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Abstract: The detection of ammonia is an important issue for a lot of applications: leak detection in
industry, agriculture, cooling systems, and medical diagnosis (breath biomarker for non-invasive
diagnostic of renal disease). Among the possible sensing technologies, chemosensors based on
conducting polymers show interesting characteristics. Polypyrrole (PPy) is well known for its
sensitivity to ammonia. In the present work, PPy was synthesized by vapor phase polymerization
(VPP) and treated with three different reductants. The ammonia sensing performance was
investigated. The response of sodium sulfite Na:SOs treated PPy was found to be much more
pronounced when exposed to ammonia, it was twice as high as the grown PPy. A response of 15%
at 500 ppb was obtained with an excellent selectivity towards ammonia compared to ethanol,
acetone, and isopropanol. The role of chemical reduction of PPy in ammonia gas sensing was
studied using different methods such as Fourier-transform infrared (FTIR) spectroscopy, scanning
electron microscopy (SEM) and ultra-violet, visible, near-infrared (UV-Vis-NIR) spectroscopy.

Keywords: polypyrrole; ammonia sensor; reduced polypyrrole

1. Introduction

Nowadays, sensor-based technology is witnessing a major and exciting development. Besides the
classical applications in leak detection, development in artificial intelligence paves the road for
emerging applications such as electronic noses for health applications [1-7]. These electronic noses are
used to detect relevant volatile biomarkers present in the breath. Each disease is associated with a
specific volatile organic compounds’ composition in the breath, known as the breathprint.
Consequently, its analysis allows for noninvasive diagnosis and improves telemedicine in
general [1-7]. Ammonia is one of the inorganic volatile compounds in the human breath and is known
to be a relevant biomarker for early detection of renal disease and asthma. About 0.15 to 1.8 ppm
ammonia is exhaled by a normal healthy person while patients with extreme renal disorders or ulcers
exhale above 0.8 ppm to 14 ppm [8-11].

Among the possible sensor technologies, semiconductor gas sensors offer interesting
characteristics that make them very suitable for the integration in electronic noses: high sensitivity,
simple signal, small size.

The sensor consists of an insulating substrate fitted with a pair of interdigitated electrodes
covered with a sensitive layer made of a sensitive semiconductor that can interact with the target gas.
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The gas adsorbing on the surface can exchange electrons with the semiconductor if the interaction is
strong enough. This exchange leads to a reversible surface doping modifying the charge carrier
concentration in the semiconductor and, as a consequence, its conductivity. Thanks to the adsorption
equilibria, the sensitive layer conductivity is a function of the gas concentration to be detected [8-15].

Most available sensors are based on metal oxide semiconductors that operate at high
temperatures, above 150 °C. This is because the surface reactions need to be activated and are slow
at room temperature. It requires then a complex technology for sensor design (need for a high
temperature resisting substrate and an integrated heater), temperature regulation and additional
power consumption that currently slows down the development of such state-of-the-art devices [12—
15]. Conductive polymer-based sensors represent in that framework a valuable alternative to metal
oxide sensors in volatile biomarkers sensing. These conductive polymer-based sensors operate at
room temperature which simplifies integration (high-temperature resisting materials for substrate
not mandatory, no heater), decreases the power consumption and reduces the fabrication cost.
Moreover, their excellent flexibility and easy formability made them more versatile widening the
scope of application to flexible technology [8-10,16-21].

