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Abstract: Herein we report the gas-sensitive properties to ammonia (at 2-10 ppm) of individual
nanostructures of a polyaniline/nitrogen-doped carbon nanotube composite with a nitrogen content
of 0 at.% (uCNTs), 2 at.% (N-CNTs) and 4 at.% (N*-CNTs). Doping of nanotubes with nitrogen was
carried out in order to both reduce the electron work function, to form a potential barrier at the
“PANI-CNTs” interface, and reduce the contribution of nanotubes to the composite conductivity.
An increase in the nitrogen content in CNTs leads to an increase in conductivity, a decrease in the
work function, and the formation of defects in the outer walls of CNTs. It was found that the structural
and chemical state of the polymer layer of all composites is the same. However, polymer morphology
on nanotubes changes dramatically with increasing nitrogen content in CNTs: a thin smooth layer on
uCNTs, a globular layer on N-CNTs, and a thick layer with a sheet-like structure on N*-CNTs. All
composites showed the same response time (~20 s) and recovery time (~120 s). Ammonia sensitivity
was 10.5 4+ 0.2,15.3 £ 0.5and 2.2 + 0.1 ppm ! for PANI/uCNTs, PANI/N-CNTs and PANI/N*-CNTs,
respectively. Based on the results obtained here, we came to the conclusion that the morphological
features of the polymer layer on CNTs with different nitrogen content have a dominant effect on the
gas reaction than the change in the electronic properties of the polymer at the interface “PANI-CNT”.
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1. Introduction

Polyaniline (PANI)-carbon nanotube (CNT) composites are a promising material for
various applications (gas sensors, supercapacitors, protective coatings, etc.). A similar
chemical structure provides a strong interaction of the components due to 7-7t stacking
between the quinoid rings of PANI and the 7-bonded surface of CNTs [1]. There is also
a synergistic effect, which manifests itself in the improvement of the electronic properties
of the polymer in the PANI-CNT core-shell system [2,3]. During in-situ polymerization,
nanotubes can act as a template for polymer orientation, defining its morphology. It is
known that PANI is synthesized on the CNT surface along the nanotube plane, forming
a highly ordered interfacial layer [4]. Therefore, the state of the nanotube surface has a great
influence on the morphological properties of the composite.

The ability to modify CNTs in order to change their electronic properties or morpholog-
ical features makes it possible to control the characteristics of PANI-containing composites.
One of the methods is the injection of heteroatoms into the CNT structure [5-7]. It can
be carried out both at the stage of nanotube synthesis and during subsequent processing.
Nitrogen atoms are the most common type of electron donors for CNTs. This is due to
similar electronic structures and the size of carbon and nitrogen atoms, which allows the
latter to be embedded in the structure of the graphene plane in the form of electrically
active defects: nitrogen in pyrrole, pyridine, and quaternary configurations [8,9]. Thus, the
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presence of pyridine and quaternary nitrogen in the CNT walls increases the concentration
of charge carriers and consequently electrical conductivity. At the same time, nitrogen
doping of carbon nanotubes enhances the degree of structural defects and distortion of
nanotube walls, which is due to the size of impurity atoms being different from the size of
carbon atoms. Thus, by changing the characteristics of nanotubes by doping, it is possible
to achieve the required morphological and electronic parameters of PANI/CNT composites
for various applications.

PANI and PANI-doped composites have excellent reversible response to ammonia [10-13].
PANI-CNT structures have a large surface-to-volume ratio, which makes them an extremely
interesting material for use as the active layer of gas sensors. In this case, the main
contribution to the gas response is made by the polymer, while nanotubes act as the
reinforcing element and conduction channels. CNTs are known to have poor sensitivity to
ammonia. [14]. Moreover, nanotubes in composites are in indirect contact with ammonia
gas, but they can shunt the useful signal due to high conductivity. This effect can be
eliminated by reducing the contribution of CNTs to the conductivity of composites.

