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HE existence of Hydrogen sulfide (H,S) duringthe petroleum production and its high

risksis the main reason todevelop a smart, cheap and flexible device for H,S monitoring.
This article is focusing on developing electrochemical sensors, which seems to have a
promising potential. Polypyrrole (Ppy) and its two composites were prepared; Ppydoped
with Cupper oxide (CuO) nanoparticles (Ppy/CuO) and Ppy doped with Tin oxide (SnO,)
nanoparticles (Ppy/SnO,) viain-situ polymerization approach. The characterizations of these
nanocomposites were confirmed by Fourier Transform Infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Dynamic Light Scattering (DLS) and High-Resolution Transition Electron
Microscopy (HR-TEM). The testing of these nanocomposites towards the monitoring of H,S
gas at different concentrations was carried out in the term of electrical resistance changes.
From the data; it was found that the response at 1000 ppm H,S gas concentrationwas ranked

as; Ppy 0.12 %. Ppy/CuO 4.7 %. Ppy/Sn0, 53.2 %.

Keywords: H,S gas, Gas sensors, Polypyrrole, Nanocomposites, Metal oxide nanoparticles.

Introduction

H,S is an explosive, flammable, and toxic gas.
Various respiratory symptoms could be resulted
from the exposure to low concentrations of H,S.
On the other hand serious health effects and death
results from its high exposure level [1]. The fast
and precise detection of such toxic gas at low
concentrations is a demand to protect lives, save
environment and equipments [2].

H,S occurs mostly from the petroleum crude,
natural gas, volcanoes, sewage, hot springs, and
coke ovens [3]. Besides the odor nuisance often
resulting from H,S emissions, acid rains also
consider a dangerous form of H,S emissions
which creates when clean rains react with the
air pollutants, such as (SO,), (NO,), and (CO,).
Then, acid rain falls to the Earth and damages all
of'the plants, water, soil, animals, and construction

materials [4]. Furthermore, H,S is dangerous not
only for human but also for equipments at certain
concentrations. Furthermore, existence of H,S
gas in presence of aqueous media lead to acid
formation causing serious damage in pipelines
with increasing the corrosion rate of stress crack
corrosion (SCC) [5].

The recorded limits for H,S analysis in air are
10 mg/m3(6.7 ppm) for GC or 0.2 mg/m? (130
ppb) in spectrophotometry. However, these
methods are expensive, difficult, and unsuitable
for large scale performing [6]. Recently, the
most commercially sensors for H,S detection
employ both electrochemical and semiconductor,
which have a detection limit of about 1 ppm.
Although, these are affected by humidity, high
power consumption, and needed continuous
recalibrations, especially when used in portable
equipments [7]. The inexpensive method for
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sensing H,S in air at different concentrations up to
thousands of ppm is the 3-electrode configuration
with liquid electrolyte as an electrochemical
sensor type. Indeed, the cost of the electrochemical
sensor is about 30 US dollars[8]. The factors
which can be affected on the sensor selectivity are
the sensing material, target gas in addition to the
design and material type of both the substrate and
electrode [9].

Nowadays, there is a dramatically rising of
the number of gases that can be monitored by gas
sensors such as H,S, NH, and air pollutants like
NO,, SOK and CO,which are the main cause of
the serious environmental disasters over the last
years [10]. The chemical gas sensors of different
sensing materials have been applied as a thin or
thick film. Many studies have been reported for
the semiconducting metal oxides like CuO, WO,,
CeO,, ZnO and SnO, as a Thin films for gas
monitoring [11-12]. Many problems of the metal
oxide-based sensors like the low selectivity, high
operating temperature, short life time, high-power
consumption which limit their applications[13].
So, the conducting polymers, such (Polypyrrole
(Ppy), polyaniline (PANI), polythiophene (PTh))
are used as sensing materials because of their
sensitivity and reactivity to change their electrical
characteristics when exposed to some gases.
The common advantage of conducting polymers
is their low cost, flexibility, facile application
and ease-fabrication. As a result, focused
research has been directedto the gas sensors
related to conducting polymers. For enhancing
the sensing performance, conducting polymers
hybrid nanomaterials are used to overcome the
basic limitations of film-based sensors [14].
Hybrid polymer nanocomposites have attractive
development strategies to improve the individual
components limitations and improvement the
reactivity of mechanical actuators. The most
improvements in sensor performance depend on
the high surface area properties of nanomaterials.
Moreover, the sensing mechanism of gas sensors
is basically based on the changes in the electrical
resistivity of the sensing materials for the target
gases with its surface [15].