Polypyrrole (PPy) has been widely and successfully used in the literature as an ammonia and
volatile organic compounds (VOC) sensing material [8-10,18-29]. For instance, Kwon et al. prepared
PPy nanoparticles by chemical oxidation polymerization. These nanoparticles were deposited by
spin-coating on gold interdigitated electrodes. The chemiresistive sensor obtained was able to detect
5 ppm of ammonia in less than 1 s [19]. Piraux et al. developed a sensor made of a PPy nanotube
network using a porous polycarbonate template during the electropolymerization [20]. Their sensor
was able to detect 1 ppm of ammonia. PPy has also been associated with graphene and carbon
nanotubes [8,24-26] to improve ammonia adsorption or with metal oxide semiconductors such as
ZnO, TiOz or SnO: to enhance the response [26-28]. All these attempts focus on the lack of sensitivity
in the responses of PPy based sensors compared to metal oxide-based ones. A major challenge is to
increase its response to ammonia. In brief, the response of PPy to ammonia is explained as follows:
PPy is a p-type semiconductor and upon reaction with electron-donating ammonia, PPy is reduced
leading to a decrease in the hole concentration and in turn to an increase of its resistivity [29-31].
Mostly, PPy is synthesized by oxidation methods leading to a quite conductive polymer. If the
polymer is very conductive, the effect of the gases is weak as the number of charges “withdrawn” by
the adsorbed gas can be negligible in comparison with the total amount of charges. This leads to a
weak change in conductivity. On the other hand, if no holes are present in PPy, no interaction with
ammonia takes place and no response can be observed. That is why a trade-off has to be found. The
relationship between oxidation level and conductivity was recently reported by Crispin et al. They
highlighted that the conductivity versus oxidation level has an S-shaped feature for poly(3,4-
ethylenedioxythiophene) (PEDOT) [32]. The same characteristic was also reported by dedoped PPy
by Andreeva et al. [33]. Therefore, a similar dedoping provoked by ammonia would lead to different
electric conductivity variations depending on the oxidation level of the polymer prior to exposure to
ammonia. Controlling the oxidation level of the polymer prior to exposition to ammonia may be a
route to enhance PPy response.

Several technics have been used to synthesize PPy, wet chemical oxidative methods
[18,19,23,25], electrochemical polymerization [8,9,20,24,31] and vapor phase polymerization (VPP)
[21,34-36]. VPP is a simple and effective solvent-free process that allows the formation of high-quality
polymer chains on insulating substrates. Its compatibility with large scale manufacturing makes it an
attractive choice for industry [21,34-36].

In this study, we investigate an innovative method to increase PPy response by tuning the
doping level of PPy by chemical reduction of the polymer. We doubled the sensing performance of
the PPy sensor. A low-cost method for PPy synthesis, VPP, was used. We then controlled PPy doping
by chemical reduction of the polymer. The polymer dedoping was followed in situ by UV-Vis—-NIR
spectroscopy. Sensing tests with ammonia were performed.
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2. Materials and Methods

The oxidant solution CLEVIOS C-B 54 V2, 52.5% iron tosylate dispersed in n-butanol was
purchased from Heraeus (Germany). Triblock copolymer poly(ethylene glycol-propylene glycol-
ethylene glycol) or PEG-PPG-PEG (Mw = 5800 g/mol) was purchased from Sigma Aldrich Belgium.
Pyrrole, sodium thiosulfate pentahydrate Na:5:0: (5H20), sodium sulfite Na2SOs and sodium
borohydride NaBH4 were purchased from VWR Belgium. All chemicals were used as received.

2.1. Polypyrrole Synthesis and Reduction

In a typical experiment, oxidant solution consisting of iron tosylate CB52 (12.3 wt%) and PEG-
PPG-PEG (23 wt%) in ethanol was spin-coated on the substrate at 1500 rpm. The as-spun films were
baked for 30 s at 70 °C. VPP was performed under vacuum in a desiccator. Pyrrole was deposited
onto glass substrates at the bottom of the desiccator to ensure pyrrole vaporization. After 5 min, the
samples were removed from the desiccator and baked on a hotplate for 2 min at 70 °C. The formed
PPy film was washed with ethanol and demineralized water to eliminate unreacted species followed
by drying with nitrogen [34-36].

Reduction of PPy film was achieved by treating PPy film with Na25:0s3 (5H20), Na2SOs and
NaBHas. Each reductant (10 wt%) was dissolved in demineralized water. The reduction of the PPy
films was achieved by pouring 500 pL of the reducing solution on PPy film for 10 min. The PPy film
was then washed in demineralized water and dried in vacuum overnight [37].

2.2. Material Characterization

PPy was coated on a silicon substrate and FTIR was recorded in transmission mode using a
Perkin Elmer Spectrum 2000.

