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Ammonia is an air pollutant and the understanding of the ammonia-sensing mechanism is
valuable for developing new gas sensors. In this study, polypyrrole (PPy) nanosheets were
synthesized by low-temperature oxidation polymerization in a water bath at 0 °C. An ammonia
sensor based on the PPy nanosheets was prepared and tested with an ammonia concentration
range of 2-500 ppm. The tested results demonstrate that the PPy sensor exhibited excellent
ammonia sensitivity and selectivity at room temperature (RT). The sensitivity to ammonia was
1.029 at 2 ppm and 2.153 at 500 ppm. The adsorption behaviors of PPy to different analytes
(ammonia, acetone, formaldehyde, and benzene) were simulated and investigated by density
functional theory (DFT). The calculated results show that the adsorption energy of ammonia
was 0.433 |eV|, which is much larger than that of the other analytes. Furthermore, the charge
transfer and the changes in the bond length and angle were carefully compared between different
adsorption systems. The calculation results were consistent with our experimental evidence,
which demonstrated that the PPy sensor has the highest adsorption capacity for ammonia among
the four analytes. The ammonia-sensing mechanism on the PPy sensor was proved from the
calculation results obtained by DFT and will support the development of new advanced gas
Sensors.

1. Introduction

Ammonia is a harmful gas and environmental pollutant,(l:?) and the atmospheric
concentration of ammonia is gradually increasing due to a wide range of human activities, which
include agriculture and the manufacturing of electronics and chemicals.®* The lower limit of
human olfactory perception of ammonia is about 50 ppm, and the respiratory system, eyes, and
skin are damaged when the ammonia concentration is over 500 ppm.C~7) Therefore, ammonia
detection has been an active research topic and has attracted many researchers.®:% It is important
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to develop a high-sensitivity and low-cost ammonia sensor. Also, the investigation of the
ammonia-sensing mechanism by experiment and theory could accelerate this process.

Many different types of ammonia sensors have been developed, including those based on
metal oxides,1? catalysts,1:12) and conducting polymers.(13-15) The conducting polymer sensors
are widely used in the energy storage,(!©) electrocatalysis,(!”) electrorheology,(!® biomedicine,(1?)
and ammonia-monitoring fields because of their low ionization potentials, low-energy optical
transitions, high conductivities, room temperature (RT) operation, and high electron
affinities.?%2) Among the conducting polymer sensors, polypyrrole (PPy) sensors have been
extensively investigated for ammonia measurement due to their adjustable conductivity, easy
fabrication, and low cost.?? In 1997, Penza et al. developed a PPy thin film by the
Langmuir-Blodgett technique, which exhibited excellent ammonia-sensing properties.? Kim
and Yoo developed a PPy sensor for monitoring low concentrations of ammonia.(?4
Aditeejoshi et al. explored the high selectivity of PPy films for ammonia gas at RT.*®) However,
there is still insufficient direct and consistent evidence from both experiment and theoretical
calculations to clarify the mechanism of ammonia sensing on a PPy nanosheet.

In this study, PPy nanosheets were synthesized by low-temperature oxidation polymerization,
and a gas sensor based on the nanosheets was fabricated to detect ammonia at RT. Then the
ammonia-sensing properties on the PPy sensor were explored. The sensitivity and selectivity of
the PPy sensor were measured and analyzed for four different analytes (ammonia, acetone,
formaldehyde, and benzene) using a dynamic testing system. The adsorption behavior of PPy for
different analytes was simulated using density functional theory (DFT). The performance
parameters of the PPy adsorption analytes, including bond lengths, bond angles, adsorption
energies, and charge transfer, were calculated and used to clarify the ammonia-sensing
mechanism.

2. Experiment and Characteristics
2.1 Preparation of PPy

Pyrrole and ferrous chloride hexahydrate were purchased from Sigma-Aldrich, U.S., and
Sinopharm Chemical Reagent Co., Ltd., China, respectively. All chemical reagents were used
without further purification. PPy was prepared by low-temperature oxidation polymerization.
1.4 mL of pyrrole (0.971 g/mL) solution was added to 25 mL of deionized water and was
dispersed by ultrasound for 30 min to ensure a uniform dispersion. 1 mol/L ferrous chloride
hexahydrate solution was dripped slowly into the pyrrole suspension in a 0 °C ice bath. Black
PPy was obtained after 8 h under vigorous magnetic stirring, filtration, cleaning, and drying.