One of the possible approaches to reducing the contribution of nanotubes to the
conductivity of PANI/CNT composites can be the formation of a potential barrier, opposing
the diffusion of charge carriers at the PANI-CNT interface, which is determined by the
difference in the work functions of the contacting materials. The work function values for
PANI and undoped CNTs are close and amount to 4.4-4.9 and ~4.6 eV, respectively [15-19].
Doping of CNTs with nitrogen atoms decreases the work function value and, consequently,
creates a potential barrier at the PANI-CNT interface [20,21]. Thus, by changing the degree
of nitrogen doping of nanotubes, one can change the value of this barrier.

In this work, the above-described approach is used to improve the sensing character-
istics of PANI/CNT composites by varying the nitrogen concentration in nanotubes. For
this purpose, nanotubes with 0, 2 and 4 at. % nitrogen were synthesized, which were used
as templates for the PANI formation during in-situ oxidative polymerization of aniline.
We carried out a comparative analysis of the morphology, structural-chemical state, and
electronic properties of nanotubes with different nitrogen content and PANI-nanotube
composites. For this, we used transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy, 4-probe method, and Kelvin probe force microscopy.
Then the sensor response to ammonia (at 2-10 ppm), when individual PANI/CNT nanos-
tructures were deposited on the multi-electrode array, was measured. The use of individual
nanostructures made it possible to eliminate the influence of the free polymer, which is
not directly bonded to nanotubes, on the gas response. As a result, we found that mor-
phological features of the polymer layer on nanotubes with different nitrogen content
have a greater effect on the response to gas than changes in the electronic properties of the
polymer at the PANI-CNT interface.

2. Materials and Methods
2.1. CNTs Synthesis

Carbon nanotubes were synthesized by the catalytic chemical vapor deposition
(CCVD) method in a gas-phase reactor under argon atmosphere [22]. Ferrocene Fe(CsHs),
was used as a catalyst for the growth of carbon nanotubes (the ferrocene-precursor ratio
1:100). A comparative analysis was conducted for the following CNTs synthesized: un-
doped carbon nanotubes (uUCNTs) synthesized from toluene and nitrogen-doped carbon
nanotubes with a low (N-CNTs) and high (N*-CNTs) content of nitrogen synthesized from
acetonitrile and the acetonitrile + triphenylphosphine mixture (99.9:0.1), respectively. The
synthesis temperature for all variants of CNTs was 800 °C. During the preparation, the
argon flow rate was maintained at 150 mL/min and the precursor flow rate was 10 mL/h.
The total synthesis time was 30 min. Purification of CNTs from the catalyst was carried out
by washing in 10% HCI for 48 h. Then the nanotubes were annealed in air at a temperature
of 390 °C to remove amorphous carbon inclusions.
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2.2. Synthesis of Composites

Polyaniline—carbon nanotube composites were synthesized by in-situ chemical oxida-
tive polymerization of aniline (Omskreaktiv, Omsk, Russia). Nanotubes were preliminarily
dispersed in isopropyl alcohol by sonication for 1 h. After adding aniline (the CNT/aniline
mass ratio 1:100) and 3 M HC, the nanotubes were sonicated again for 30 min. Ammonium
persulfate (the aniline/oxidant molar ratio 1:1) was used as the oxidizing agent, which was
dissolved in 3 M HCl. Both mixtures were cooled in the ice bath to 0 °C. The oxidizing
agent was added dropwise to the first solution with constant stirring. The reaction time
was 1 h. The reaction product was washed with water, acetone, and isopropyl alcohol, after
which it was dried in air at room temperature.

2.3. Characterization of Samples

The morphology and structure of CNTs and PANI/CNT composites were studied
using SEM (JSM-6610LV, JEOL, Tokyo, Japan) at the accelerating voltage 20 kV and TEM
(JEM-2100, JEOL, Tokyo, Japan) in the bright-field mode at the accelerating voltage 200 kV.

The electronic structure and chemical state of carbon and nitrogen atoms of CNTs
and PANI/CNT composites were analyzed using XPS at the Surface Science Center (Riber,
Bezons, France). Photoemission (PE) spectra were excited using a nonmonochromatic
X-ray source with the AIK anticathode. The source power during recording PE spectra
was 240 W. The depth of analysis by this method was ~3 nm. Quantitative elemental
analysis was performed using spectra by the method of elemental sensitivity coefficients.
Approximation of N 1s and C 1s PE core lines by a set of components was carried out using
the CASA XPS 2.3.16 software package [23].