This work is focusing on two targets, the first
one is to prepare chemical sensor based on Ppy
nanocomposites and confirm their structure. The
second target is to evaluate these composites
as chemical sensors for H,S. The Keithley
electrometer should be used to record the response
of the fabricated sensors in the term of electrical
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resistance. Our attention might be extended to
discuss the results on the basis of electrochemistry
and electron transfer.

Experimental

Raw Materials

Stannous chloride dihydrate (SnCl,.2H,0),
Copper (II) Chloride dihydrate (CuCl.2H,0),
ammonia  solution (NH,OH),silver  nitrate
(AgNO,), Pyrrole (C,HN) monomer(density;
0.97g/cm? at 20 C, a melting point 24 C stored
in dark at 0°C). Analytical grade (Iron (III)
chloride hexahydrate-FeCl,.6H,0). All chemicals
were suppliedfrom sigma Aldrich. All solutions
were prepared in distilled water. Different
concentrations of H,S gas canisters were
purchased as calibration standard gas cylinders
from AG Gases Ltd, UK.

Preparation of Polypyrrole

In two necked flask a solution of 27 gm.(0.1
M) of oxidizing agent FeCl,.6H,O was added
slowly to 100 ml(0.15 M) of Pyrrole monomer
dissolved in 50 ml distilled water under
continuous stirring with nitrogen atmosphere in
ice bathto kept temperature at 0°C for 5 hrs. The
reaction mixture was kept un-agitated for 24 hr.
until the black powder of Ppy was settled down.
The obtained precipitate powder was filtered out
under vacuum and washed many times to remove
any impurities. The Polypyrrole precipitate
was dried at 100°C for 4 hr. [16], the schematic
illustration of theinsitu-polymerization procedure
was shown in Fig.1.

Preparation of theCuO and SnO ,Nanoparticles

19 gm. (0.1 M) of SnCL,.2H,0O was dissolved
in 100 mldistilled water. After complete
dissolution, about 50 ml of (0.5 M)NH,OH
solution was added to adjust the pH valueat 8. A
white gel precipitate was immediately appeared.
It was allowed to settle at room temperature for
24 hr. Then, filtered and washed by distilled water
several times till a clear solution was obtained,
andno chloride ions were detected using AgNO,
solution. The obtained precipitate was dried for
24 hr. at 70 °C. The dried powder was milled and
calcinated at 600 °C for 4 hr.

The CuO NPs was prepared by Applying the
same procedure as SnO,preparation; 50 ml of
(0.5 M) NH,OH solution was added slowly tothe
aqueous solution of 100 ml 0f (0.1 M)CuCl,.2H,0
at room temperature with continuous stirring until
the greenish blue precipitate was formed at pH
value about8. The precipitate was washed several
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times until no chloride ions were detected.Then
the precipitate was filtered and dried for 6 hr. at
100 °C and calcinated at 500 °C for 3 hr.

Preparation  of  thePpy/CuO  and  Ppy/
SnO,Nanocomposites

Following the same procedure of Polypyrrole
preparation, A solution of 100 ml (0.1M) of
Pyrrole monomer was mixed with CuO or SnO,
nanoparticlesat (10, 20, or30) % per weight
individually with continuous stirring for 30 min.
27 gm. (0.1 M) of oxidizing agent FeCl,.6H,0
was added dropwise with continuous stirring
in ice bath (0 °C) under nitrogen flow for 4 hr.
The black precipitates of Ppy/CuO and Ppy/SnO,
nanocomposites were filtered anddried at 60°C for
6hr. and at 50 °C for 3 hr. respectively.

Setup of the Gas Sensing Unit

In order to detect the gas response, a computer
assisted designed interdigited electrode separated
by Imm. from its all sides, was fabricated on a
printed circuit board (PCB). In order to form the
deposition paste; the solution of sensing material
powder was mixed with polyethylene glycol
as a binder and spread over using drop casting
technique uniformly then allowed to dry under
vacuum at room temperature for 20h. ALab-made
conical sealed glass chamber of 500 ml with gas
inlet portwas installed; the fabricated sensorwas
fitted inside the chamber firmly with the prober
electrical connections. The H,S gas of different
concentrations (100,400, 600, and 1000 ppm), was
passed through the chamber at room temperature.

/ \ Insitu-polym erization
o

The electrical resistance changes were recorded
as a result of the reaction of the sensing materials
with H.S gas, at a constant voltage 0.1 V DC
provided from electrical power supply, for
every 5 seconds by the computer assisted 6-digit
Keithley 6514 System Electrometer. The Keithley
electrometer was connected to the computer
via GBIP interface. The H,S gas concentrations
which wereused in our lab tests were obtained in
1-liter tedlarbagcapacity then it was connected to
the chamber.

