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Abstract

This paper reported the results of application of screen printed electrodes (SPE) based on
polymer/carbon nanostructures (multi wall carbon nanotubes — MWCNT and grapheme
— @) for gas sensors. Commercial SPEs were modified by polymers such as conductive
polymer Poly Vinylidene Fluorid — PVDF and biocompatible Poly Ethylene Glycol — PEG.
Modified SPEs were tested in ammonia vapors with different concentration: 3, 6.2, 12.5
and 25% (wt.). Sensor-testing was performed by monitoring the change in the electrical
resistance of the electrodes. The physical characterization of the sensing electrodes was
performed by Scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR) in ATR mode. The surface morphology of CNT/PEG and CNT/
PVDF modifications, after coating with 25% NH3, expressed the effects of ammonia on
the surface of the nanocomposite layer. The ammonia solution acts aggressively on the
modified surface, causing furrows to form in the uniform structure and very small nano-
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Introduction

The atmospheric air we breathe daily contains numerous types
of chemical particles, both natural and artificial, some of which are
vital to our lives, while many others are more or less harmful. Vital
gases, such as oxygen and moisture, should be kept at appropriate
levels in the atmosphere in which we live, while hazardous should
be controlled to be below the designated levels. For toxic gases,
unpleasant odors, volatile organic compounds (VOCs) and other air
pollutants, their standards are regulated by several laws based on the
intensity of the toxicity or the discomfort of each gas. Atmospheric
pollution can cause major disaster in a short period of time, as this
type of pollution can spread rapidly over large areas. To prevent or
minimize the damage caused by atmospheric pollution, monitoring
and control systems are needed that can quickly and reliably detect
and quantify sources of pollution within the range of regulatory
standard values. Successful implementation of such a system is
enabled using gas sensors. Nanostructures, among them carbon
nanotubes (CNTs), have received a huge attention last years in various
fields because of their enormous potential and their unique structural
and electronic properties.'* CNTs exhibit interesting electrochemical
behavior, especially modified ones due to the presence of reactive
groups on the surface.'* Compton’s group presented a work about
the reason why CNTs exhibit the enhanced electrolytic activity and
suggested that this activity is due to the presence of edge-plane like
sites located at the and in the “defect” areas of the tubes® So, in
general, lower overvoltage’s and higher peak currents were observed
in the voltammetry response of several molecules at electrodes with
modified CNTs. Due to these unique properties, CNTs have received
a great attention for preparation of electrochemical gas sensors.®”’
At the beginning, some pre-treatments of the CNTs are necessary to
eliminate metallic impurities and to allow further functionalization
of carbon surface. Mainly, most of the protocols are based on the
oxidation of CNTs under different conditions when the ends and side-
walls become rich in oxygenated — carboxylic groups.®°

Sin M et al.'! have found that the electronic sensitivity of CNTs
to various target gases is highly limited by the binding energy and
charge transfers of the molecules with the CNTs wall. When they
were functionalized, active bonds appear on the side walls of CNTs
which would indeed enhance their sensing capability towards wide
range of gaseous vapors.'! Activation by treatment in acidic solutions
(sulphuric, nitric, hydrochloric) was widely used.*® Also, in some
cases, various pre-treatments were designed based on a combination
of different chemical and electrochemical procedures.*!® Because
of the insolubility of CNTs in usual solvents, several strategies
were proposed for the immobilization of CNTs on electrochemical
transducers, like dispersion in polyelectrolytes or incorporation
in polymer composites using as a distinct binders.'”"* Zhang et
al'? performed an electrochemical functionalization of CNT with
polyaniline.”” On-line detection of NH,was obtained by the PANI-
CNT network based sensors. Its sensitivity was up to 2.44% AR/R per
ppm NH,, which was 60 times more than pristine CNTs. The recovery
time was in range of hours, the response time was in range of minutes,
while the sensitivity was high at low temperature. The main goal of this
paper is to obtain nanocomposite-based sensors from biocompatible
polymer - polyethylene glycol (PEG) and conductive polymer — Poly
Vinylidene fluoride (PVDF) reinforced with carbon nanostructures
designed for the detection of gas pollutants. The subject of research
was a modification and application of nanocomposites using the
drop method (drop modification method), their characterization,
performance of testing of gaseous sensing electrodes in alkaline
vapours (NH,) with different concentration.