PPy reduction was monitored in situ by UV-Vis-NIR absorption with a Perkin Elmer Lambda
19 Spectrometer. PPy coated on a glass substrate was introduced into the reducing solution then 3
spectra were monitored after 1, 5 and 10 min of treatment.

The morphology of the films was observed by field emission scanning electron microscopy (FE-
SEM, Hitachi SU8020).

2.3. Preparation of Gas Sensors and Sensing Test

The substrates of sensors were made of alumina coated with interdigitated gold electrodes (C-
MAC Micro Technology Company, Ronse, Belgium). These electrodes were screen printed on the
alumina substrates and they had a separation of 250 um. The substrate was washed with isopropanol
and pyrrole was directly vapor polymerized on the alumina substrates according to the method
explained above. The PPy film was then washed in demineralized water and dried in vacuum
overnight.

The gas sensing set up consisted of a bottle of air and a bottle of 100 ppm ammonia diluted in
air (Figure 1). The gas flow was kept at 1000 sccm by three mass flow controllers (El-flow, Bronkhorst,
Netherlands). The humidity of the sensing test was adjusted by using two different flowmeters. One
of them was used for the control of dry air while another one was for the air with 100% humidity.
The VOCs were generated by dissolving a certain amount of VOC liquid into DI water according to
Henry’s law. The bubbler was put in a water bath to maintain the temperature at 25 °C.

The testing chamber was made from a cylindric PTFE cell with a volume of 184 cm?. Resistances
of the sensors were then measured with a Keysight 7200 Digital Multimeter.

The response of the sensors S was defined as S = (Rg— Ra)/Ra x 100 where Rg and Ra represent the
electrical resistances of sensors in the presence of target gas and synthetic air, respectively.
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Figure 1. Schematic of the gas sensing system.
3. Results

3.1. Characterization

FTIR investigations were carried out to confirm the polymerization of the monomer after the
synthesis process. PPy film coated on a silicon substrate was analyzed in transmission mode in the
range of 4000-400 cm™ (Figure 2). The spectrum of the bare silicon substrate displays only an
absorption at 1100 cm™, it is almost transparent in the range of the analysis. Typical peaks of PPy can
be observed from the FTIR spectrum. The peak at 2928 cm™! can be assigned to the C-H stretching of
the pyrrole ring. We can also observe the C=C stretching at 1550 cm™', whereas peaks at 1375 and 1175
represent C-H and C-N plane deformation confirming the formation of PPy [30,38,39].
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Figure 2. As grown vapor phase polymerized (VPP) Polypyrrole (PPy) FTIR spectra recorded in
transmission mode and FTIR spectra of the silicon substrate reference.

SEM characterization mainly shows that the VPP PPy film is quite smooth and dense. Which is
what is generally observed in PEG-PPG-PEG based VPP [34-36] (Figure 3).

In situ monitoring of the optical absorption was performed during the reduction of the PPy film.
UV-Vis-NIR absorption spectra were acquired in the spectral range 350-1200 nm on PPy coated
under the same conditions on glass. The samples were introduced in reducing solutions, Na25:0s
(5H20), Na25Os and NaBHas. A 10 wt% solution was prepared in demineralized water then three
spectra were monitored after 1, 5 and 10 min of treatment.

It can be noticed in the picture of Figure 4 that after treatment with NaBHs, PPy film undergoes
a color change from brown to yellow.
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Figure 3. SEM photo of PPy synthesized from VPP.

()

Figure 4. Photos of PPy: (a) after VPP synthesis and (b) after 10 min of NaBHa reduction treatment.

Figure 5 displays the UV-Vis-NIR spectra after 10 min of treatment. The normalized absorption
spectra of the as grown PPy exhibit a broad absorption band in the NIR and a weaker absorption
around 431 nm. The intensity of the NIR absorption decreases dramatically with the strength of the
reductant and vanishes completely when PPy is treated with NaBH4. In Table 1, the redox potential
of the different reducing agent used is presented.

—=— As grown PPy
—+—Na,§,0, treated PPy

——Na,SO, treated PPy
—v—NaBH, treated PPy

Normalized absorbance
(=]
o
1

460 ) BII)O ) Btlm I 1 0I00
Wavelength (nm)

Figure 5. UV-Vis-NIR spectra of PPy grown by VPP on a glass substrate. Measurements were run
during reduction treatments in Na25:03 Na2503 and NaBH: 10 wt% solution in demineralized water.