The NEXAFS analysis of the structural and chemical state of PANI/CNT compos-
ites was conducted using monochromatic synchrotron radiation and facilities of the
Russian—-German beamline at the BESSY II electron storage ring (Helmholtz Center
Berlin, Berlin, Germany) [24]. Spectra were measured with the use of the Russian Ger-
man Photoemission Station (RGL-PES). Spectra were recorded in the leakage current
measurement mode. The NEXAFS spectra were normalized to the primary photon
current from the gold-covered grid, which was simultaneously recorded. The energy
resolution of the monochromator in the range of the C-K absorption edge of carbon was
~70 meV. The depth of analysis in these spectrum measurement modes reached ~15 nm.

Conductivity of materials was measured by the standard 4-probe method. The mea-
surement was carried out on a TsIUS13 MP-0.5-001 digital impedance meter (Russia) using
the measuring head with four linearly arranged gold-coated tungsten probes. To do this,
samples were pressed into tablets 1 cm in diameter and about 1 mm in thickness.

The work function was determined using Kelvin probe force microscopy (KPFM) im-
plemented on an AFM MFP-3D (Asylum Research, Santa Barbara, CA, USA). HA_FM/Au
probes with conductive coatings (NT-MDT, Moscow, Russia) were used. The work function
of the probe material was calibrated against a freshly cleaved layer of ZYA-grade highly
oriented pyrolytic graphite (HOPG, TipsNano, Tallinn, Estonia) with the known work
function 4.6 eV.

2.4. Gas Sensing

When synthesizing PANI/CNT composites, not only core-shell structures but also free
PANI is formed. The study of gas sensitivity on bulk composites does not allow separating
the contribution of free polymer from the contribution of PANI/CNT core-shell structures.
Therefore, the measurements were carried out on PANI/CNT nanostructures containing
1-5 nanotubes. The content of free PANI in such structures is low. Nanostructures were
isolated from the polymer volume by ultrasound in isopropyl alcohol. The processing time
varied from 10 to 30 min for different samples, which is due to different degrees of polymer
interaction in composites, and was chosen empirically. The suspension was spin-coated
onto the multi-electrode array containing 16 independent gold contacts (2 pm gap).
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Gas sensitivity was studied in a 2 mL chamber with the flow-through gas supply
system. The resistance of nanostructures was measured on an E4980A LCR-meter (Agilent
Technologies, Santa Clara, CA, USA) at room temperature. Ammonia gas of a certain
concentration (2, 4, 6, 8 and 10 ppm) was passed through the measuring chamber. Degassing
was carried out by pumping air through the cell. Three measurements were carried out per
each of the five nanostructures of each composite. Response (S) is defined as the relative
resistance change:

S= [(R - RO)/RQ] * 100(70,
were R and Ry are the resistance of nanostructures in the presence of ammonia and in
air, respectively. Sensitivity was defined as the slope of S with respect to the ammonia
concentration for each nanostructure. The response time and recovery time were calculated
as the time required for a sensor to reach 90% of the total response of the signal.

3. Results

TEM images for the nanotubes under study are shown in Figure 1A,D,G. According to
the fast Fourier transform data, the interlayer spacing for all nanotubes is approximately
equal to 0.35 nm, which is typical for this synthesis method [25]. It is clearly seen that
the integrity of the outer walls of nanotubes deteriorates when nitrogen is introduced
into the structure of nanotubes synthesized from acetonitrile taken as the carbon source
(Figure 1D,G).

From the SEM images of the PANI/CNT composites (Figure 1B,E,H) it can be seen that
the polymer layer completely covers the nanotubes. At the same time, there are significant
differences in the polymer morphology on different types of nanotubes. The most uniform
and thin polymer layer is formed on uCNT (Figure 1B,C). A thicker PANI layer is formed
on the N-CNT (Figure 1E,F) and N*-CNT (Figure 1H,I) surfaces, locally reaching 200 nm.
Polymer in the PANI/N-CNT composite is mostly globular, and the TEM images show that
the composite is rich in pores (Figure 1F). The morphology of the PANI/N*-CNT composite
is generally similar to that of PANI/N-CNT, and however sheet-like structures are observed
on the surface. An increase in the thickness of the polymer layer in the PANI/N-CNT and
PANI/N*-CNT composites can be associated with a larger number of defects in nanotubes,
which contributes to the growth of the polymer outside the nanotube plane.