Materials and methods

Experimental work in this research was carried out in three phases.
The first phase was followed by the change in the resistance of the
commercial electrodes, by exposing the sensor to ammonia vapor’s
of various concentrations. Commercially available, screen printed
carbon electrodes (SPEs), based on MWCNT (DRP 110) and G
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(DS1100), with carbon working electrode of 4mm diameter, were
ordered from Dropsens, Spain. In the second phase, the polymers
(Poly Ethylene glycol (PEG) and Poly- Vinylidene fluoride (PVDF))
were applied by the drop modification method on the sensor electrode
and the change in resistance of the sensor to exposure to ammonia
vapor with varying concentration is monitored again. In the third
phase, the characterization of the nanocomposite film was performed
after the sensor measurements. In the first phase, the performances of
commercial sensor electrodes (PANI, CNT, G) in ammonia vapors
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with different concentration: 3, 6.2, 12.5 and 25% (wt.) were tested.
In fact, the testing was performed by monitoring the change in the
electrical resistance of the electrodes. Carbon sensor electrodes
require some external excitation such as thermal heating or electric
pulse, so the sensing activity of the electrodes was started to be
monitored by heating the ammonia solution and evaporating it around
50°C. Experimental scheme for electrochemical measurements is
shown in Figure 1.
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Figure | Experimental scheme of SPE-testing.

I Magnetic stirrer; 2. Tube with NH3; 3. SPE electrode; 4. Cable; 5. Multi Meter; 6.PC Computer.

In the second phase, the synthesis of the nanocomposite film was
performed using the drop method, i.e. drop modification method,
where conductive polymer (PVDF) (PVDF dissolved in n-dimethyl
acetamide at 2% concentration) and biocompatible polymer (PEG)
(PEG 400 - used commercial type of low-molecular-weight of 400g/
mol) were deposited to the surface of commercial sensors (CNT,
G).The prepared polymers, using a thin medical needle, were applied
to the sensor surface of the commercial electrodes (CNT, G) (Figure
2). After application, the polymer modified SPE were dry at room
temperature. A total of four types of carbon SPE-based sensors were

prepared: 1. CNT + PVDF; 2. CNT + PEG 400; 3. G + PVDF; 4. G
+ PEG 400. In the third phase, the physical characterization of the
sensing electrodes, which were charged with ammonia, was performed.
The characterization was performed by Scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy (FTIR) in ATR
mode. Surface morphology of the SPE electrodes was analyzed by
VEGAIJ TESCAN scanning electron microscope, using a secondary
electron detector and acceleration voltage of 20kV. FTIR-ATR spectra
were collected by Perkin Elmer-Spectrum 100 machine at 64 scans, in
ATR mode in the range from 400cm™ to 4000cm™ Figure 2.

Electrode modification ))

PVDF 2 % in DMAc
PEG 2 % in H20

i

Carbon electrodes were modified with PEG and PVDF solutions
* Solvent has been dried in air and then under vacuum

Figure 2 Modification of screen printed electrodes.
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Results and discussion

In order to obtain the best analytical response of SPE - sensors
on different concentration of NH,, SPEs-electrodes based on electro
conductive PANI polymer were compared with SPEs with two carbon
nanostructures, CNT and G (Figure 3). In the first phase the performance
of the sensors was tested by monitoring the change in electrical
resistance. As a result of the pairing, resistance change is expected
i.e. conductivity of electrodes. All of the obtained characteristic
curves confirm that over time, at all concentrations, the resistance
decreases, and the conductivity increases. The least resistance, i.e.
carbon nanotubes shows the highest conductivity. Electrodes made
of carbon structures, such as CNT and G, show higher conductivity
than PANI electrodes. The reason for this is the electrical nature of
carbon structures that possess much better electrical properties than
polymers, i.e. PANI in this case. It was evident that for all studied
SPEs based sensors, the measured data suggested that it took 6-10
min to reach equilibrium (Figure 3A-3C). In the second phase, the
sensor performance was again tested, but this time on modified
nanocomposite electrodes. In this case too, a change in resistance is
expected due to the varying sensitivity of the polymer film applied
to the nanostructured portion of the electrode. All curves show that
resistance decreases over time, and the conductivity increases, as was
the case with commercial sensors. PVFD and PEG modified SPE-
nanocomposite sensors have higher conductivity than pure ones.
The best performance is the CNT/PVDF combination, due to the
synergy between carbon nanostructure and polymer film sensitivity.
CNT/PEG modification also shows excellent conductivity, although
PEG does not belong to the conductive polymers group, it has high
sorption power and the ability to bar and thereby pressurize carbon
nanotubes and modify the properties of the entire sensor. G/polymer
modifications have lower solubility than CNT/polymer. The G/PVDF
has better results due to the electrical properties of the polymer,
while the G/PEG shows the lowest conductivity at all ammonia
concentrations. Comparison diagrams for resistivity changes for all
studied SPE sensor electrodes are shown in Figure 4- Figure 6.
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Figure 3 Resistivity changes of pure PANI (3A), MWCNT (3Bb) and G (3C)
- SPE in various concentration of NH, ions.
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Figure 4 Resistivity changes of PYDFand PEG modified MWCNT (4A, 4B) A)

and G SPE (4C,4D) in various concentration of NH, ions.
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Figure 6 Comparison of resistivity changes of G-based SPEs sensors for 6%
(6A) and 25 % of NH, (6B) ions.