2.2 Material characterization

The structure of the PPy samples was characterized using an X-ray diffractometer with the
radiation intensity of Cu Kal (D/Max 2400, Rigaku, Japan) and a step length of 0.02° in the 20
region of 25-80°. The surface morphology was observed by field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800, Japan). FT-IR absorption spectroscopy and Raman
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spectroscopy were carried out using an FT-IR spectrometer (Tensor80V, Bruker Optics,
Germany) and a Raman spectrometer (Renishaw In Via Raman Microscope, U.K.), respectively.

2.3 Preparation of sensor

The prepared PPy powder was wetted with deionized water to form a slurry. The slurry was
coated on a silicon substrate, which was 4 x 6 mm? in size with a pair of Pt electrodes 20 pm in
width. The preparation process of the PPy sensor is shown in Fig. 1. The gas-sensing
characteristics of the PPy sensor were tested using a dynamic testing system. The response
degree of the sensor was determined as S = R,/R,,,*%) where S is the response of the PPy sensor,
R, is the stable resistance of the sensor in the air, and R, is that of the target gas.

2.4 Computational methods

The sensing mechanism was further investigated by first-principles calculations, and the
interactions of ammonia, formaldehyde, acetone, and benzene on the PPy sensor were analyzed.
The adsorption models of the PPy sensor and the above gases were constructed and then were
optimized by DFT, as implemented in the Vienna Ab-initio Simulation Package (VASP)?7) with
the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE).?®) The
cutoff energy was set as 400 eV and k-point sampling with a mesh of 2 X 2 x 1 in the Brillouin
zone (BZ) was performed. A vacuum layer of 10 A was added to remove the interactions
between neighbor slabs, and the optB88-vdW functional was used to evaluate the van der Waals
interactions.?”) The adsorption energy (E,;,) was defined as follows:3%)

Eqs = EPPy+X - EPPy —-Ey, M

where E,;; denotes the adsorption energy and Epp,.y, Epp,, and Ey are the total energy of the
adsorption system, the system energy of PPy, and the energy of the gas, respectively. Electron
transfer was calculated by Bader’s quantum theory of atoms in molecules (QTAIM).CD The
qvasp functional was used to postprocess VASP-calculated raw output files.(?

FeCly

Fig. 1.  (Color online) Preparation process of the PPy sensor.
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3. Results and Discussion
3.1 Analysis of characterization

The surface morphology of the PPy nanopowder was characterized through scanning
electron microscopy (SEM), and SEM images of the PPy nanosheets are shown in Figs. 2(a) and
2(b). As can be seen from the images, the PPy nanoparticles that aggregated on the silicon
substrate had a nanosheet structure with a size of about 100 nm, which looked like flower petals.

The structural properties of the PPy nanosheets as-prepared using low-temperature oxidation
polymerization were characterized by X-ray diffraction (XRD), Raman spectroscopy, and FT-IR
spectroscopy. As shown in the XRD pattern in Fig. 3(a), there is a broad peak in the region of
15-30°, which suggested an amorphous structure, indicating that the short-range chain
arrangement dominated, as has been observed for other PPy powders synthesized
electrochemically.®?) The Raman spectrum of the PPy nanosheets is shown in Fig. 3(b). The
peak assigned at 1349 cm™! was associated with the antisymmetrical C—N stretching. The C=C
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Fig. 2. SEM images of (a) PPy nanosheets at 8.3 mm x 12.0 k and (b) PPy nanosheets at 8.3 mm x 35.0 k.
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Fig. 3. (a) XRD pattern of the PPy nanosheets and (b) Raman spectrum of the PPy nanosheets.
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backbone stretching peak of PPy was responsible for the band at 1571 cm™!. This suggested that
the black PPy may be composed of short-range pyrrole during synthesis.3%

3.2 Sensing properties of the PPy sensor

The ammonia-sensing properties of the PPy sensor were examined over the concentration
range of 2-500 ppm at RT and 40% RH. Ten response cycles of the PPy sensor with the changes
in the ammonia concentration are shown in Fig. 4(a). With increasing ammonia concentration,
the sensitivity of the PPy sensor increased linearly. The sensitivity was 1.029 at the lowest
concentration of 2 ppm and 2.153 at 500 ppm. The response and recovery times of the PPy
sensor for 100 ppm ammonia can be seen in Fig. 4(b) to be 87 and 132 s at RT, respectively. The
response and recovery times of a gas sensor are defined as the times at which 90% of the final
value is reached.