The results of the quantitative elemental XPS show that the nitrogen content in N-CNT
and N*-CNT is ~2 and ~4 at.%, respectively (Table 1). A further increase in the concentration
of nitrogen atoms in CNTs makes no sense since this leads to a critical decrease in the length
of nanotubes with a slight change in the electronic characteristics [26]. The presence of
oxygen in the XPS spectra of all synthesized nanotubes is due to its adsorption from the
atmosphere, as well as the presence of chemically bonded functional groups of various
types, which are always present on the surface [27].

Table 1. Chemical analysis of the samples by XPS.

Concentration, at. %

CNTs Type
P [C] IN] [0]
uCNT 96.0 - 4.0
N-CNT 93.4 2.1 4.5

N*-CNT 92.6 4.0 34
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Figure 1. TEM images of uCNT (A), N-CNT (D), and N*-CNT (G); SEM and TEM images of
PANI/uCNT (B,C), PANI/N-CNT (E,F) and PANI/N*-CNT (H,I) composites.

For a detailed analysis of the chemical state of carbon, Cls PE spectra were decom-
posed into 5 components [25] (Figure 2). The C1 component (~284.5-284.6 eV) corresponds
to the state of sp?>-hybridized carbon atoms that form the framework of carbon nanotubes.
The C2 component (~285.1 eV) is associated with structural defects in graphene layers, as
well as with the state of carbon atoms located in the graphene network near carbon atoms
chemically bonded to C*~C(O) and C*~C(N) heteroatoms. The C3 component (~287 eV)
conforms to carbon atoms chemically bonded to oxygen or nitrogen atoms by a single
covalent bond (C-O, C-N). The C4 component (~288 eV) is associated with carbon atoms
chemically bonded to oxygen or nitrogen atoms by a double covalent bond (C=0O, C=N).
The high-energy C5 component of the spectrum corresponds to the state of carbon atoms
in the composition of -COOH groups [25]. It can be seen from the C1s spectra presented in
Figure 2 that the full width at half maximum (FWHM) line in the spectra of doped CNTs
is higher as compared to that in the spectrum of undoped CNTs, increasing with a higher
degree of doping. This is evidence for the growth in defectiveness of graphene layers due
to the presence of nitrogen heteroatoms [28].
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Figure 2. C1s PE spectra of uCNT (a), N-CNT (b) and N*-CNT (c).
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Figure 3 shows nitrogen spectra for nanotubes with various degrees of doping. Nitro-

gen in each nanotube type is in 5 different states, which correspond with pyridinic (N1),
pyrrolic (N2) and graphitic (quaternary, N3) configurations as well as to oxidized (N4) and
molecular nitrogen (N5) [25,29]. The spectral fitting results indicate that the intensity ratio
of the components corresponding to different states of nitrogen is hardly affected by the

degree of doping.
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Figure 3. N1s PE spectra of N-CNT (a) and N*-CNT (b).

Figure 4 shows Cls NEXAFS spectra of the studied PANI/CNT composites. The
absorption spectra for carbon reflect the transition from the C 1s core level to the unoccupied
C 2s and 2p states of the conduction band, which have 7* and 0* symmetry. It is known that
C1s NEXAFS spectra of carbon nanotubes have two local maxima located at the photon
energies ~285.3-285.4 and ~291.8 eV corresponding to the 7* and o* resonance, respectively
(the main absorption structures of nanotubes are shown in Figure 4, vertical lines with
resonance designations) [25,29]. The most intense peak at the photon energy ~285.3 eV
corresponds to the 7* states of carbon atoms in the composition of carbon—carbon bonds.
The low-energy (~283.7 eV) maximum corresponds to the 7* states of carbon atoms bonded
to imine nitrogen (=N-) [30]. The maximum at the photon energy ~286.8 eV is associated
with the 7* states of carbon atoms bonded to amine nitrogen (-NH-) [30]. In doing so,
the maxima at the photon energies ~288.6 and 290.0 eV conform to the 7*(C=0) and
0*(C-O) states of carbon atoms in the carbon-oxygen groups [31]. In the far region of the
spectrum, the maxima at the photon energies ~294.6 and 302 eV reflect carbon states with
the 0* symmetry. It is important to note that the position of the 0*(C=C) resonance in the
NEXAFS spectrum of MWCNTs is ~291.8 eV [25]. This fact allows us to conclude that the
main signal in the C1s NEXAFS spectra of the composites is introduced by carbon, which
is part of PANI. Thus, the spectra of the composites have the same set of local maxima and
almost coincident relative intensities, which suggests close structural-chemical states of
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their surface layers. This conclusion is also supported by the Fourier-transform infrared
spectroscopy data (see Figure S1).
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Figure 4. C1s NEXAFS spectra of PANI/uCNT, PANI/N-CNT and PANI/N*-CNT.