Table 1. Redox potential of Na25:03, Na250s and NaBHu vs. a standard hydrogen electrode (SHE).

NaBH: Na:S503 NaS20s
Redox potential vs. SHE -1.24V -0.93V -057V
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On the other hand, the intensity of the absorption peak at 431 nm increases when PPy is treated
with Na25:0s. Na2SO:s treated PPy spectrum displays a broader peak in that region as if there were
two contributions one at 388 nm and a shoulder around 473 nm. NaBHu4 treated PPy spectra shows a
single peak at 388 nm.

Brédas et al. described the band transition that may occur during PPy dedoping [40] according
to their early study in the band theory of conductive polymers. They identified different electron
transitions, the strong peak at 387 nm (3.2 eV) is assigned to electron transition from the HOMO to
the LUMO of the neutral polymer. Additional transition within the bandgap between energetic levels
of polaron/bipolaron would be observed at 473 nm (2.6 eV) and is characteristic of electron transitions
from the valence band to the antibonding polaron/bipolaron level. The absorption at 884 nm (1.4 eV)
is due to an electron transition from bonding to the antibonding polaron/bipolaron state [41,42].

After synthesis, the main optical transition expected is from the bipolaronic band. The
bipolaronic band can be seen in the absorption at 884 nm and the near infra-red background
absorption. A reduction attempt with Na25:0s is not very significant, bipolaronic absorption
background is still dominant. While upon PPy reduction with Na250s and NaBHs, significant
absorption and color change can be noticed. After the reduction treatment, polaronic and neutral PPy
segments increase, consequently contributing to the absorption at 473 nm and 388 nm, which
increases. While NIR background is still present with a decrease in the intensity in Na250s treated
PPy. In NaBHa treated PPy, it is eliminated as if bipolarons are inexistent, NaBHatreated PPy reaches
a neutral state. In Na250:s treated PPy, bipolarons chains are in minority.

After the reducing treatment of PPy, samples were washed in demineralized water followed by
drying with nitrogen. These samples were then analyzed by UV-Vis—NIR Spectroscopy. The same
reduction protocol was also performed on PPy coated on a silicon substrate and analyzed by FTIR
spectroscopy after the washing step.

A surprising change in absorption spectra can be observed in Figure 6. In Na:50s, the NIR
absorption has increased while polaronic and neutral absorption have decreased. In the case of the
spectrum of NaBHs reduced PPy from the completely absent NIR absorption, a broad and strong IR
background absorption is detected. From the FTIR analysis (Figure 7) we can observe that after the
washing step, in the Naz25:0s treated PPy sample, no chemical change occurs. The latter has the same
FTIR spectra than the as synthesized PPy. In Na2SOs treated PPy spectra a slight absorption at 3400
cm assigned to O-H vibration was detected. In NaBHs treated PPy, strong and broad O-H vibrations
are accompanied with C=O around 1600 cm™ and N=C=O vibration at 2270 cm™ [30,38]. Thus,
reduced PPy may be further oxidized by oxygen molecules present in the air after reduction. PPy was
partially destroyed. While this process is negligible in the Na2SO:s treated PPy sample, NaBHas treated
PPy sample is strongly affected.

) -~ As grown PPy
1.3 /—e—Na,S,0, treated PPy - Rinsed ... Na,S,0, treated PPy

1.2 {—=—Na,SO, treated PPy - Rinsed ..o Na_SO, treated PPy
1.1 {=s—NaBH, treated PPy - Rinsed --v- NaBH, treated PPy

Normalized absorbance

400 ' 600 ’ 800 ' 1000
Wavelength (nm)
Figure 6. UV-Vis-NIR spectra of PPy grown by VPP on glass substrate. Measurements were

performed after reduction treatments in Na:5:0s Na:SOs and NaBH: 10 wt% solution in
demineralized water followed by rinsing in demineralized water.
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Figure 7. FTIR spectra of silicon reference substrate and PPy grown by VPP on a silicon substrate;
measurements on PPy samples were performed after reduction treatments in Na25:03, Na2SOs and
NaBHs 10 wt% solution in demineralized water followed by rinsing in demineralized water.