In order to compare the sensitivity of MWCNT-based SPE
on alkaline and acidic medium, we have compared the resistivity
changes of MWCNT-based SPE on 3 % NH, with that one on 3%
H_SO, vapours."* Characteristic curves are shown in Figure 7. Lower
resistivity i.e. higher conductivity was obtained for acidic medium
of H,SO, vapor’s Figure 7. Due to the ammonia treatment of the
SPEs-sensor electrodes, morphological changes occurred on the
nanocomposite surface. Morphological changes of SPEs sensors
were followed by SEM and they are shown in Figure 8. Due to the
alcaline — ammonia treatment, small nanorods of salt structures were
found in CNT-based electrodes and these salt’s nanorods could be
responsible for the increased conductivity. The obtained SEM images
clearly show the abrasive effects caused by ammonia on the surface
of the nanocomposite layer of the coupled CNT/PEG electrode
(Figure 8B). The ammonia solution acts aggressively on the modified
surface, causing furrows to form in the uniform structure. The
microphotographs also show ammonia corrosion on the surface of the
CNT/PVDF nanocomposite layer (Figure 8A). It causes the formation
of abrasive channels and deviations from the uniformity of the
structure as well as very small nano-rods of oxides. Using FTIR-ATR,
the changes that have occurred on the surface of the nanostructure
during the absorption of ammonia were observed. The obtained FTIR-
ATR spectra for CNT/PVDF SPEs-sensors and for CNT/PEG SPEs
sensors are shown in Figure 9. As can be seen from the spectra of
CNT/PEG and CNT/PVDF modifications, the wavelengths on which
the peaks appear are shifted, as a result of the change in the amount of
donor and acceptor groups on the surface of the carbon nanostructure.
The peaks at 1292 and 1236cm™ correspond to the C-Nstretching
vibration. The peaks at 1131 and 800 cm™ were attributed to in-plane
bending of C-H and the out-of-plane bending of C-H, respectively.'
Also, It was found that due to the ammonia vaporization, the intensity
of the peaks at 890 and 1150 cm™ decreased, while the intensity of
the peaks at 1380 cm™ increased, as result of the increasing of the
ammonia concentration Figure 9.
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Figure 7 Comparison of resistivity changes of MWCNT-based SPEs sensors
for 3% NH, ions and 3% H,SO, ions.
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Figure 8 SEM Morphology of CNT / PVDF electrode - 25% NH3 (3A) and
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Figure 9 FTIR spectroscopy of CNT/PVDF (9A) and CNT/PEG (9B) ammonia treated electrodes.

Conclusion

In this work, gas sensors with surface modification of commercial
electrodes (CNT, G) were obtained. The commercial electrode
modification was performed by the drop modification method, where
a thin conductive polymer film (PVDF) and biocompatible polymer
(PEG) were applied to the electrode surface. A total of four systems
have been developed: CNT / PVDF; CNT / PEG; G / PVDF; G /
PEG. The obtained SPEs- gas sensors were tested to detect ammonia
vapors in the atmosphere. In order to compare the results obtained
after modification of the electrodes, the performance of commercial
electrodes (CNT, G, PANI) was first tested by monitoring the
changes in electrical resistance. This was done under conditions of
oxidation i.e. at the electrode coupling with different concentrations
of ammonia vapor. Best sensor activity: least resistance, i.e. the
highest conductivity was observed for CNT- based electrodes. After
modification performance testing has again been performed, but
this time on modified nanocomposite electrodes, by monitoring the
change in electrical resistance, at the same conditions as before.
Although all modifications show excellent electrical capabilities, the

best conductivity is shown by CNT / PVDF modification. In fact, it
is due to the synergy between carbon nanostructure and polymer film
sensitivity. Excellent results are also shown by PEG modifications.
Although PEG does not belong to the conductive polymer group, the
swollen polymer film puts pressure on the carbon nanotubes present in
the structure and changes the properties of the entire sensor.

The characterization of the modified nanocomposite electrodes
was performed by SEM microscopy and Fourier transform infrared
spectroscopy (FTIR). The surface morphology of CNT/PEG and
CNT/PVDF modifications, after coating with 25% NH,, was analyzed
using SEM photographs. In both modifications, the effects of
ammonia on the surface of the nanocomposite layer can be observed.
The ammonia solution acts aggressively on the modified surface,
causing furrows to form in the uniform structure and very small
nano-rods of oxides. Using FTIR-ATR spectroscopy, some of the
changes that have occurred on the surface of the nanostructure during
the absorption of ammonia were confirmed. As can be seen from the
spectra of CNT/PEG and CNT/PVDF SPEs modified electrodes, the
wavelengths on which the peaks appear are shifted, as a result of the
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change in the amount of donor and acceptor groups on the surface of
the carbon nanostructure. The general conclusion of this work is that
the modified sensor electrodes exhibit excellent electrical properties,
are characterized by high conductivity and have great potential
application in the field of gas pollutants detection.
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