To clarify the interaction between ammonia and the PPy sensor, we further examined the FT-
IR spectra of the PPy nanosheets with adsorbed ammonia (Fig. 5). The peak at 3438 cm™! is
attributed to N—H stretch vibration and the peak at 1637 cm™! is attributed to the typical stretch
vibration of PPy.3%) The sharp peaks centered at 1384 and 1077 cm™! are assigned to typical
C—H stretch vibration and C—H deformation vibration of PPy.3%-37) The band of the C=C out-of-
plane ring deformation vibration is at 954 ¢cm 1.0® The sharp peaks caused by C-C ring
stretching are concentrated at 1265 cm™!. The intensity of the N—H stretch vibration peak near
3325 cm ! increased with the concentration of ammonia.®?) There was also an obvious increase
in the C—H and C—C stretch vibration peaks with the ammonia concentration. This was caused
by the significant changes in the bond lengths of the C—H and C—C rings and the dihedral angle
of the PPy ring after the adsorption of ammonia. There is no sharp peak at 954 cm™! in the FT-IR
spectra of the PPy nanosheets with adsorbed ammonia; hence, the structural skeleton of PPy did
not significantly change after the adsorption of ammonia. All the evidence demonstrates that the
structure of PPy was perturbed by ammonia molecules, inducing the gas-sensing signal.
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Fig. 4. (Color online) (a) Transient response curves of the PPy sensor for ammonia at concentrations of 2—500 ppm
at RT. (b) Response and recovery times of the PPy sensor for 100 ppm ammonia.
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Fig. 5. (Color online) FT-IR spectra of PPy nanosheet without adsorbed ammonia and PPy nanosheets with
adsorbed ammonia at concentrations of 100 and 500 ppm.

Selectivity is another important factor for gas sensors. The cross-responses of the PPy sensor
to ammonia, acetone, formaldehyde, and benzene with a concentration of 100 ppm are shown in
Fig. 6(a). The response sensitivities of the PPy sensor to ammonia, acetone, formaldehyde, and
benzene are 1.418, 1.017, 1.023, and 1.021 at 100 ppm, respectively, with almost no response to
acetone, formaldehyde, and benzene. This indicated that pyrrole molecules interacted more
strongly with ammonia molecules than with the other analytes. The long-term stability of the
PPy sensor was measured at RT and is shown in Fig. 6(b). It can be seen that the PPy sensor
maintained almost the same response over three months.

3.3 Simulation analysis

To clarify the high sensitivity and selectivity of the PPy sensor to ammonia, a first-principles
calculation was performed to reveal the sensing micromechanism. The first challenge is that PPy
has an amorphous structure (as indicated by its XRD patterns). Therefore, as shown in Table 1,
we built a series of nPPy (n stands for the number of C4;NH; units) structure modes and used
them to interact with ammonia. The adsorption energies were 0.433 |eV| (3PPy—NHj;), 0.439 |eV]
(4PPy—NHj;), 0.444 |eV| (5PPy—NH;3), 0.448 |eV| (6PPy—NHj3), 0.453 |eV| (7PPy-NHj;), and
0.479 |eV| (nPPy-NH3), with no significant difference among different modes; hence, we
concluded that the length of the oligomers did not play a crucial role in the adsorption of
ammonia, which is consistent with previous reports.*?) Based on the characterization of the
Raman spectrum, the PPy nanosheets were mainly composed of short-range oligomers.
Therefore, 3PPy was chosen to reduce the computation time, and this structure was allowed to
relax to its minimum energy. Furthermore, the moderate adsorption energy between PPy and
NH; was mainly attributed to a strong hydrogen bond between H and N atoms, and the change
in the adsorption energy ranged from 0.43 to 0.47 eV, which is consistent with our FT-IR
spectra.(40)
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Fig. 6.  (Color online) (a) Cross-responses of the PPy sensor to ammonia, acetone, formaldehyde, and benzene with
a concentration of 100 ppm at RT. (b) Long-term stability of the PPy sensor to 100 ppm ammonia over three months.

Table 1
Adsorption energies and structural models of nPPy with adsorbed ammonia.
Species Adsorption energy (|eV]) Structural model
-
3PPy-NHj3 0.433 1
b4 v
o
-y i
4PPy-NHj3 0.439 . )
5PPy-NH; 0.444 -y W p
6PPy—NH;3 0.448 A o a
A . .
o
7PPy-NHj 0.453 i A 4
o v o v

nPPy—NH;
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To explore the selectivity of the organic analytes to the PPy nanosheet, the 3PPy structures
with adsorbed ammonia, acetone, formaldehyde, and benzene were optimized using DFT and
are shown in Fig. 7. Optimized geometric parameters, i.e., the intermolecular and intramolecular
distances (dyo_x, duo_ni), the angle of the bridge (LC,N,C;), and the dihedral angle
(LCyN C5Cy), are listed in Table 2. The intermolecular distances (dy_x) show distinct
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© @

Fig. 7. (Color online) Optimized bare structure models of PPy interacting with (a) ammonia, (b) acetone, (c)
formaldehyde, and (d) benzene. In (a), X denotes the nearest atom of the analyte adsorbed on the 3PPy and the
atomic subscript number is shown.

