO, pure P-DSBT polymer and P-DSBT/ZnO with different zinc
oxide mass ratios (10%, 20% and 40%). The sensitivity increases as a function of
methane concentration to reach values between 30 and 50%. This shows that the
hybrid materials are used as a gas sensor. The different devices produced do not
have the same sensitivity and, in some cases, can equal or even exceed pure ZnO
sensitivity. Sensitivity variation figure can be considered as three regions (I, II
and III).

Region (I) is the region related to low gas concentrations (Cqp, <90 ppm) in which
the P-DSBT/Zn0-40% hybrid film exhibits the best sensitivity, whereas pure ZnO
doesn’t (Fig. 12a). This result also shows that this type of hybrid can be used as a
methane sensor for low methane concentrations.
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Fig. 11 Sensitivity variation with CH, concentration

@ Springer



7840 Polymer Bulletin (2022) 79:7827-7842

-m— C__ =60 ppm 324
CH4
° (a) ] -®m c,=120ppm (b)
28
26
8 24
n 22
~ 64 20 [ ]
5 ’ 18] —
[ 165 e
4] & 14 u
| | ®n 124
10
24 u 8]
64
] 41
04 2] .
T T T T 0]
poly 10% 20% 40% ZnO pur 2]
T T T T T T T T
% ZnO/P-DSBT poly 10% 20% 40% Zn0 pur
% Zn0I% ZnO/P-DSBT
70
—m—C_ =200 ppm (c)
60
50 —a
[
i \ /
g .
0 30 [ ]
20 4
10
[
0 T T T T
poly 10% 20% 40% ZnO pur

%ZnO/P-DSBT

Fig. 12 Variation of the sensitivity as a function of various composite films at 60 ppm (a), 120 ppm (b)
and 200 ppm (c)

Region (II) corresponds to the intermediate gas concentration ranges
(90 ppm < Cpy, < 170 ppm) in which the pure ZnO film exhibits the best sensitiv-
ity (Fig. 12b) compared to other hybrid films. In effect, the pure ZnO film is porous
(root-mean-square RMS =89 nm), which facilitates the diffusion of gas [41]. In
the case of P-DSBT/ZnO materials, the ZnO surface is polymer coated, poten-
tially covering active sites and oxygen species. This may explain why pure ZnO, in
this Region (II), exhibits better sensitivity than other hybrid nanocomposites (pure
P-DSBT and P-DSBT/ZnO with different ZnO mass ratios).

Region (III) corresponds to the high gas concentrations (Ccpy,> 170 ppm), and the
P-DSBT/Zn0O-20% hybrid film exceeds the performance of pure ZnO and has the
best sensitivity (Fig. 12c). More generally, the polymer hybrid devices P-DSBT/
ZnO for different ZnO mass ratios (10%, 20% and 40%) reach a sensitivity value
of 30%, 51% and 34%, respectively. There are two reasons for this improvement.
First, according to the AFM images, the zinc oxide is well distributed in the polymer
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matrix which provides the presence of organic/inorganic interaction (polymer and
Zn0). Secondly, an interaction between the p-type P-DSBT and the n-type ZnO
(p—n junction) generates an electron donor—acceptor system [42]. When the methane
gas (donor plus electrons) comes into contact with the nanocomposite, more elec-
trons migrate from the polymer to ZnO, and consequently conductivity and sensitiv-
ity increase [43].

Finally, this study has demonstrated that the sensitivity for gas detection has
been greatly improved by the interaction of ZnO-based hybrid materials. It should
be noted that all the made measurements were carried out at ambient temperature,
which explains that the sensitivity levels were below 50%.

Conclusions

During this research work, a novel hybrid P-DSBT/ZnO nanocomposite was suc-
cessfully synthesized by adding homemade ZnO nanoparticles to a P-DSBT matrix
in different weight percentages (10-100 wt%). Obtained films were successfully pre-
pared on an ITO substrate by a spin coating technique. Atomic force microscopy
(AFM) has shown that ZnO nanoparticles are well dispersed in the surface of the
nanocomposite formed with (10%, 20% and 40%) ZnO concentrations mass ratios
which results in a high surface area. Higher ZnO concentrations mass ratios (>40%)
show the formations of aggregates. This novel hybrid P-DSBT/ZnO had shown
excellent sensing properties with different ZnO concentrations mass ratios for dif-
ferent methane gas concentrations. For CH, gas concentrations less than 90 ppm,
the optimal performances (sensitivity equal to 20%) were reached using 20% of
ZnO concentrations mass ratio. For CH, gas concentrations scaling for 90 ppm to
170 ppm, optimal performances (sensitivity equal to 40%) were seen using P-DSBT/
Zn0-40% of ZnO concentrations mass ratio. Finally, for high CH, gas concentra-
tions scaling from 170 to 220 ppm, an excellent sensitivity equal to 50% is demon-
strated using P-DSBT/ZnO— 20% of ZnO concentrations mass ratio. Moreover, this
hybrid P-DSBT/ZnO nanocomposite could be adapted for sensing of other gases,
such as hydrogen sulfide (H,S), ammonia (NH;) and other hydrocarbon gases.
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