The gas response was calculated by the
following equation [17];

Ra—Rg
Response % = T 2100 ... oo (D)

where, R is the initial resistance in the presence
of air, R, is the resistance in the presence of the
H,S gas.

To study the gas effect on the sensor response,
the resistance was measured in the air and in the
flow of H,S gas at ambient temperature. The
sensorwas placed in the chamber. The H,S gas
flow started to fill the chamber until complete
occupation,during the test timethe electrometer
recorded the resistance changes every 5 sec.for 15
min. then the chamber was allowed to air exposure
before the second cycle of H,S exposure. The
experimental setup was illustrated in Fig.2.

Characterization Techniques
The crystallography of the synthesized

FeCl;
H n
Pyrrole monomer
LY &
: '- e - '. ¢ Insitu-polymerization
-.-' + * L@ e I
* FeCl3
Pyrrole
monomer MO= NPs Polymer MOx
nanocomposite

Fig. 1. Scheme of polymerization reaction.
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Fig. 2. The experimental setup for gas monitoring with Interdigited electrode design.

nanoparticles were confirmed by X-ray Diffraction
(XRD) using model (X’Pert Pro) 2 range from
5°-90° conditions 40 mA,40 kV, and wave length
of Copper Ko, at 1.54 A, with a Cu-Ka radiation
(L = 1.5406 A) Diffractometer. The particle size
and the morphology of the prepared nanoparticles
were characterized using the High Resolution
Transmission Electron Microscopy (HR-TEM,
JEOL JEM-2100F, Japan, 200 KV). The particle
size distribution was obtained using the Dynamic
Light Scattering (DLS)with a laser angle 90°
at 25°C, (Zetasizer Nano-ZS90 instrument,
Malvern Co., UK). The chemical structure and
function groups of the prepared Polypyrrole
were characterized by a Nicolet iS10 FT-IR
spectrophotometer (Thermo Fisher Scientific,
USA) in a wavenumber range 500-4000 cm™.
The Polypyrrole molecular weight was recorded
using Gel Permeation Chromatography (GPC),a
GPC-water 2410 with reflective index detector
using 4 columns styragle HR THF 7.8 x 300 mm,
calibrated by PS standard, supported a water 515
HPLC pump. The electrical measurements and the
responses of the gas sensors were monitored using
(Keithley instrument, Inc. USA) a Keithley source
measurement unit (6514). The electrometer was
interfaced to the computer via GPIB interface.

Results and Discussion

Structure  Characterization and Morphology
study of Ppy, CuO NPs and SnO, NPs, Ppy/CuO
and Ppy/SnO,Nanocomposites.

The prepared Polypyrrole function groups
were identified using FT-IR as shown in Fig.3. The
spectrum revealed that; the N—H stretchingpeak at
3470 cm™'. Whereas the peaks at 2989 cm ™! related
to —C—H, 1392 cm ! and 1565 cm™! are related to
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C-N and C=C respectively. A peak at 1178 cm™!
was related to =C—C. All these peaks are the main
characteristic of Ppy.

Also, the prepared Polypyrrole was
determined by GPC. The solution of the prepared
Polypyrrole was dissolved in THF GPC grade
“flow rate Iml/min”, the analysis recorded
that the molecular weight Mw= 10000 and the
polydispersitywas 3.6.

The XRD pattern of the prepared Ppy is seen
in Fig.4a. It can be observed that there wasn’t any
sharp peak detected in the range of 1-40 ° which
confirmedto the amorphous structure of the Ppy.
A broad pattern about 25°is corresponding to Ppy
and it is a typical for the doped structure of Ppy.

On the other hand, the XRD pattern of the
CuO NPs was in monoclinic phase which shown
in the Fig.4b. The average crystallite size was
calculated by Debye Scherer’sequation;

0.9 A

= Beos@ e 2)
where Dis the crystal size,Ais the X-ray
wavelength, B is the full width at half maximum
of the diffraction peak, and ©is the Bragg
diffraction angle of the diffraction peaks; and
found to be55 nm. According to (JCPDS card no.
80-0076), the exhibited diffraction peaks at 20 =
32.52°(110),3551°(-111),38.74 °(111),
46.27 ° (-1 12), 48.77 ° (-2 02), 53.59 ° (0 2 0),
58.32°(202),61.57°(-113),66.25° (-311)
and 68.07 °(2 2 0) related to the different planes
of monoclinic phase of CuO NPs.