The conductivity of nanotubes (as expected) increases at a higher content of nitrogen
heteroatoms (Figure 5A), which increases the concentration of charge carriers in CNTs [32].
The conductivity of the PANI/N-CNT and PANI/N*-CNT composites is higher than that
of the undoped nanotube composite. However, the high conductivity of N*-CNT does
not provide an increase in the conductivity of the PANI/N*-CNT composite relative to
PANI/N-CNT. This effect can be associated with a decrease in the contribution of nanotubes
to the conductivity of composites due to a higher energy barrier between the polymer
and nanotube. The barrier value can be estimated from the difference between the work
functions (P, eV) of the polymer and the nanotube. It was determined by the scanning
Kelvin probe microscopy (SKPM) technique described elsewhere [21,33]. The work function
(Figure 5B) for uCNT, N-CNT, and N*-CNT are 4.80 = 0.07, 4.65 &= 0.08, and 4.56 = 0.12 eV,
respectively. The work functions for all PANI composites are & = 4.95 & 0.15 eV. Thus,
the PANI/N*-CNT composite has the highest energy barrier. Another important factor
in reducing the conductivity of PANI/N*-CNT from that of PANI/N-CNT may be the
disruption of the highly ordered PANI layer due to serious damage to the N*-CNT graphene
plane [34]. Despite the fact that this layer is located only near nanotubes, it can be one of
the main types of conduction channels in the composite (along with CNTs).
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Figure 5. Conductivity (A) and work functions (B) of uCNT, N-CNT, N*-CNT and PANI/uCNT,
PANI/N-CNT, PANI/N*-CNT composites.
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It should be noted that the conductivity measured on individual nanotubes is three
orders of magnitude higher than the conductivity measured on pressed CNT pellets [35].
Such a decrease in conductivity can be explained by the contact resistance between in-
dividual nanotubes in a pellet. Polyaniline is a plastic electrically conductive material,
and when pressed, good contact is formed between the individual components of the
composite. Therefore, the close absolute values of the specific conductivity of nanotubes
and composites should not be misleading.

Summarizing, we can say that, during the CCVD synthesis of nanotubes with different
nitrogen content, the defectiveness of the outer walls of CNTs increases. At the same time,
the work function decreases from 4.8 eV for PANI/uCNT to 4.65 and 4.56 eV for N-CNT
and N*-CNT, respectively. Since the conditions of PANI/CNT synthesis are identical, the
work function is the same in all composites and amounts to 4.95 eV. Thus, the problem of
an increased potential barrier at the PANI-CNT boundary has been successfully solved.
However, the morphology of polymer grown on uCNT, N-CNT, and N*-CNT is funda-
mentally different, which can make changes in the measurement of gas-sensing properties
of composites.

A schematic diagram of measurement of gas sensitivity of composites and an example
of the studied nanostructure are shown in Figure 6A. The change in resistance is recorded
at the time step 1 s. Figure 6B shows the distribution of resistive response and resistance
(Rp) in air for five different PANI/N-CNT nanostructures. For all samples under study, the
resistance lies in the range from several tens to several hundreds of k(). The response value
is different for each nanostructure at the same ammonia concentration. However, the slope
of S relative to the ammonia concentration (tg(S)) is close within one composite.