3.2. Gas Sensing Properties

3.2.1. Comparison of the Reduction Treatments

PPy VPP was performed directly on the gold interdigitated alumina substrate to fabricate
sensors. The PPy based sensors were treated with aqueous solutions of the three reducing agents. To
study the effect of the dedoping treatment on sensing performance, sensors were exposed to 10, 30
and 50 ppm ammonia gas diluted in air with 50% of humidity. In Figure 8a and Table 2, the evolution
of the electrical resistance is presented. Except for the sample treated with NaBHs, all treated PPy
sensors have a stable baseline. The unstable baseline of NaBH4 reduced PPy is to be linked with the
degradation of the neutral polymer after the rinsing step. According to Table 2, the electric resistance
of the sensor follows the reduction strength of the salt used during the treatment. The as grown PPy
and Na25:03 reduced PPy have almost the same resistance baseline, 12 kOhm and 15 kOhm
respectively. Na25:20szis too weak to provoke an oxidation level change. The Na:SOs treated PPy has
its baseline at 400 kOhm and the NaBH4 reduced PPy starts at 1.4 MOhm and is not stable. The
resistances of all four sensors increase when exposed to ammonia. It is known that ammonia
reversibly reduces PPy. Therefore, its electrical resistance increases [29-31].

3.64M 1 —#— As grown PP
—=— As grown PPy g Yy 50
3.12m 1 —&—Na,$,0, treated PPy 120 { —&—Na,$,0, treated PPy ppm
——
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B o e
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Figure 8. Ammonia sensing test: (a) electric resistance changes and (b) response of the as grown PPy
sensor and PPy sensors after reduction treatments in Na25:203 Na2503 and NaBHs 10 wt% solution in

demineralized water.
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Table 2. Electrical resistances of PPy based sensors and reduced PPy based sensors.

Treatment None Na25:203 Na:S0s NaBH:4
Baseline resistances 12 kOhm 15kOhm 400 kOhm 1.4 MOhm

The calculated response is depicted in Figure 8b. The as-grown PPy and Na25:0s3 reduced PPy
have almost similar responses towards NHs exposure. At 50 ppm of NHs, the response of sensors
reaches 50%. Whereas Na2SOs treated PPy displays the best response of 110% for 50 ppm of NHa.

To understand why Na:SOs treated PPy has the best response, two points must be highlighted.
NHs when reacting with PPy decreases the oxidation level of the polymer and, the conductivity of
PPy versus oxidation rate displays an S-shaped feature [33] as depicted in Figure 9.

10'{1 0,

4+

6+

1
0.4 0.8 1.2 AE, eV

Figure 9. Conductivity as a function of energy corresponding to the position of the total absorption
edge. Reprinted with permission from Springer Nature [33] Copyright 2006.

Therefore, a at high oxidation rate, which corresponds to as grown PPy or the Na25:03 reduced
PPy state (top left of the curve in Figure 9), ammonia dedoping induces a lower variation in the
conductivity i.e., a lower response. A similar result is to be expected at a lower oxidation rate which
is the case of NaBHs4 reduced PPy (bottom right the curve in Figure 9). At mild oxidation, the case of
Naz5S0s treated PPy, around the inflection point, lower ammonia dedoping produces higher variation
in the conductivity.

3.2.2. Response to Ammonia of the Na2SOs Treated PPy

Na250s treated PPy was selected and calibrated from 500 ppb to 50 ppm. Two sensors made
from reduced PPy were compared with the as-grown PPy (Figure 10).

According to Figure 10a, reduced PPy samples have an improved sensing performance than the
as grown PPy. The best response to ammonia gas at 500 ppb is 15% and at 50 ppm it is 110% for the
reduced PPy based sensor: more than the double of the as grown PPy response. The high response
time defined as the time when the response reaches 90% of the maximum (17 min) is related to the
morphology of the PPy film. The kinetics are limited by ammonia diffusion. In Figure 10b, the
calibration curve, i.e., response vs. concentration is presented. The response is not linear and the slope
at lower concentration is very high, giving some room for improvement of the response of the sensor
at a very low concentration of NHs. With a response of 15% at 500 ppb, the reduced PPy based sensor
may be considered in exhaled breath analysis to detect renal cancer.