Furthermore, The XRD of the SnO, NPs
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is shown in Fig.4 caccording to (JCPDS card
no.41-1445), the peaks showed at 20 values of
26.5°(110),33.7°(101),37.8°(200),51.9°
(211),54.8°(220),61.8°(310)and 65.8° (3

0 1) confirmed that the product is of SnO, and in
good agreement with the literature. The average
particle size D was found to be 17 nm.
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Fig. 4a. XRD patterns of Ppy.
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Fig. 4b. XRD patterns of CuO NPs.
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Fig. 4c. XRD patterns of SnO, NPs.
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The particle size distribution of the prepared
NPs was measured using DLS. It was observed
from the data that the particle size of the
prepared CuO NPswas in range of 50 to 110
nm.As illustrated in Fig.5a. It also seen that the
presence of the higher number of particles within
90 nm. The polydispersity index value (PDI) of
the suspended particles was found 0.154, which

is below the acceptable range of 0.7. PDI values
areranging from O to 1; the valuelower than 0.05
indicates a monodispersed phase, whereas the
value higher than 0.7 indicates a broad particle
size distribution. The particle size distribution of
the prepared SnO, NPs was in the range of 15 to
77 nm. as shown in Fig.5b, the higher number of
particles was located within 71 nm. The PDI of
the suspension was found to be 0.296.

Size Distribution by Number
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Fig. 5a. Particle size distribution of CuO NPs.
Size Distribution by Number
30y--- Tt T Tomoooosooasoooooooooooooos
= 207 T S A
£ :
2 :
E .
E :
= :
0 + + > + {
0.1 1 10 100 1000 10000

Size (d.nm)

Fig. 5b. Particle size distribution of SnO,NPs.
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The shape, size and morphology of the
fabricated MO, NPswere detected using HRTEM
as shown in Fig.6a, b. The samples were prepar
edbyputtingatinydropletofsonicatedwaterbasedM
O_ NPs suspension on a carbon supported copper
grid. The CuO NPs have a tetragonal shapewith
an average size of 50 to 60 nm. it seemsas
clusteredattributed to the particles aggregation
affected bythe lowevaporation rate of the solvent.
At high magnification allobserved CuO NPs
exhibit atomic fingers with specificorientations.
These observations mean that the synthetized
CuONPs haveahigh crystallinity with random
orientation. Moreover, the HRTEM images of the
prepared SnO, NPs shows a spherical structure
witha tiny size ranged of 6-11 nm.

The HRTEM images of the Ppy show that
the particles of Ppy are attached to each other
as clusters. Furthermore, the SAED pattern
showsthe uniform central and diffraction spots
of the Ppyindicatingits amorphous structure as
shown in Fig. 6c.

Finally, the HRTEM images of Ppy/CuO
and Ppy/SnO, nanocomposites as seen inFig.6d,
frespectively, indicate that the morphology of
the hybrid nanocomposites is microstructure
with uniform distribution of NPs in Ppy matrix
which confirm that the in-situ polymerization
produced non-aggregated matrix. The uniform
distribution of NPs in the Ppy matrix improves
the conductivity properties. The shape of NPs
didn’t change in the nanocomposites. Thus, the
nanocomposites microstructure improved the
surface roughness leading to increase the surface
reactive pores[20].

Gas SensingProperties of Ppy and Ppy/
MO Nanocomposites.

The response of the fabricated sensors was
calculated according to eq.(1): The exposure
of sensors to H,S gas which is an electron-
donorleading to decrease the resistivity sothe
response R (%) has always positive sign. Thus,
the decrease in the resistance of Ppy/CuO and
Ppy/SnO, nanocomposites after the exposure
to H,S gas is consistent with the decrease in the
resistance of the Ppy that caused by reducing inthe
electron hopping. It was observed that the change
in the dynamic response for all fabricated sensor
started with decrease its resistance, the nremained
constant for short time and the recovery time

was obtained by opening the gas test unit to the
ambient atmosphere [18,19].

After inspecting the drawn data in Fig. 7 it
was observed that the best sensing material
response to 100 ppm H_S gas exhibit bythe Ppy/
SnO,(30) followed by Ppy/CuO(30)then Ppy/
SnO, (10, 20), Ppy/CuO (10, 20) and Ppy sensors.
Therefore, the samples Ppy/SnO, (30) and Ppy/
CuO (30) were selected to apply sensing tests for
H,S gas at different concentrations (100, 400,600
and 1000 ppm) at room temperature.