240 PANUN-CRT 200F  + PANIMCNT
< = Nal- R,=65 kO, tg(S)=15.32 )
= 220 3 [ . N-CT
g o Ne2-R,=73 kO, tg(S)=14.39 N = 180 PA“N*CVT
= 2009, Ne3- R=409 kO, tg(S)=15.48 _/,/: ; 160 F PANI/N'-CNT
o 1807+ Ned- R =652 KO, tg(S)-15.89 & or
= 1604 NoS- R,=82 ke, tg(8)=15.02 _~ & = 120 f
2 0] “ ~ = -
=3 & 100 - //i»
; 1204 ; 80 / /,‘!f/ tg(8)=10.5
] 3 Y -
PC §- 100 g 60 | L
Y * 5 :3 é ‘:: r o tp(8)=2.2
‘| Commutator | ‘l ':“("R' 40 “r : : ) . .
tHttttt 2 4 6 8 10 2 4 6 8 10
NH, concentration, ppm NH; concentration, ppm

Figure 6. Schematic of the experimental platform (A); response of various PANI/N-CNT nanostruc-
tures (B); response of typical PANI/uCNT, PANI/N-CNT and PANI/N*-CNT nanostructures (C).

Figure 6C gives an example of the gas test results for typical PANI/CNT, PANI/N-CNT
and PANI/N*-CNT nanostructures (three measurements per each NHj3 concentration).
Response S, calculated as a relative change in resistance, is positive for all composites
and increases with increasing ammonia dose. The slope of S relative to the ammonia
concentration (sensitivity tg(S)) equals 10.5 £ 0.2, 15.2 + 0.5, and 2.2 £ 0.1 for PANI/CNT,
PANI/N-CNT, and PANI/N*-CNT, respectively. This points to the possibility of using
PANI/CNT nanostructures as an active layer of gas sensors for the quantitative determi-
nation of ammonia concentration. In addition, all composites show fast response time
(15-25 s) and recovery time (100-150 s) regardless of the ammonia concentration (Figure S2).
It should be noted that the sensory characteristics of PANI/CNTs of composites strongly
depend on the structures on which the tests are carried out. For example, the response
time can vary from units of seconds on nanofibers and sparse grids [36] up to hundreds of
seconds on as-prepared films [37]. Sensitivity can also vary from fractions of units per ppm
to several tens per ppm [38]. Thus, the sensor characteristics obtained by us show good
values comparable to those obtained on nanofibers and sparse grids.
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It is well known that PANI in the doped form has a great and reversible response to
NHj3 gas. Ammonia reacts with the H* dopant proton, absorbing available carriers [39,40].
Gas sensing processes occur mainly on the surface of sensor materials [41], and therefore
its morphology plays an important role. The higher the area-to-volume ratio, the larger
the number of gas adsorption centers and the higher the sensor characteristics. Nanotubes
used in our work determine the morphology of polymer, leaving its chemical structure
unchanged. Therefore, it can be argued that differences in S and tg(S) are associated
with the morphological features of composites. The sensitivity of composites is primarily
determined by the sensitivity of the PANI layer. On the surface of the PANI layer, there is
always a space charge region (SCR) depleted of charge carriers (Figure 7). In this case, the
effect of gaseous ammonia leads to an increase in the SCR thickness and a decrease in the
electrical conductivity of the PANI layer.

PANI/N-CNT PANI/N*-CNT
Air NH, Air NH

3 3
I‘J Space charge region A) Space charge region A)

PANI PANI

B/ Tl LAN it

Si0,

Figure 7. Schematic of changes if the SCR of PANI/uCNT, PANI/N-CNT and PANI/N*-CNT
composites during ammonia adsorption.

An increase in tg(Spani/n-cnt) Trelative to tg(Spani/ucnT) can be explained by an
increase in the specific surface area of the sensitive layer due to the globular morphology of
the PANI layer. A significant decrease in tg(Spani/N"-cnT) relative to other composites is
most likely due to the presence of sheet-like structures on the surface. These structures are
one of the supramolecular forms of PANI, which are also mentioned in other works [42-44].
They present the same gas adsorption centers as the rest PANI in the composite. However,
they do not affect the conductivity of polymer, since SCRs can be completely filled due to
their small thickness. Thus, the effective surface area is reduced.