As in breath analysis humidity and other interfering gases may play a major role, selectivity and
humidity tests were performed to further investigate the sensing performance of Na2SOs reduced PPy.

Humidity was varied from 20% to 80% (Figure 11). Changes in electric resistance are relatively
small for all sensors. To compare the sensor resistance variations with the sensor resistance at 50%
relative humidity (Ra — Raso)/Raso were plotted (Figure 11b) where Ra corresponds to the electric
resistance measured at a given relative humidity, Raso is the electric resistance at the relative humidity
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of 50%. We can see from Figure 11b that for all sensors, changes in resistance compared to resistance
at a relative humidity of 50% are within -5% and +10%. The effect of humidity variation on reduced
PPy sensors is relatively small.

so{—"— Nagsog treated PPy sample 1 —m—Na SO, treated PPy sample 1
—— Na_SO, treated PPy sample 2 10 ppm —e—Na,SO, treated PPy sample 2

70 100 4 /
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Figure 10. Ammonia sensing test: (a) Response and (b) calibration curve of as grown PPy sensor and
PPy sensors after reduction treatments in Na250s3 10 wt% solution in demineralized water.
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Figure 11. Humidity test: (a) electric resistance changes and (b) relative response of as grown PPy
sensor and PPy sensors after reduction treatments in Na2503 10 wt% solution in demineralized water
with respect to electric resistance at 50% humidity.

The performance of our sensor has been compared with those of other sensors cited in the
literature (Table 3). We can notice that the sensor developed here shows a good response to NHa.

Table 3. Comparison of performance of various ammonia gas sensors based on PPy materials
operating at room temperature.

Authors - (R:isllz:;;;i % 100 Detection Limit Response Time Reference
Hamouma et al. 525% (0.1ppm) 0.04 ppb 138 s [43]
Wang et al. 2.88% (0.5 ppm) 36 ppb 150's [44]
Patois et al. 16% (40 ppm) 3 ppm - [45]

Tiwari et al. 1.1% (3 ppm) 3 ppm 400's [46]
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Shen et al. 4.5% (1 ppm) 0.1 ppm 118 s [47]
Piraux et al. 10% (1.25 ppm) 1 ppm - [20]
Tang et al. 1.7% (1 ppm) 1 ppm 120 s [24]
Hu et al. 2.4% (1 ppb) 1 ppb 14s [48]
Zhang et al. 82.1 (100 ppm) 0.1 ppm 35s [49]
Qin et al. 1010% (5ppm) 0.33 ppm 5s [50]
This work 15% (0.5 ppm) 0.5 ppm 1020 s

Selectivity was studied using acetone, ethanol, and isopropanol gas as interferents reported to
be also present in exhaled breath [3,51,52]. Figure 12 demonstrates high selectivity toward the tested
gas. The response to ammonia exceeds by far that of the other gases.

Il Ammonia
I Acetone
I Ethanol

40 - I 1sopropanol

50

30 +

20

10

Response (%) to 5 ppm

0-

Figure 12. Selectivity test: Response of PPy sensors after reduction treatments in Na250s 10 wt%
solution in demineralized water to 5 ppm ammonia, acetone, ethanol, and isopropanol.

4. Conclusions

In this study, PPy synthesized by VPP was successfully used in the fabrication of sensors for
ammonia. To increase the response, those PPy films were treated with various reducing agents to
dedope them. Prior to exposure to ammonia, in situ UV-Vis-NIR spectroscopy and FTIR analysis
were performed to follow the dedoping mechanism. They highlighted that Na2SOs was the most
efficient reducing agent and the gas sensing tests showed that, the response of the sensor could be
improved after dedoping with Na25Os. A response of 15% at 500 ppb of ammonia was obtained. This
result is promising considering the requirements for exhaled breath analysis in the detection of renal
disorder.
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