Table 2

Optimized geometric parameters (bond lengths in A, bond angles in °).
System d]-]()fx dHofN] yd C2N1C3 e C2N1C3C4
Isolated 3PPy — 1.017 110.656 157.294
3PPy—NH;3 1.938 1.034 110.014 158.162
3PPy—CH3;COCH3 2.456 1.028 110.456 156.663
3PPy-HCHO 2.489 1.022 110.187 157.225
3PPy—CeHg 2.439 1.017 110.627 156.176

differences with different analytes. The distance between 3PPy and ammonia of about 1.938 A
was the minimum value among the four analytes, indicating the strongest interaction. The
intramolecular distance (dyo_nj) increased with decreasing intermolecular distance (dyo_x)-
Among the analytes, dyo_n; Was largest after the adsorption of ammonia by 3PPy, which
indicates that ammonia has the greatest influence on PPy nanosheets.

The bridge angle (£LC,N;C5) in 3PPy and 3PPy—X is another significant geometric parameter,
which changed when 3PPy interacted with a gas molecule. As shown in Table 2, the maximum
and minimum bridge angles were 110.627° (3PPy—C¢Hg) and 110.014° (3PPy—NHs5), which were
0.029° and 0.642° less than those of the bare structure models of PPy, respectively. This also
reveals that ammonia has the greatest influence on the bridge angle of PPy nanosheets. The
change in the dihedral angle (£C,N;C;C,() was dependent on the analyte used, which was
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probably because of the ion-dipole interaction, which increased with the dihedral angle. The
increase in the bridge angle led to a decrease in the resistance to electron transfer, thus enhancing
the electron transfer capacity,®" and 3PPy—NHj also showed the largest change among the four
analytes.

Simultaneously, to accurately analyze the adsorption behavior of the analytes to 3PPy, the
adsorption energies were evaluated by DFT and are shown in Table 3. The adsorption energy of
ammonia adsorbed on 3PPy was about 0.433 |eV|, much larger than those of acetone,
formaldehyde, and benzene adsorbed on 3PPy. This illustrates that the interaction between 3PPy
and ammonia was stronger than that for the other analytes. As a proof of concept, the PPy sensor
showed excellent ammonia sensitivity.

The charge-density differences for 3PPy with adsorbed ammonia, acetone, formaldehyde,
and benzene were investigated by QTAIMGD and are shown in Fig. 8. The charges transferred

Table 3

Adsorption energies and charges transferred between 3PPy and different adsorbed analytes.
System Adsorption energy (|eV|)  Charge transferred (Je)

3PPy-NH3 0.433 0.047

3PPy—CH3COCH3 0.254 0.038

3PPy-HCHO 0.359 0.036

3PPy—CeHp 0.216 0.001

© )

Fig. 8. (Color online) Charge-density differences for 3PPy with adsorbed (a) ammonia, (b) acetone, (c)
formaldehyde, and (d) benzene. The yellow and blue regions represent increases and decreases in charge,
respectively (the isosurface was set as 0.001 e/A3).
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between 3PPy and different adsorbed analytes are listed in Table 3. The transferred charges
between the 3PPy and ammonia, acetone, formaldehyde, and benzene molecules were 0.047 |e|,
0.038 |e|, 0.036 |e|, and 0.001 |e|, respectively. The numbers of transferred charges were small
between 3PPy and the analytes, which demonstrated that the interaction between 3PPy and
3PPy-X was due to the creation/loss of ion—dipole electrostatic interactions.*!

4. Conclusions

PPy was synthesized by low-temperature oxidation polymerization in a water bath at 0 °C.
The gas-sensing properties of a PPy sensor were measured by a dynamic test system with
ammonia concentrations in the range of 2—500 ppm at RT. The PPy sensor showed excellent
ammonia-sensing properties compared with acetone, formaldehyde, and benzene. It also
exhibited good stability and selectivity in the presence of ammonia. The ammonia-sensing
mechanism of PPy was investigated by DFT. The adsorption energy of PPy with adsorbed
ammonia was larger than those of PPy with adsorbed acetone, formaldehyde, and benzene.
Ammonia also had the strongest influence on the structure of PPy nanosheets, enabling gas
sensing. The results suggest that the PPy sensor has promising application for the sensitive and
selective detection of low concentrations of ammonia at RT. The gas sensor prepared in this
work also has great potential for commercialization due to its simple preparation, excellent
selectivity, low price, and RT operation.
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