4. Conclusions

The CCVD method was used to prepare CNTs with different content of nitrogen
heteroatoms (0, 2, and 4 at.%). This made it possible to obtain nanotubes with the work
functions 4.80 + 0.07, 4.65 4 0.08, and 4.56 4 0.12 eV for uCNT, N-CNT, and N*-CNT,
respectively. With an increase in the nitrogen concentration in nanotubes, an increase
is observed in their conductivity (uUCNT—0.62 &+ 0.02 S/cm, N-CNT—1.76 £ 0.16 S/cm,
and N*-CNT—2.17  0.06 S/cm). The structural and chemical analysis of the obtained
nanotubes showed that the chemical state of nitrogen in both doped CNTs is practically the
same. The analysis of the chemical state of carbon showed that an increase in the concentra-
tion of nitrogen atoms in nanotubes causes a decrease in the content of sp>-hybridized car-
bon atoms (UCNT—88.2%, N-CNT—82.6%, and N*-CNT—73.6%). This indicates a higher
degree of defectiveness of the outer CNT layers during doping, which is also confirmed by
morphological studies of CNTs using TEM.

It was found that PANI in all PANI/CNT composites has identical structural and chem-
ical states, which is confirmed by NEXAFS and FTIR methods. The work function value is
also the same for all composites (4.95 £ 0.15 eV). Thus, the value of the potential barrier at
the PANI-CNT interface was increased from 0.15 eV for PANI/uCNT to 0.3 and 0.39 eV
for PANI/N-CNT and PANI/N*-CNT, respectively. At the same time, the dependence
of the conductivity of both composites and nanotubes on the nitrogen concentration in
nanotubes is different. Thus, o(PANI/N-CNT) > o(PANI/N*-CNT), while the conductivity
of nanotubes increases at a higher concentration of nitrogen in them. This is indicative of
a decrease in the contribution of N*-CNTs to the conductivity of the respective composite.
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The polymer morphology critically depends on the degree of imperfection of the
nanotube surface. A uniform and thin polymer layer is formed on uCNT. On both nitrogen-
doped CNTs, a polymer layer is of much greater thickness and has a relief morphology:
globular on N-CNT and globular with sheet-like structures on N*-CNT.

The analysis of the response of composites to ammonia was carried out on PANI/CNTs
nanostructures. All samples showed similar response (~20 s) and recovery (~120 s) times.
It was shown that the response value S of different nanostructures (they may contain
different amounts of CNTs) of the same composite can vary in a wide range. However, the
dependence of the response on the ammonia concentration (2-10 ppm) is linear, and the
slope of this dependence (sensitivity, tg(S)) is the same for all composites. This indicates
the possibility of using PANI/CNT nanostructures as an active layer of gas sensors for the
quantitative determination of ammonia concentration. Thus, the sensitivity is 10.5 £ 0.2,
153 £+ 0.5 and 2.2 & 0.1 ppm ! for PANI/uCNT, PANI/N-CNT and PANI/N*-CNT
composites, respectively. An increase in the sensitivity of PANI/N-CNT as compared to
PANI/uCNT is associated with a growth in the specific surface area of the sensitive layer.
A significant decrease in the sensitivity to ammonia was found in PANI/N*-CNT, which is
associated with a reduction in the effective surface area of polymer due to the presence of
sheet-like structures on the surface, which are not involved in the conduction due to the
full occupancy of the SCR.

Thus, the morphological features of the composites had a dramatic effect on the gas
sensing properties, which must be taken into account when developing new materials
for sensitive elements of sensors. The length of this work does not allow us to separate
the contribution of the morphology from the contribution of the potential barrier at the
PANI-CNT interface to the sensing properties of nanostructures. In the future, it is planned
to use other methods for changing the work function of nanotubes without significant
changes in morphology.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12147169/s1, Figure S1: FTIR transmission spectra of
PANI/uCNT, PANI/N-CNT and PANI/N*-CNT; Figure S2: Scheme for determining the timing
characteristics of gas tests (a); response (b) and recovery (c) time of PANI/uCNT, PANI/N-CNT
and PANI/N*-CNT nanostructures.
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