Figure 8 shows the response of Ppy, Ppy-CuO
(30), and Ppy/Sn0O, (30) at H,S gas concentrations
of 100 ppm, 400 ppm, 600 ppm and 1000 ppm.
The Ppy/SnO, (30) nanocomposite achieved the
maximum sensor response towards 1000 ppm
H,S 53.2 %. At the same time the Ppy/CuO
(30) sensor recorded 4.7 % and the Ppy sensor
pronounced 0.12 %.

The dynamic response of Ppy/SnO,(30)
nanocomposite sensor towards H,S and the
recovery time was illustrated in Fig.9.

Mechanism of Sensing

The high surface morphology of nanomaterials
and the density of the porous structure are the main
factors affecting on the sensor response within
the sensing layer diffusion towards the H,S gas.
Also, these characteristics increase the reaction
rate between H,S and the positive charges along
the Ppy. [20-21]. Both of Ppy/CuO and Ppy/SnO,
nanocomposites are a resistor-type sensor where
the sensing mechanism of this sensor depends on
the changes in their electrical resistivity. For Ppy
sensor, when it is exposed to electron donating
gases like H,S, a redox reaction occurs and its
effective number of charge carrier reduced, thus
decreased its resistance [22—24]. The large number
of grains is leading to large effective surface area
available for adsorption of gas molecules and high
porosity. The gas sensing mechanism is explained
according to the model of potential barrier. The
potential barrier is depending on the concentration
of the adsorbed oxygen. When the H. S gas was
adsorbed on the surface of the sensing layerthe
adsorbed oxygen is consumed by reacting with
H,S gas, and the entrapped electrons are returned
to the SnO, grains resulting in a decrease of the
potential barrier and the resistance. [25,26].

Egypt. J. Chem. 63, No. 7 (2020)
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Fig. 6b. HRTEM images of SnO, NPs.

T R

Fig. 6f. HRTEM images of Ppy/SnO, nanocomposite.
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It’s known that the reducing gases as H,S have
a proton doping effect towards several polymers
such as Ppy as a p-type semiconductor [27-31].
The absorbed H,S gas has been dissociated
into H" and (HS- or S*) on the surface of the
nanocomposites. The Ppy was protonated by
the H* leading to improving its conductivity.
On the other hand, the conductivity of the
n-type NPs (SnO, and CuO) has been enhanced
affected by its reaction with the highly reactive
dissociated (HS™ or S*)which is the strongest
logical purposed sensing mechanism[32-36].
Hence, the depletion layer is the region rich of
charges, when associated with organic-inorganic
(p-n heterostructure) it has two types. The
firsttypeexisted when the oxygen molecules
adsorbedat the surface of NPs, while the second
typecaused by thep-n heterojunction at the
contact interface of Polymer and NPs [37]. These
depletion layers were affected by the existed
atmosphere. In the air, surface potential barrier
was increased referred to the adsorption of the
O,species at the surface sites and trap electrons
from the junction. In case of H,S gas exposure, the
potential barrier in the depletion region decreased
due to the back release of electrons to the sensing
material surface [36]. The reactions between the
H,S and the adsorbed oxygen molecules can be
explained as the following equations :

H.S (gas) + O* (ads) —» SO, +e................ 3)
H.S (gas) + 0> (ads) — SO, +2e".............. 4)

It’s clearly observed that both of the response
(R, %) and the response time (T, sec.)of Ppy/SnO,
nanocomposite was better than among of Ppy/
CuO nanocomposite and Ppy. This is referred
to the high oxygen vacancies of SnO, than CuO
which adsorbed more oxygen species leading to
decrease the surface potential barrier in addition
to the small size of SnO, nanoparticles (6-11 nm)
compared to CuO (50-60 nm).

Conclusion

The proposed low cost H,S gas sensor
was fabricated based on depositiona sensing
layer of the prepared Ppy, Ppy/CuO and Ppy/
SnO,nanocomposites on the fabricatedsensors
and its response was detected using Keithley
electrometer. The porous structure of the sensing
layer pronounced high surface area for the free
access of the target gas and also reduce the
gas diffusion resistance, leading to satisfied
sensitivity. It was shown that the Ppy/SnO, sensor
exhibited the high response towards 100, 400,
Egypt.J.Chem. 63, No. 7 (2020)

600 and 1000 ppm of H,S gas (R %,25.4, 31.6,
44.7 and 53.2 respectively), this is referring to the
high selectivity of tin oxidetowards the H,S gas
and the high oxygen vacancies of SnO, than CuO
which adsorbed more oxygen species leading to
decrease the surface potential barrier in addition
to the small size of SnO, nanoparticles (6-11 nm)
compared to CuO (50-60 nm).
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